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ABSTRACT 

This dissertation describes the characterisation of, and development of a novel integrated waste 

management strategy for, hydroxide scouring effluents produced during cotton processing. Such 

effluents are typical of mineral salt-rich waste waters which are not significantly biodegradable in 

conventional treatment plants. The proposed strategy focuses on two complementary concepts: 

process-oriented waste minimisation adopts a systematic approach to identifying potential 

problems and solutions of waste reduction in the manufacturing process itseH; while add-on controls 

reduce the impact of the waste after it has been generated, by recycling and treatment. 

The basiC procedures for ensuring effective water and chemical management within the scouring 

process are described. Examples are given of factory surveys, which have resulted in significant 

chemical and water savings, reduced effluent discharge costs, maximum effluent concentration, and 

minimum pollutant loading and volume. 

Pilot-plant investigations demonstrate the technical and economic feasibility of a four stage treatment 

sequence of neutralisation (using carbon dioxide gas), cross-flow microfiltration, nanofiltration and 

electrochemical recovery to remove colour and impurities from the scouring effluent and produce directly 

reusable sodium hydroxide and water. Fouling and scaling of the cross-flow microfiltration, nanofiltration 

and electrochemical membranes are minimal and reversible if the operation is carried out under carefully 

selected conditions. A long anode coating life is predicted. Current efficiencies for the recovery of 

sodium hydroxide (up to 20 % concentration) are 70 to 80 % and the electrical power requirements are 

3 500 to 4 000 kWh/tonne of 100 % NaOH. 

Pilot-plant trials are supplemented by extensive laboratory tests and semi-quantitative modelling to 

examine specific aspects of the nanofiltration and electrochemical stages in detail. Electromembrane 

fouling and cleaning techniques, and other anode materials are evaluated. The effects of solution 

speciation chemistry on the performance of the nanofiltration membrane is evaluated using a 

combination of speciation and membrane transport modelling and the predicted results are used to 

explain observed behaviour. 

Based on the results of pilot-plant trials and supplementary laboratory and theoretical work, a detailed 

design of an electrochemically-based treatment system and an economic analYSis of the electrochemical 

recovery system are presented. The effects of rinsing variables, processing temperatures, and 

background rinse water concentrations on the plant size requirements and capital costs are determined. 

The implementation of the waste management concepts presented in this dissertation will have 

significant impact on water and sodium hydroxide consumption (decreasing these by up to 95 and 75 % 

respectively), as well as effluent volumes and pollutant loadings. 
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1 .1 . Water Resources 

SECTION 1 

INTRODUCTION 

Water is the key to the continued overall development of the Republic of South Africa (RSA) 

(Olivier, 1980). The crttical factor for economic and industrial survival is the availabiltty of water 

at a quality suitable for a range of urban and industrial uses. Two issues are threatening this 

survival: water supply and water quality. In order that water remain both a renewable and a 

sustainable resource, water quality must be preserved and the limited water supplies must be 

used effectively. 

1 .1 .1 Water Supply 

Southern Africa is, for the most part, a semi-arid, water deficient region of the world, which is 

subject to variable rainfall, droughts, floods, and high evaporation losses. Annual rainfall 

amounts to only 58 % of the world average; run-off is unfavourably distributed; the availability 

of underground water is limited; and the quality of the water resources is deteriorating 

(Department of Water Affairs, 1986). It was estimated in 1986 that the average annual run-off 

into rivers in the RSA is 52 000 million m3/a (143 million m3/d), of which 40 %, or 20800 million 

m3/a (57 million m3/d), is the assured portion which can be made available for use through the 

provision of storage facilities. It is anticipated that future developments will increase this 

portion to 50 %. A conservative estimation of potential groundwater availability, based on 

1986 abstraction, is 3 million m3/d, bringing the potential availability of natural resources to 

27400 million m3/a (75 million m3/d). 

It was also estimated that, if the present increase in demand materialises, then the total water 

needs by early next century will be 29 270 million m3/a (80 million m3/d), which exceeds the 

maximum antiCipated yields. 

Solutions to the problem are being sought. 

1) Methods are being developed to improve the efficiency of use of natural water resources. 

2) Techniques are being implemented to raise the effectiveness of the current use of 

developed supplies, such as the reuse of waste water from industrial operations, and the 

improved use of water for irrigation in the agricultural sector. 
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3) Technologies are being considered for the creation of new water sources, such as the 

desalination of sea water, tapping of icebergs, interbasin transfer and weather 

modification. 

1 .1 .2 Water Quality 

In addition to the problem of limited water supplies, rapidly declining water quality, and the 

consequences of such a decline, has become a matter of major concern both in the RSA, and 

wor1d-wide. The increasing salinity of the RSA's water resources is the most significant water 

quality problem facing the country (Stander, 1987), and the future of Industry is largely 

dependent on the control of this problem. A further concern is that, since Southern Africa is a 

water deficient region, the industrial effluent return flow forms a considerable supplementary 

source of water, adding to the mineralisation process. 

Mineralisation may be controlled by minimising pollutants in industrial discharges, and 

encouraging water and chemical reclamation and recycling by Industry. Both minimisation, 

and reclamation and recycling, are ?ddressed as pa~ of the Department of Water Affairs' 

strategy and policy toward the use of water for industrial purposes (see Section 2.3.2). This 

policy requires that effluent production is minimised, and that, where effluent is produced, it is 

of suitable quality for return to the environment, thus constituting a reusable supplementary 

source of water. The policy also aims to ensure that the mineralisation process, and water 

quality deterioration, are reduced or eliminated. This can only be achieved by efficient 

management of potential pollutants from industrial sources. 

1 .2. Management of Industrial Pollutants 

Pollution may be defined as the release of any substance causing damage to targets in the 

environment (Holdgate, 1979). It follows from this definition that the emission of a potential 

pollutant to the environment does not necessarily constitute pollution if it is rendered 

harmless by transformation, or dilution, before reaching the target. Therefore, elimination of 

pollution by an industrial discharge, does not require that emissions be restricted to zero, but 

rather that emissions be controlled within acceptable criteria, and that the release of these 

emissions into the environment be effectively managed. 

1 .3. Management of Textile Waste Water 

Waste waters produced during textile processing are typically non-biodegradable in 

conventional wastewater treatment plants and contain high concentrations of mineral salts. 

These waste waters pose a pollution threat to the environment, in particular the water 
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environment, unless they are carefully managed. The authorities have identified the need to 

develop techniques to minimise, control, treat and dispose of potentially harmful pollutant 

streams from the Textile Industry. As a result, the Water Research Commission (WRC) 

contracted the Pollution Research Group, of the Department of Chemical Engineering, at the 

University of Natal, Durban, to investigate waste management procedures and techniques 

that would be suitable for application to waste waters generated during textile scouring and 

bleaching operations. This investigation was entitled Water and Effluent Management in the 

Textile Industry: Treatment of Scouring and Bleaching Effluents, and was assigned the WRC 

Project Number 122. 

This research project consisted of several broad tasks. 

1) Examination of the compositions, volumes and pollutant emission rates of waste waters 

from the processing of wool, cotton, and polyester fibres and their blends, and 

identification of the processes which were most significant in terms of their pollution 

potential. In the case of wool, carbonising and bleaching effluents were considered, 

while in the case of cotton and polyester, scouring and bleaching effluents were 

considered. 

2) Development and implementation of within-process procedures and techniques, 

including closed-loop recycle, to minimise waste generation at source. 

3) Development, testing and evaluation of potentially suitable end-of-pipe treatment options 

for each of the waste waters of concern. 

4) Development of the basic design criteria for the implementation of selected treatment 

options. 

A three year contract was awarded to the Pollution Research Group in 1983. An extension, 

for one year, was granted in 1986, and for a further six months in 1987. The final project 

report, and a technical guide for the planning, design and implementation of relevant waste 

water treatment plants, were published by the WRC in 1990 and 1991 respectively. 

1.4. Specific Objectives 

During the WRC project, strong scour waste waters, or effluents, produced from the scouring 

of cotton and cotton blends using hot. concentrated sodium hydroxide solutions, were 

identified to be the most potentially polluting of all the waste waters considered. 
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Investigations focused on the development of an economically, technically, and 

environmentally effective wastewater management strategy, that would eliminate or minimise 

the impact of this type of textile effluent on the environment. Technologies and combinations 

of technologies, were considered and tested, including conventional and dynamic membrane 

techniques, electro-oxidation, electrochemical recovery, and evaporation. The most effective 

combination investigated was an electrochemical process which enabled recovery of water, 

heat and sodium hydroxide. 

The subject of the present dissertation is the development of an effective, functional and 

usable wastewater management strategy for sodium hydroxide scouring of textile blends, 

from conception, to evaluation, testing and implementation. Specifically, this involves the: 

1) Characterisation of strong scouring effluents and determination of their contribution to 

total factory waste water and environmental degradation; 

2) Description of the regulations governing the discharge of waste waters in general, and 

textile wastewaters specifically, in South Africa; 

3) Review and evaluation of suitable approaches for the management of scouring effluents, 

considering both process-oriented pollution prevention and waste minimisation as well as 

end-of-pipe solutions; 

4) Development and testing of modifications to the scouring process, such that the effluent 

produced is of minimum volume and maximum concentration, while cloth quality is 

unaltered; 

5) Development and testing of an electrochemical-based treatment sequence which allows 

the recovery (for reuse) of chemicals and water from scouring effluents; 

6) Design and costing of a full-scale treatment plant. 

In addition, a semi-quantitative explanation was developed of the perfonnance of the 

nanofiltration component of the process to the chemical system consisting of sodium, 

carbonate, nitrate, protons, calcium, magnesium and EDTA. 

This work results mainly from a study undertaken at Da Gama Textiles, in Zwelitsha, the then 

Ciskei, between 1985 and 1987. 

This dissertation consists of eleven sections. While the current section places the subject of 

the thesis in the context of the overall water situation in the RSA, and more specifically, WRC 

Project No 122, Sections 2 to 5 present a literature review and a theoretical discussion of 

various aspects relevant to subsequent work. Section 2 overviews the Textile Industry, 

describing the framework of environmental regulations within which textile processes in the 
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RSA must operate. It also describes the context of scouring within the overall textile 

manufacturing sequence, the theory of scouring and the nature of strongly caustic scouring 

effluents. Section 3 is a theoretical discussion of environmental management options for 

pollution control, and the development of an overall chemical, water and effluent 

management strategy for application specifically within the scouring operation. This 

management strategy clearly distinguishes two main aspects: in-plant control, to prevent and 

minimise waste water generation; and the implementation of end-of-pipe treatment and 

recycling. Section 4 and Section 5, expand on Section 3. Section 4 discusses the theory 

and practice of in-plant control of water and waste water, specifically where this is relevant to 

the generation of a waste water stream most amenable to electrochemical treatment and 

recovery. Section 5 discusses the development of the electrochemical treatment and 

recovery process, describing the treatment sequence and its advantages, and providing 

theoretical details relating to the unit operations within the sequence. Experimental details of 

pilot plant and other supplementary work are described in Section 6, while Section 7, 

Section 8 and Section 9 present and discuss the results of the pilot plant, supplementary 

work on nanofiltration and the supplementary work on electrolysis respectively. Section 10 

discusses technical and economical aspects of the commercial implementation of the 

treatment and recycle process, providing basic design criteria for a full-scale plant. The 

conclusions and recommendations of the study are presented in Section 11. 

1 .5 General Comments 

The present work arose from the need to solve a real and pressing environmental problem of 

industrial interest. From a technical point of view, the problem is a complex one, to which no 

acceptable solution was commercially available. Further, aside from the work described in this 

dissertation, no other researchers have been able to formulate, develop and implement an 

effective solution, even on a reduced scale. To be effective, while meeting industrial needs, 

the solution must be functional, usable, legally compliant, compatible with industrial 

processing, and technically, financially and environmentally sound. Early in this programme of 

work, it became evident that all these requirements could not be met by using anyone 

conventional approach, process or operation, or by conSidering, in isolation, anyone aspect 

of the entire situation. Rather, to achieve the overall objectives, the final solution had to 

integrate carefully a series of processing and treatment sub-solutions. Clearly: 

1) Individual unit operations needed to be integrated systematically into the sequence which 

facilitated the treatment and recovery of resources from scouring effluent. Although 

measured relationships of process variables within each unit operation needed definition, 
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the effect of these variables on subsequent unit operations within the sequence, and 

ultimately on the success of the entire sequence, needed evaluation. 

2) The treatment and recovery sequence alone could not provide a single solution. Its 

success is critically dependent on the nature of the effluent from the scouring process, 

which in turn is defined by the processing variables governing the textile operations. 

Figure 1.1 illustrates the interdependency of the parameters affecting the success of the 

overall solution. 

Textile Process 

effluent Flow, 
Composition and 
Concentration 

Figure 1.1 
Success Cycle 

Individual Unit 
Operations 

Treatment and 
Recovery Sequence 

As a result of the nature of the multi-faceted approach necessary to address the problem, and 

the complex dependency of the successful solution on a series of tailored engineering sub­

solutions, the scope of the work presented in this dissertation is broad. In fact, the main 

strength of the work lies in this broadness, particularly in the innovative and systematic 

combination of selected engineering principles, unit operations and processing techniques, 

which individually do not resolve the problem, but which together combine into a workable 
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and acceptable solution. Not only is this particular combined approach novel, but many 

aspects of the work involved original thought and contributed to various areas in the science 

of pollution prevention, waste water treatment, and membrane processes. For example: 

1) The treatment and recovery sequence is the first published process which successfully 

recovers pure chemicals and water of high quality from cotton scouring effluents. The 

sequence was granted full international patents in ten countries between 1987 and 1991. 

These patents are as follows: 

• C.A. BUCKLEY and A.E. SIMPSON, Effluent Treatment, SA Patent No. 87/4406,18 
June 1987. 

• C.A. BUCKLEY and A.E. SIMPSON, Effluent Treatment, Canadian Patent No. 
539,772.3, 16 June 1987. 

• C.A. BUCKLEY and A.E. SIMPSON, Effluent Treatment, Australian Patent No. 
590,852, 15 June 1987. 

• C.A BUCKLEY and A.E. SIMPSON, Effluent Treatment, Japanese Patent No. 
62,155646,24 June 1987. 

• C.A BUCKLEY and A.E. SIMPSON, Effluent Treatment, United States of America 
Patent No. 4752363, 21 June 1987. 

• C.A BUCKLEY and A.E. SIMPSON, Effluent Treatment, German Patent No. 
87305644.4, 27 June 1990. 

• C.A. BUCKLEY and AE. SIMPSON, Effluent Treatment, Austrian Patent No. 
87305644.4, 27 June 1987. 

• C.A BUCKLEY and AE. SIMPSON, Effluent Treatment, Greek Patent No. 
87305644.4, 17 Oct. 1990. 

• C.A. BUCKLEY and A.E. SIMPSON, Effluent Treatment, French Patent No. 
87305644.4, 17 Oct. 1990. 

• C.A BUCKLEY and A.E. SIMPSON, Effluent Treatment, Dutch Patent No. 
87305644.4. 17 Oct. 1990. 

In addition to numerous reports for internal use by the WRC, industry and researchers, the 

work also resulted in the publishing of seven refereed papers, ten conference 

proceedings and two books. The refereed papers are as follows: 

• BUCKLEY, C.A, BINDOFF A.L., KERR, CA, KERR, A., SIMPSON A.E. and COHEN 
D.W., The Use of Speciation and X-Ray Techniques for Determining Pretreatment 
Steps for Desalination. Desalination, 66, 409 - 429, 1987. 

• SIMPSON, A.E. and BUCKLEY, C.A., The Treatment of Industrial Effluents Containing 
Sodium Hydroxide to Enable the Reuse of Chemicals and Water. Desalination 67 305 
- 319, 1987. ' , 

• SIMPSON, AE., KERR, C.A and BUCKLEY, C.A, The Effect of pH on the 
Nanofiltration of the Carbonate System in Solution. Desalination, 64, 305 - 319, 1987. 
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• SIMPSON, A.E. and BUCKLEY, C.A .. , The Recovery of Caustic Soda from Caustic 
Effluents. ChemSA, 76 - 80, March 1988. 

• SIMPSON A.E. and BUCKLEY, CA, The Recovery and Reuse of Sodium Hydroxide 
from Industrial Effluents, Advances in Reverse Osmosis and Ultrafiffration, pp 335 - 346, 
Published by the National Research Council of Canada, Editors - T. Matsuura and S. 
Sourirajan, 1989. 

• BUCKLEY, C.A., KERR, C.A. and SIMPSON, A.E., Small Scale Tests to Determine the 
Feasibility of Reverse Osmosis and Ultrafiltration for the Treatment of Industrial 
Effluents. Water SA, 18(1), 63 - 67, January 1992. 

• VOORTMAN, W.J., SIMPSON, AE., KERR, CA, and BUCKLEY, C.A., Application of 
Electromembrane processes to the Treatment of Aqueous Effluent Streams. Water 
Science and Technology, 25(10),291 - 298,1992, ISSN 0273-1223. 

The conference proceedings are as follows: 

• SIMPSON, A.E. and BUCKLEY, CA, The Recovery and Recycling of Sodium 
Hydroxide Containing Effluents. Institute of Water Pollution Control Biennial 
Conference, Port Elizabeth, Republic of South Africa, 12 to 15 May 1,987. 

• SIMPSON, AE. and BUCKLEY, C.A., The Recovery of Caustic Soda from Caustic 
Effluents. Technology Forum on Effluent Treatment and Chemical Recovery by 
Electrically Driven Membrane Processes, CSIR Conference Centre, Pretoria, Republic 
of South Africa, 29 June 1987. 

• BUCKLEY, C.A., BINDOFF A.L., KERR, CA, KERR, A and SIMPSON A.E., The Use 
of Speciation and X-Ray Techniques for Determining Pretreatment Steps for 
Desalination. Presented at the Third World Congress on Desalination and Water 
Reuse, Cannes, 14 to 17 September 1987. 

• SIMPSON, A.E. and BUCKLEY, C.A, The Treatment of Industrial Effluents Containing 
Sodium Hydroxide to Enable the Reuse of Chemicals and Water. Presented at the 
Third World Congress on Desalination and Water Reuse, Cannes, 14 to 17 September 
1987. 

• SIMPSON, AE., KERR, C.A. and BUCKLEY, C.A., The Effect of pH on the 
Nanofiltration of the Carbonate System in Solution. Presented at the Third Wor1d 
Congress on Desalination and Water Reuse, Cannes, 14 to 17 September 1987. 

• SIMPSON, AE. and BUCKLEY, C.A., The Recovery and Reuse of Sodium Hydroxide 
from Industrial Effluents. Presentation at the American Chemical Society, Division of 
Industrial and Engineering Chemistry Meeting: Symposium on Advances in Reverse 
Osmosis and Ultrafiltration. Third Chemical Congress of the North American Continent, 
Toronto, Canada, 5 to 10 June 1988. 

• SIMPSON, AE., Electrolysis and Facilitated Transport. Contribution to the Workshop 
on Desalination and Membrane Processes, Ohrigstad, 24 - 26 August 1988 

• BUCKLEY, C.A. and SIMPSON, AE., Practical Methods in Attaining Reductions in 
Chemical, Water and Effluent Loads. Presented at New Technologies for Textiles 
Symposium, University of Port Elizabeth, 15 to 16 October 1990. 

• BUCKLEY, C.A. and SIMPSON, A.E., Closed Loop Treatment Options for Scouring 
Effluent. Presented at New Technologies for Textiles Symposium, University of Port 
Elizabeth, 15 to 16 October 1990. 
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• VOORTMAN, W.J., SIMPSON, A.E. and BUCKLEY, C.A., Application of 
Electrochemical Membrane Processes to the Treatment of Aqueous Effluent Streams. 
IAWPRC Specialised Conference on Membrane Technology in Wastewater 
Management, The Cape Sun Hotel, Cape Town, 2 - 5 March 1992. 

The books are as follows: 

• Pollution Research Group, Department of Chemical Engineering, WRC Project No 122, 
Final Report, Water Management and Effluent Treatment in the Textile Industry: 
Scouring and Bleaching Effluents. WRC, Pretoria, ISBN 0947447911 (1990). 

• Pollution Research Group, A Guide for the Planning, Design and Implementation of 
Waste Water Treatment Plants in the Textile Industry, Part III, Closed Loop 
Treatment/Recycle Options for Textile Scouring and Bleaching Effluents. WRC Project 
No 122, Report No TT48/90, ISBN 0947447800 (1990). 

Aspects of the sequence were adapted to facilitate application of the principles to 

wastewater from other industrial sectors. As a result, patents were filed and granted on 

two further related processes for the electrochemical treatment of waste waters in the 

mining and chemicals industries. These are as follows: 

• C.A BUCKLEY and A.E. SIMPSON, The Removal of Sulphuric Acid from Aqueous 
Medium Containing the Acid, SA Patent No.88/5487, 27 July 1988. 

• C.A BUCKLEY and AE. SIMPSON, The Removal of Sulphuric Acid from Aqueous 
Medium Containing the Acid, Australian Patent No. 20399/88, 23 August 1988. 

• C.A BUCKLEY and AE. SIMPSON, The Removal of Sulphuric Acid from Aqueous 
Medium Containing the Acid, Canadian Patent No. 573,738-9, 3 August 1988. 

• C.A. BUCKLEY and A.E. SIMPSON, The Removal of Ammonium Salts from Aqueous 
Medium Containing the Salt, SA Patent No. 88/8898, 28 November 1988. 

• C.A. BUCKLEY and AE. SIMPSON, The Removal of Ammonium Salts from Aqueous 
Medium Containing the Salt, Australian Patent No. 26329/88, November 1988. 

• CA BUCKLEY and A.E. SIMPSON, The Removal of Ammonium Salts from Aqueous 
Medium Containing the Salt, Canadian Patent No. 584,427.4, November 1988. 

• C.A BUCKLEY and AE. SIMPSON, The Removal of Ammonium Salts from Aqueous 
Medium Containing the Salt, European Patent No. 88311324.9, November 1988. 

• C.A. BUCKLEY and AE. SIMPSON, The Removal of Ammonium Salts from Aqueous 
Medium Containing the Salt, United States of America Patent No. 07/276,626, 
November 1988. 

A full list of the candidate's publications resulting from this work is presented in 

Appendix 1. Also listed are publications on related work in other sectors undertaken by 

the candidate. 
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2) At the time that this work was carried out, cross-flow microfiltration, one of teday's 

prominent membrane techniques for water and waste water treatment, was in its initial 

development phase. This work was one of the original studies concerning the use of the 

woven cloth arrangement of this membrane technique for treating industrial effluents. 

Woven cloth cross-flow microfiltration has been commercially available since the mid-to-Iate 

1980's and is marketed intemationally for a wide range of waste water and water 

applications. 

3) The first experimental nanofiltration membranes became available to researchers in the 

mid-1980's and the Pollution Research Group were offered samples for evaluation. These 

samples were used in this study, which became one of the first studies ever undertaken of 

this membrane process. In fact, the first paper reported in Chemical Abstracts dealing with 

nanofiltration resulted from this work. This paper was published in 1987, and is still one of 

the most authoritative references on the subject. Its details are as follows: 

• SIMPSON, A.E., KERR, C.A. and BUCKLEY, C.A., The Effect of pH on the 
Nanofiltration of the Carbonate System in Solution. Desalination, 64, 305 - 319, 1987. 

4) Since nanofiltration membranes become commercially available, researchers world-wide 

have failed to model successfully its transport characteristics in real applications. The 

current work uses new developments in combining chemical speciation theory and ion 

transport modelling to contribute to the understanding of the nanofiltration process. This 

dual approach to understanding membrane performance has not been used by other 

researchers, but is an exciting new tool for predicting the transport characteristics of 

solution components in membrane systems. 

5) The adaptation and application of conventional electrochemical techniques, widely used 

for chemical manufacture, to textile waste water treatment and chemical recovery is novel. 

In addition, the use of sodium carbonate/bicarbonate salts in place of sodium chloride salts 

for sodium hydroxide generation, is a previously unexplored diversion from conventional 

practice. This work contributes to the understanding of chemical reactions during 

electrolysis of non-conventional, complex and impure solutions, and precipitate formation 

(and control and prevention) on the electromembrane surface during electrochemical 

processing of these solutions. 
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SECTION 2 

THE SOUTH AFRICAN TEXTILE INDUSTRY - AN OVERVIEW OF 
ENVIRONMENTAL LEGISLATION, MANUFACTURING OPERATIONS 

AND SCOURING 

The Textile Industry is a group of related sectors which use natural and synthetic fibre raw materials to 

produce a wide range of finished products. The Industry in the RSA supports 90 000 people and has 

total sales of R 6535 million (Textile Federation, 1993). Because of the wide array of activities it is 

difficult to determine the number of textile enterprises in the RSA (Department of Water Affairs and 

Forestry, 1993). However, it is a major industry with over 300 textile factories, of which 50 are 

concerned with the weaving of cotton and cotton/synthetic fibre cloths (Water Research Commission, 

1976). Approximately 65 000 tonnes of cotton were consumed by the Textile Industry in 1992, which 

accounted for one quarter of raw fibre consumed (Textile Federation, 1993). The Textile Industry 

uses 5 % of the energy requirements of the manufacturing sector (Department of Planning and the 

Environment, 1978). 

Two factors influence the environmental performance of the Textile Industry. Firstly, statutory 

environmental controls influence the nature of the discharges and the final impact of the textile 

operations on the environment. To develop a pollution control strategy, it is essential to understand 

the regulatory background and statutory requirements with which Industry must comply. Secondly, 

the type of the fibre processed and the characteristics and conditions of the unit processing 

operations largely determine the extent and nature of the potential pollution from a process or the 

overall site. This dissertation is concerned with pollution control in scouring processes, especially 

those processes where strong sodium hydroxide solutions are used to scour cotton and cotton 

blends. Since scouring is an integral part of manufacturing, this process cannot be studied in 

isolation, but must be considered within the overall textile manufacturing operation. 

To provide a basic understanding of the textile manufacturing operation, the remainder of this section 

overviews water requirements (Section 2.1), the regulatory framework for environmental control 

(Sections 2.2 and 2.3), textile processing (Section 2.4), in particular scouring technology (Section 

2.5), and characteristics of scouring effluent (Section 2.6). 

2.1 . Water Use In Textile Processing 

The Textile Industry requires water for: 

1) Processing; 

2) Product, eqUipment and floor washing; 
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3) Cooling systems; 

4) Steam generation; 

5) Air conditioning; 

6) Transport of material; 

7) Personnel consumption and sanitation. 

Steam generation, air conditioning, human consumption, and certain stages of the 

production process require water of potable, or higher, quality, while a water of lower quality is 

suitable for other uses. 

The volume of water used depends on the fibre, manner of processing, processing 

sequence and processing equipment. Typical quantities used are 150 to 1 400 lll<g of 

product, and hence large volumes of textile effluent require treatment and disposal (WIRA, 

1973 and CDTRA, 1971). 

Of particular significance to the Textile Industry is the strong correlation between water and 

energy use (Pollution Research Group, 1990). Since many wet processing operations are 

carried out at elevated temperature, water savings measures automatically result in energy 

savings. 

2.2. The Need for Water Pollution Control In Textile Processing 

Amendments to the Water Act of 1956 (see Section 2.3) have placed considerable 

responsibility on industries to optimise their water use, and to treat their waste waters to the 

prescribed standards, as determined by the receiving water quality objectives (RWQO) 

approach. The Textile Industry, because of the nature of its waste waters, is faced with a 

particularly serious set of problems. 

Textile plants use a wide variety of dyes and other chemicals, such as acids, alkaliS, salts, 

detergents, wetting agents, sizes and finishes. Many of these chemicals are not retained in 

the final product, but are discharged in the effluent. Since textile waste waters are generally 

non-biodegradable, their discharge to sewage systems, or to the environment, presents a 

problem. Mills discharging to sewage works may be responsible for colour and chemical 

oxygen demand (COD) problems, while those discharging directly to the environment need 

to pretreat their waste water to remove high percentages of colour, COD and mineral salts. 
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Unless appropriate and adequate care is exercised, the discharge of textile waste waters to 

the water environment may have serious and long-lasting consequences for the following 

reasons. 

1) Solid wastes, including fibre, are unsightly and may result in the deposition of anaerobic 

sludge layers in receiving waters. 

2) Many organic contaminants, including dyes, synthetic sizes, and detergents, are only 

semi-biodegradable. Furthermore, they may be potentially damaging to the performance 

of municipal sewage works and to the environment if returned to water sources. Other 

organic compounds with high biological oxygen demand (BOD), such as starches, may 

increase the cost of sewer discharge, or cause anaerobic conditions if discharged to a 

water body. 

3) The presence of inorganic contaminants in the form of salts, acids, or alkalis in high 

concentrations, will cause a gradual deterioration of the receiving water, making it 

unsuitable for subsequent use as domestic, industrial, agricultural, recreational and 

environmental water. 

2.3. Regulatory Control of Water Use and Wastewater Discharge 

Regulatory control of water use and waste water discharge within the Textile Industry is 

achieved by means of the legislation discussed below. 

2.3.1 The Water Act 

The use of water for industrial purposes, together with control over effluent production and 

water pollution, is regulated in the RSA by the Water Act, 1956 (Act 54 of 1956) as amended. 

In the case of the former Republics of Transkei, Venda, Bophuthatswana, and Ciskei, the 

Water Act and its amendments at the time of independence, were adopted. Subsequent 

amendments to the Water Act in the RSA have not necessarily been adopted in these 

independent republics. 

The Water Act vests the necessary powers to exercise control over the management of water 

resources in the Department of Water Affairs and Forestry (DWAF). These resources include 

inland ground and surface waters, as well as the coastal-marine environment. 
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The Water Act originally served its purpose well (Best, 1984). It enabled water demand to be 

regulated in keeping with the portion of the national budget allocated to the development of 

additional water supplies. In addition, it safeguarded the available, but limited, water 

resources from catastrophic levels of pollution, without seriously constraining industrial 

development. 

In view of the general decline in the quality of many of the RSA's water sources, the initial 

Water Act could no longer effectively control water pollution and industrial water use. 

Therefore, the Water Act and effluent standards were amended during 1984. The main 

requirements of this Water Amendment Act of 1984 retained the basic requirements of the 

Water Act of 1956. 

2.3.2 Strategy and Policy Guidelines 

Following the Water Amendment Act of 1984, the DWAF defined its approach to the effective 

management of water resources in a policy document (Department of Water Affairs, 1986). 

This document attempted to increase the awareness of all water managers, scientists, and 

consumers to the opportunities and limitations associated with water use and effluent 

disposal in the RSA. More recently, the DWAF has again reviewed its water quality 

management policy and has implemented a new approach to water pollution control which 

forms an integral part of water quality management (Department of Water Affairs and Forestry, 

1991). This new approach encompasses three separate concepts of integrated catchment 

management, pollution prevention and receiving water quality objectives. The overall major 

goal of the DWAF, the maintenance of the fitness for use of the RSA's water on a sustained 

baSis, is reflected in these policy documents. The fitness for use concept implies the 

evaluation of water quality in terms of the requirements of a particular user or category of users 

(domestic, industrial, agricultural, environmental and recreational). 

Section 21 of the Water Act prescribed three uniform effluent standards (Government 

Gazette, 1984): 

1) General standard for discharge into most rivers and streams in the RSA; 

2) Special standard (Schedule I) for discharge into rivers in catchment areas, the so-called 

'mountain and trout streams'; 

3) Special standard (Schedule II) for discharge into specified catchments sensitive to 

phosphorus and prone to eutrophication. 
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This Uniform Effluent Standards approach to water pollution control was applied until recently. 

To counter continuing water quality deterioration, the DWAF has changed its approach to the 

Receiving Water Quality Objectives (RWQO) approach for non-hazardous substances and to 

the Pollution Prevention (PP) approach for hazardous substances. The RWQO approach 

focuses on the fundamental policy objective of maintaining fitness for use, and permits 

integration of factors affecting water quality, conferring greater flexibility on water quality 

management. PP aims to minimise or prevent the release of hazardous pollutants to the water 

environment (Department of Water Affairs and Forestry, 1993). Until the new approaches are 

fully operational, the current general and special effluent standards serve as minimum effluent 

standards (Table 2.1) . 

Table 2.1 
The South African Water Act, 1956 (Act 54 of 1956) 

General and SpecIfIc Standards for Discharge 

Parameter Units General Standard Special Standard 
Schedule I 

Colour, odour, taste nil nil 
pH 5,5 to 9,5 5,5 to 7,5 
Dissolved oxygen % not less than 75 not less than 75 
Temperature ·C not more than 35 not more than 25 
Typical faecal coliforms 1100 ml nil nil 
Chemical oxygen demand mg/l not more than 75 not more than 30 
Oxygen absorbed mg/l not more than 10 not more than 5 
Conductivity mS/m not to increase more not to increase more 

than 75 mS/m above than 15% above 

mg/l 
intake, max. 250 intake, max. 250 

Suspended solids not more than 25 not more than 10 
Sodium mg/l below 90 above intake below 50 above intake 
Soap, oil and grease mg/l not more than 2,5 nil 
Residual chlorine, as CI mg/l not more than 0,1 nil 
Free & saline ammonia, as N mg/l not more than 10 not more than 1 
Nitrate, as N mg/l not specified not more than 1,5 
Arsenic mg/l not more than 0,5 not more than 0,1 
Boron mg/l not more than 1 not more than 0,5 
Chromium, total mg/l not more than 0,5 not more than 0,05 
Chromium VI mg/l not more than 0,05 not specified 
Copper mg/l not more than 1 not more than 0,02 
Phenol mg/l not more than 0,1 not more than 0,01 
Lead mg/l not more than 1 not more than 0,1 
Copper mg/l not more than 0,5 not more than 0,02 
Sulphides, as S mg/l not more than 1 not more than 0,05 
Fluorine mg/l not more than 1 not more than 1 
Zinc mg/l not more than 5 not more than 0,3 
Phosphate, total as P mg/l not specified not more than 1 
Iron mg/l not specified not more than 0,3 
Manganese mg/l not more than 0,4 not more than 0,1 
Cyanide, as CN mg/l not more than 0,5 not more than 0,5 
Total Cadmium, Chromium, mg/l not more than 1 not more than 1 
Copper, Mercury and Lead 
Cadmium mg/l not more than 0,05 not more than 0,05 
Mercury mg/l not more than 0,02 not more than 0,02 
Selenium mg/l not more than 0,05 not more than 0,05 
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Special Standard 
Schedule II 

nil 
5,5 to 9,5 
not less than 75 
not more than 35 
nil 
not more than 75 
not more than 10 
not to increase more 
than 75 mS/m above 
intake, max. 250 
not more than 25 
below 90 above intake 
not more than 2,5 
not more than 0,1 
not more than 10 
not specified 
not more than 0,5 
not more than 1 
not more than 0,5 
not more than 0,05 
not more than 1 
not more than 0,1 
not more than 1 
not more than 0,5 
not more than 1 
not more than 1 
not more than 5 
not more than 1 
not specified 
not more than 0,4 
not more than 0,5 
not more than 1 

not more than O,OS 
not more than 0,02 
not more than 1 



As presently applied in the RSA, the RWaO approach involves compilation of water quality 

guidelines based on the requirements of recognised water uses; formulation of water quality 

management objectives which recognise the water quality requirements of water users, as 

well as economic, social, legal and technological considerations; and imposition of site­

specific effluent standards to ensure that water quality management objectives are met for 

particular water bodies. 

The DWAF has combined the RWaO approach with water quality management goals, which 

embody the precautionary principle of source reduction, as well as the application of minimum 

effluent standards. These goals are summarised as follows: 

1) Source reduction, recycling, detoxification and neutralisation of wastes. Voluntary action 

is promoted. 

2) If there is no alternative to the discharge of an effluent, it should meet minimum standards, 

which may be uniform or industry-related. The current general and special effluent 

standards (Table 2.1) are adapted to serve e.s minimum standards. 

3) If the application of minimum effluent standards is not sufficient to maintain the fitness for 

use of the receiving water body, then standards stricter than the minimum standards will 

be enforced. These standards will be site-specific and in accordance with the RWaO 

approach. 

4) Exemptions from compliance with minimum effluent standards will be considered as a last 

resort and only if the receiving water body has sufficient assimilative capacity. 

To ensure consistency in the application of these goals to individual cases, decision-making 

guidelines are being developed by adaptation of the general and special effluent standards. 

Currently, guidelines for addressing the quality of intake water have been developed for six 

industrial categories of major water users (Department of Water Affairs and Forestry, 1993). 

These are leather and tanning; power generation; iron and steel; pulp and paper; 

petrochemical; and textiles. In addition, only those water quality variables are considered 

which are fundamental to the main water related problems experienced in each industry, and 

which can be controlled to some extent by effective catchment management. The 

information used to develop these guidelines was gathered from local sources, in conjunction 

with a review of intemationalliterature. The guidelines reflect the situation that occurs in a 

typical example in each industry, and are used in site-specific assessments. 
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The industrial guidelines describe the impacts of water quality change in terms of four norms: 

the overall cost of water; the level of water treatment technology required to make the quality 

of the water supply fit for its intended use; the level of supervision required to operate and 

maintain water treatment plant; and the complexity of waste handling. 

Guidelines for specific water quality variables relevant to the textile industry are presented in a 

series of tables in a recent publication (Department of Water Affairs and Forestry, 1993). 

These variables are evaluated at different concentration levels in terms of their effects on the 

norms used to measure the fitness for use of water for industrial purposes. The target 

guideline ranges for specific water quality variables are summarised in Table 2.2. Non-target 

ranges are not listed here. 

Table 2.2 
Target Guideline Ranges for Specific Water Quality Variables, Textile Industry 

Variable Target Guideline Norms 
Range Increase in Technology Supervision Waste Handling 

Water Costs Problems 
pH 7,0 - 8,5 None (0%) None None None 

Electrical conductivity 10 -70 mS/m None (0%) Standard Unskilled Slight 

SS 0-5 mgll None (0%) low Routine None 

Total hardness 0-25 mgll None (0%) Standard Unskilled Sight 

Alkalinity 0-100 mgt1 None (0%) low Routine None 

Sulphate 0-250 mgt1 None (0%) low Routine Slight 

Iron 0.0 - 0.2 mgll None (0%) Standard Routine Slight 

Manganese 0.0 - 0.1 mgll None (0%) Standard Routine Slight 

000 0-10 mgJI None (0%) Low Routine Slight 

2.3.3 Industry-Based Recycling and Reclamation 

The DWAF relies on the co-operation of both research and industrial organisations to develop 

other approaches, which will ensure the industrial and economic future of the RSA. It is the 

Department's policy to encourage industrialists to implement improved in-plant control as the 

first option to water quality management. 

Industry-based recycling and reclamation is desirable in that pollutants may be removed, at 

source, from segregated, purer streams. In addition, heat energy, water, and chemical 
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savings are often achieved. Industry-based recycling includes the reuse of process water, 

contaminated by low levels of pollutants, from one process, in another subsequent process. 

Reclamation measures include primary treatment, to enable the water to be reused, or 

advanced treatment, to allow for the separation, recovery, and direct reuse of waste water 

constituents. 

2.4. Textile Processing 

The raw materials supplied to a textile processing operation are fibre, water, energy and 

chemicals. The outputs from the operation are textile product and wastes, including liquid 

effluent, solid wastes, atmospheric emissions, waste heat, exhausted chemicals, and fabric 

impurities. A brief description of fibre type, textile processing and mill classification follows. 

2.4.1 Textile Fibres 

The fibres of interest in the current dissertation are cotton and polyester. 

Cotton is the seed hair of a wide variety of plants of the Gossypium family. Cotton fibres 

consist mainly of cellulose. Natural cotton is contaminated by oil and wax (0,5 %). Pectic acid, 

which is soluble in hydroxide solutions, but insoluble in water, is present in the form of calcium 

or magnesium salts. Cotton may also contain small amounts (1 to 2 %) of mineral matter, 

composed of silicon, iron, aluminium, calcium, magnesium, potaSSium, sodium, chloride and 

sulphate. Nitrogen containing impurities, such as polypeptides or proteins, and natural 

colouring matter are also present. 

Polyester is a synthetic fibre, and is the product of a commercial chemical process involving 

the condensation of ethylene glycol and terephthalic acid. Polyester fibres are produced by 

melt spinning and, being thermoplastic, can be easily shaped to produce textured effects. 

The fibres exhibit marked crystallinity, and the closely packed; highly-oriented molecules 

make polyester strongly hydrophobic. 

2.4.2 Textile Processing Operations 

Various processing operations are involved in the transformation of the raw fibre into the 

finished textile product, as presented in Figure 2.1. The conditions under which each 

operation is carried out depend on the type of raw fibre used. Processing operations are 

either dry, as in blending, spinning, weaving, and knitting; or wet, as described below where 

certain properties are imparted to the prepared fibre or fabric by treatment in various solutions. 
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Weave 

Figure 2.1 
Production of Fabric 

The wet processing section of a textile mill processing cotton and polyester commences with 

desizing. The subsequent operations prepare the textile material for dyeing, printing, and 

finishing. Impurities are made soluble, dissolved or dispersed, and removed by washing (with 

chemical addition) or rinsing (with water only). Adequate washing/rinsing capacity and 

optimum water flows are essential at each stage of wet processing to ensure production of 

high quality textiles. In addition, accurate control of the chemical concentration, and the 

reaction time and temperatures are essential during wet processing. The order in which dry 

and wet processing operations are carried out depends on the specific production 

programme of the mill, and on equipment availability. The unit operations are described briefly 

below. 

1) Opening. This mechanical operation opens the bales of raw fibres, blending together 

various components. and allowing for the removal of contaminants. 

2} Carding and spinning. During carding. the long axes of the fibres are aligned. the short 

fibres are removed. and further blending occurs. In spinning the fibres are drawn and 

twisted into a yam. Where the yarn is to be used for weaving, it is divided into the warp 

(longitudinal threads) and the weft (lateral threads). 
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3) Warping. During warping, parallel yarns are wound onto a back beam. The back beams 

are combined during sizing to form a weaver's beam. In the case of coloured woven 

fabrics, the yarn is dyed prior to warping. 

4) Sizing. The sizing operation coats the individual warp yams with a protective film of size. 

The size strengthens the yarn, allowing it to resist the abrasive action of the loom, and 

reduces the hairiness of the threads. 

5) Weaving. Weaving is a dry process, in which the weft is inserted into the warp, but is 

carried out under humid conditions. Under these conditions, the size film is flexible, and 

warp breaks on the loom can be minimised. After weaving the greige cloth is inspected 

for faults, and may be cropped and singed to remove excess hairiness. 

6) Knitting. Knitting involves forming a fabric by the interlooping of successive series of 

loops of yam or thread and is carried out with the continuous addition of lubricating oil to 

the yarn to minimise fibre breaks. 

7) Desizing. During desizing the size is washed from the cloth. The technology used 

depends on the properties of the sizing agents. 

8) Scouring. During this process, oils, fats, waxes, soluble impurities, and particulate and 

solid dirt adhering to the fibres are removed. Scouring usually involves treatment with a 

detergent, with or without the addition of an alkali, depending on the type of fibre and 

the degree of contamination. 

9) Bleaching. Bleaching serves to whiten the fibre by removing the natural colouring 

matter. Bleaching is carried out using oxidising or, less often, reducing bleaching agents. 

10) Mercerising. Mercerising refers to the treatment of fibres, usually cotton, under tension 

with concentrated sodium hydroxide. Mercerising imparts a sheen to the fibre and 

improves its uptake of dyes. 

11) Dyeing and printing. Stock, yarn, or fabric is coloured to the customers requirements by 

the uniform or localised application of colouring matter during dyeing or printing 

respectively. 
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12) Rnishing. Final processing operations impart special properties to the textile material, 

such as easy handling, mothproofing, antistatic, non-slip, and anti-piling. 

2.4.3 Textile Mill Classification 

Individual textile mills tend to concentrate on one method of textile manufacture, such as 

knitting or weaving, and on one fibre or its blends, such as wool, cotton or nylon and wool­

acrylics, cotton-polyester or polyester-viscose. A detailed classification of the Textile Industry 

is difficult, but these two methods are commonly used, that is by fibre processing and by mill 

• operation. Figure 2.2 presents the classification of finished products by the fibre processed. 

Figure 2.2 
Textile Industry Categorisation by Fibre Processed 
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The principle types of mill operations are presented in Figures 2.3 to 2.5 (ATMI, 1973, US 

EPA, 1974, NCWQ, 1975) and include: 

1) Wool scouring and finishing; 

2) Dry processing; 

3) Woven fabric finishing; 

4) Knitted fabric finishing; 

5) Carpet manufacture; 

6) Stock and yarn dyeing and finishing. 

The last four classes may involve scouring, where cotton and polyester-cotton blends are 

processed. 

Desize 

Liquid_ste 

Air emission vapour 

Air emission particulate 

Figure 2.3 
Woven Cotton Fabric Finishing Mill 

Scour 
and wash 

Print 

Dye 
and wash 

~---------------------------------------------------------~ 
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Figure 2.4 
Knit Fabric Finishing Mill 

e liquid waste 

&. Air emission vapour 

o Air .mIasIon partlculal •• 

Figure 2.5 
Stock and Yarn Dyeing and Finishing Mill 

@ liquid waste 

&. Air emission vapour 

2.5. Scouring Technology 

Scouring is a wet processing operation, designed to cleanse the raw fibres, leaving them in a 

condition suitable for subsequent processing. It is usually the first wet processing operation, 

where sizing is not carried out. Where sizing is carried out, scouring is preceded by desizing. 

Scouring consists of contacting the fibre with the appropriate chemical solution, allowing it to 
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react under the appropriate conditions of temperature and pressure, and then rinsing the 

unreacted chemicals and contaminants from the fibre. 

2.5.1 Identification of Potentially Most Polluting Scouring Processes 

The conditions of scouring depend on the fibre type and the degree of contamination. Clean 

or synthetic fibres are scoured in relatively mild conditions by comparison to the conditions 

required for the scouring of contaminated and natural fibres. 

For example, scouring of polyester is usually undertaken in warm (60 .C), mildly alkaline 

conditions (1 gil sodium carbonate), with a combination of non-ionic and anionic detergents, 

to remove oils and other minor contaminants that have been incorporated into the textile 

material during spinning, weaving, or knitting operations. Typically, the effluents produced 

vary in pH from 8 to 12, are warm (40 to 60·C) and, for a water use of 20 Vkg fibre and a wet 

pick-up of 100 %, contain 0,2 gil sodium (Buckley, 1983). These weak scouring effluents are 

not the concern of this dissertation. 

By comparison, the scouring of cotton and cotton-polyester blends is carried out under 

severe conditions of temperature, pressure, pH and chemical concentration. Since the 

effluents produced are very alkaline, and contain high concentrations of inorganic salts and 

organic compounds, their discharge is potentially threatening to the environment. It is these 

so-called strong scouring effluents which are the subject of this dissertation. 

2.5.2 Scouring of Cotton and Cotton-Blends 

Scouring Action 

Although cotton is not as contaminated as some other natural fibres, such as wool, it contains 

waxes of a high molecular mass, which are not easily removed. In addition, it contains protein 

impurities, which are located within the lumen of the fibre, making them resistant to chemical 

attack. The impurities may be removed from carded, woven, or knitted cotton, by treatment in 

boiling sodium hydroxide, in the presence of suitable auxiliary chemicals. During this severe 

alkaline scouring process, various chemical reactions occur, including the: 

1) Conversion of pectins and pectoses to soluble pectic salts; 

2) Degradation of the proteins into soluble amino acids or ammonia; 

3) Solution of mineral matter; 

4) Removal of adventitious dirt; 
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5) Hydrolysis of the saponifiable matter to fonn salts, which emulsify the unsaponifiable oils 

and retain the dirt particles in suspension; 

6) Improvement of the hydrophilic properties of the fibre, which determine the water 

absorbability, and the evenness of dye and chemical uptake. 

The fraction of sodium hydroxide consumed in the scouring process varies from 10 to 80 %, 

depending on the temperature and the reaction time of the process. 

Cotton can be scoured equally effectively with other strong alkalis, such as potassium 

hydroxide, in place of sodium hydroxide. For the sake of clarity, reference is made only to 

sodium hydroxide in this dissertation. However, it should be noted that the principles, 

procedures and technologies applicable to sodium hydroxide scouring are also applicable to, 

for example, potassium hydroxide scouring. 

pescription of Scouring Process 

Cotton scouring processes are batch or continuous. Batch scouring produces a sequence of 

effluents of decreasing concentration. Continuous scouring produces a single effluent, 

because the scouring solution is padded onto the textile material at high concentration and is 

removed in a subsequent rinsing process. 

"" Batch scouring is generally carried out in cylindrical vessels, or kiers, made of cast iron or 

stainless steel. These may be open, where the liquor boils at atmospheric pressure (boil-off), 

or closed, where the liquor boils under pressures, at temperatures above 100'C (kier-boil). In 

both instances, the operation commences when the textile fibre and chemicals are charged to 

the equipment. Steam is then used to heat the solution and circulate the sodium hydroxide 

through the textile material. The process continues for a predetermined period of time, and 

under the specified conditions of temperatures and pressures. Thereafter, the liquor is 

drained from the textile fibre, and the fibre is rinsed with water, either hot or cold, and either by 

drop-fill or overflow method. 

Boil-off is an archaic method, which has been largely replaced by more effective scouring 

methods. A reducing agent is always added to prevent the oxidative degradation of the 

cellulose fibre, caused by the combination of atmospheric oxygen and alkali. 

Typical boil-off conditions would be: 
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For cloth (BASF, 1977) 

sodium hydroxide 

wetting agent/detergent 

liquor ratio 

processing temperature 

batch time 

10 to 20 gil 

1 to 2 gil 

3 to 7 kg/kg cloth 

95 to 98"C 

4to 6 h 

For cotton wool (Buckley, 1983 and Buckley et aI, 1979) 

sodium hydroxide 10 to 50 gil 

wetting agent/detergent 2 to 3 gil 

liquor ratio 20 kg/kg cloth 

processing temperature 

batch time 

98"C 

4to 6 h 

Typical kier-boil conditions (Groves and Anderson, 1977) would be: 

potassium hydroxide 

(or sodium hydroxide equivalent) 

wetting agent/detergent 

liquor ratio 

processing temperature 

batch time 

40 gil 

1 to 2 gil 

10 kg/kg cloth 

100 kPa at 135 ·C 

3to 4 h 

Continuous scouring involves the continuous passage of a length of textile material through a 

bath containing the so-called padding solution, usually sodium hydroxide, under specific 

conditions of temperature, pressure and concentration. Typical material speeds would be 

30 to 80 mlmin. The impregnated textile material is then subjected to a specific temperature 

and pressure regime, for a certain time, which allows the scouring action to proceed. 

Thereafter, the textile material is rinsed free of dissolved impurities and unreacted processing 

chemicals by continuous passage through rinsing equipment, typically consisting of a multi­

stage, counter-current sequence, operating with single- or multiple-water input, under boiling 

conditions. Continuous scouring is generally conducted in campaigns, consisting of a series 

of process batches; each of which is carried out under similar padding and processing 

conditions. When a campaign is completed, the padding solution and processing conditions 

are changed or adjusted, and the next campaign is commenced. 

Continuous scouring is generally achieved in one of three types of units: J-boxes; caravans; 

or open-width reaction chambers. 
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J-boxes can be used to process fabric in either rope form, or in open-width form. Figure 2.6 is 

a schematic of a J-box machine. Scouring is achieved by impregnating the cloth with sodium 

hydroxide; heating it to elevated temperatures (93 to 99 'C); and allowing it to pass through 

the J-box, with a reaction time of approximately one hour. 

In the caravan system, fabric is first padded with a solution of sodium hydroxide containing a 

reducing agent. It is then steamed and wound onto a roller, within a sealed vessel or caravan. 

The caravan is rotated, in a steam atmosphere at 90 ·C, for one to two hours to allow scouring 

to proceed. 

Open-width reaction chambers, such as the Vaporloc Unit, by Mather and Platt, are designed 

to operate under pressures of 200 kPa, with temperatures above 130 ·C. The fabric is 

padded with a sodium hydroxide solution and scouring is achieved in periods of one to two 

minutes. Figure 2.7 is a schematic of an open-width rinsing range. 

Typical compositions of the padding solution (Buckley, 1983) are: 

sodium hydroxide 

wetting agent 

reducing agent 

liquor ratio 

40 to 70 gil 

2 gil 

20 gil 

0,7 to 1 kglkg cloth 

Figure 2.6 
Schematic of a Rope or J·Box Rinsing Range 
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Figure 2.7 
Schematic of an Open-Width Rinsing Range 
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Cotton-Polyester Blends 

Cotton-polyester blends are treated either as heavily contaminated polyesters or mildly 

contaminated cottons, and are scoured accordingly. The alkali concentration, reaction time 

and temperature is controlled to minimise tendering, or saponification, of the polyester fibre. 

Figure 2.8 (BASF, 1977) presents the conditions under which the rate of saponification is 

unacceptably high. Scouring should be carried out under conditions of temperature and time 

which lie below the sodium hydroxide concentration lines. 

Figure 2.8 
Acceptable Saponification Limits of Polyester as a Function of 

Sodium Hydroxide Concentration, Temperature and Contact Time 
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Source: BASF, 1977 
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2.6. Characterisation of Cotton Scouring Effluents 

Some empirical data on the characteristics of cotton scouring effluents are presented in this 

subsection. Section 4 discusses the theory of rinsing operations, relating the characteristics 

of scouring effluent to the design, configuration and operational parameters of the rinsing 

equipment. 

2.6.1 Batch vs Continuous Rinsing 

Scouring effluent results when the textile fibre is rinsed after padding and processing. As 

with padding and scouring processes, rinsing operations may be batch or continuous. 

In a batch operation, rinsing will be conducted by overflow rinse or drop-fill methods. Overflow 

rinsing consists of adding water to a batch of cloth, in a confined vessel, with continuous 

overflow for a certain period of time, or until the overflow rinse water meets some 

predetermined quality criteria. Drop-fill rinsing consists of the repetitive draining and refilling 

of a confined vessel, allowing a dwell time after refilling, until the desired removal efficiency is 

attained. In general, the impurity concentration of each drop will be 10 to 20 % of the 

concentration of the previous drop. Elevated temperature enhances the rinsing efficiency. 

Batch rinsing methods are inefficient, consume large quantities of water, and produce 

effluents of high volume and low concentration (0,5 to 2,5 gil NaOH). Typical water use is 20 

to 25 Vkg fibre (Pollution Research Group, 1989), and the effluent is produced at 

temperatures above 80 ·C. 

In a continuous operation, there is a continuous flow of water and textile fabric through the 

machine. The machine may be a single compartment rinsing range, or a multi-unit range, 

usually in a counter-current, with or without fabric neutralisation (using acid) in the final wash 

bowl, depending on subsequent operations. Typical water use is 4 to 5 Vkg fibre, effluent 

temperature is near boiling, and sodium hydroxide concentrations in the effluent are high 

(typically 6 to 20 gil NaOH). 

The subject of this dissertation is strong effluents from the continuous scouring of cotton and 

cotton-polyester blends. since the treatment process developed is technically and 

economically applicable to effluents containing high concentrations of sodium hydroxide. 
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2.6.2 Chemical Composition 

Fibre' 

cotton 

cotton 
cotton 
cotton 
oot-PE 
oot-PE 
oot-PE 
oot-PE 
oot-PE 
oot-PE 

The chemical composition of effluents from scouring operations varies from plant to plant. 

The concentration shows great variance, and is determined by several factors, including the: 

1) Impurity concentration of the raw fibre prior to wet processing; 

2) Use of batch or continuous processing systems; 

3) Use of batch or continuous rinsing operations; 

4) Chemical concentration in the padding solution; 

5) Efficiency and configuration of the rinse range; 

6) Liquor-to-fibre ratio, and wash water flow. 

As a guide to the range of characteristics of strong scouring effluents, Table 2.3 presents 

approximate concentrations of a selection of traditional parameters. The data in this table has 

been extracted from various surveys, and can be used to predict the effluent characteristics of 

a scouring operation. 

Table 2.3 
Examples of Typical Compositions of Strong Scouring Effluents 

t-orm Process':: cmuent pH .~ (~) (~) ca (~) NaOH (~T (~I) (Ilkg) (mS/m) (g/l) (g/l) 

fibre boil-off b 20,0 11-12 1700 2,3 2,4 2,1 
kier-boil b 17,0 10-13 1 &Xl 1,9 2,7 1,4 

fibre boil-off b 20,0 12-13 13» 2,9 4,2 3,4 
woven kier-boil b 30,0 10-13 <3400 7 1,8 0,00 0,02 1,5 1,2 
woven kier-boil b 18,0 9-12 4 1,1 1,5 3,3 
woven caravan c 3,8 13,5 7400 51 17 0,00 0,02 as 10 3! 
woven J-box c 2,3 13,0 9 
woven open width c 3,1 13,5 8200 3) 11 0,00 0 19 4 10 
woven open width c 7,3 13,0 6 
woven open width c 2,5 10-12 ~ 5,3 12 

knit b 21,0 9,0 100 2,7 0,1 0,02 0,02 1,1 

- -Note. cot PE denotes cotton polyester blends 
2 b denotes batch, c denotes continuous 

2.6.3 Pollutant Loading 

Source: Buckley, 1983; Buckley et aI, 1979; Groves and 
Anderson, 1977; Pol/ution Research Group, 1989 

The emission rates, or loading, of a selection of traditional pollutants from typical scouring 

processes are as follows (Pollution Research Group, 1983; Buckley, 1983; Buckley et aI, 

1979; Groves and Anderson, 19n; Pollution Research Group, 1989): 
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biological oxygen demand (BOD) 10,8 kgltonne fibre 

chemical oxygen demand (COD) 4 to 122 kgltonne fibre 

suspended solids (SS) 5 kgltonne fibre 

total dissolved solids (TDS) 9,8 kgltonne fibre 

total solids (TS) 30 to 200 kgltonne fibre 

oil and grease 20 kgltonne fibre 

sodium 1 to 60 kg/tonne fibre 

sodium hydroxide 18 to 100 kg/tonne fibre 

calcium 0,1 to 0,8 kgltonne fibre 

magnesium o to 0,6 kg/tonne fibre 

For comparative purposes, the pollutant loadings of singeing, desizing, scouring, bleaching, 

and mercerising effluents from a particular mill, processing cotton and cotton-polyester 

blends, are presented in Table 2.4. At this mill, the scouring effluent contributed over 25 % of 

the chemical oxygen demand (COD), and over 36 % of the total solids (TS) loadings of the wet 

preparation section. On an overall mill basis, both the COD and TS constituted 10 % of the 

total mill waste water pollutant load. 

Table 2.4 
Relative Pollutant LoadIngs from IndIvIdual Textile UnIt Operations 

Process Effluent Chemical Total Solids Oxygen Total Carbon 
Volume Oxygen Demand Absorbed 

(%) "(mass %) (mass %) (mass %) (mass %) 

Singeing 2,1 8,2 5,7 7,0 6,4 
Desizing 33,9 57,0 44,0 47,9 61,6 
ScourIng 22,2 25,6 35,8 25,8 26,6 
Bleaching 22,2 5,9 7,2 13,3 3,3 
Mercerising wash 1 0,8 0,1 0,4 0,1 0,1 
Mercerisino wash 2 19,8 3,2 5,9 5,9 2,0 

Total emission rate 130 186 21 55 
(glkg cloth) 

Concentration 10,4 14,3 1,6 4,4 
(moll) 

Source: Buckley et aI, 1979 

2- 21 



SECTION 3 

ENVIRONMENTAL MANAGEMENT OPTIONS FOR 
POLLUTION CONTROL IN SCOURING PROCESSES 

The overall management of the scouring process from a pollution control aspect is essential because 

of the serious environmental impact associated with the disposal of the effluents, either neutralised, 

or in their alkaline state, and because of the escalating costs associated with purchasing new 

chemicals and disposing of waste chemicals (Buckley and Simpson, 1990a). In considering and 

developing a management strategy for pollution control of cotton scouring processes, a factory 

should implement a phased programme of waste prevention, minimisation (Section 3.1) and treatment 

(Section 3.2) with a suitable basis or incentive for decision making. For example, this basis may be 

economics, the reduction of water use, the lowering of pollutant loadings, or the elimination of 

environmentally unacceptable chemicals. 

There are two approaches to addressing waste management, and the most acceptable solution may 

be a combination of the two approaches. The first approach, process-oriented waste 

prevention and minimisation, involves the reduction, elimination or recycling of pollutant 

discharges. In the second, or traditional, approach, industry relies on add-on controls or 

treatments, which reduce the impact of waste after it has been generated. In recent years, the 

limitations to this second approach have been recognised and legislative authorities in many countries 

have increasingly enacted regulations which favour a process-oriented approach to waste 

management. The need to develop process-oriented pollution control measures has resulted 

indirectly in an initiation of ideas in waste management. The generation of waste is increasingly 

regarded as a loss of resources, and efforts are being concentrated on the integration of waste 

minimisation procedures into the process at source. By adopting a systematic approach to identifying 

potential problems and solutions of waste reduction throughout the manufacturing process, 

considerable savings accrue with minimal expenditure, improved public attitude towards the company 

and relieved regulatory burden, while being of benefit to the environment (Pearson, 1991; Benforado 

et ai, 1991). 

The overall strategy for the implementation of an effluent management system for scouring processes 

involves, on the one hand, process-oriented waste avoidance and minimisation and, on the other 

hand, waste recycling/recovery, treatment and disposal. These options, and their applications, are 

summarised in Figure 3.1 and reviewed in Sections 3.1 and 3.2. The development and practical 

implementation of an appropriate waste management strategy for one particular site is described in the 

remaining part of this dissertation. 
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Figure 3.1 
Effluent Management Options for Scouring Processes 

• Recovery and reuse 
• Treatment 
• Disposal 

• Process redesign 
• Process optimisation 
• Equipment selection 
• Housekeeping 

3.1. Waste Management by Waste Avoidance and Minimisation 

Process-oriented waste management options, in order of preference, include avoiding the 

use of unacceptable chemicals and waste minimisation. 

Although avoidance is the preferred option, the chemistry of the cotton scouring process 

requires the use of traditional combinations of chemicals, in certain concentrations and under 

specific conditions, for which there is no effective alternative. Waste minimisation places 

emphasis on prevention at source, with the reduction of waste volumes, concentrations and 

pollutant loadings, and on measures to avoid catastrophic levels of emissions resulting from 

breakdowns. Waste minimisation is the first phase in reducing the environmental impact of a 

process, and addresses aspects such as process deSign and optimisation, equipment 

selection, and housekeeping procedures (Chemex, 1991). By minimising the generation of 

waste, subsequent requirements for downstream processing, handling and treatment are 

eliminated or reduced. Waste minimisation often involves procedural, operational or material 

changes, without necessitating serious equipment changes, or sophisticated technology. 

They are usually inexpensive relative to their potential long-term economic benefit, and can 

be implemented without disruption of the manufacturing process (Nichols, 1988).. Some 

relevant process-oriented waste management strategies are presented below. 
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3.1.1 Process Redesign 

The design of a process is an important aspect of waste minimisation. In the past, at any given 

facility, the same technology and procedures have tended to be used over the lifetime of a 

process. Environmental, safety and quality assurance considerations now necessitate re­

evaluation of existing processes, to allow improvements to be made which ensure that 

processes become more environmentally-compatible. Such improvements may involve 

changes in raw materials, process sequence, processing chemicals, and process controls as 

follows. 

1} Changes in raw materials may result in reduced effluent discharge problems. For 

example, synthetic fibres, or higher quality natural fibres, with lower concentrations of 

impurities, may be used (Pollution Research Group, 1990). 

2} Reductions in the overall number of processes in the manufacturing sequence can lower 

the number of padding and washing operations required. For example, oxidative-de size 

allows desizing, scouring, and bleaching to be carried out in a single stage. Scouring­

bleaching and desizing scouring are further examples of reduced stage operations. 

3} Changes to processing chemicals may influence the pollution characteristics of 

emissions. Solvent scouring has found limited application as an alternative to aqueous 

scouring (Pollution Research Group, 1990). In this system, water and scouring chemicals 

are replaced by an organiC solvent, which is recovered by distillation. Water pollution is 

reduced, but unrecovered solvent and solvent residues often present greater disposal 

problems than waste water streams. In addition, air pollution during solvent recovery and 

product drying is usually unavoidable. 

High-COD organic acids, such as acetic acid, used in neutralising the fibre after scouring 

and rinsing, may be replaced with stronger mineral acids. In such cases, reliable pH 

control equipment is required to prevent over-acidification and subsequent degradation 

of the cotton fibre. 

4} Stricter processing controls allow processes to proceed uniformly and reproducibly, thus 

reducing the potential for fluctuations both in processing conditions and in effluent 

characteristics. Added benefits include the reduced cost of quality control and assurance 

(Patel, 1988). Examples of improved control include the installation of fully computerised 

processing; automated chemical dosing systems to prevent excess use of chemicals; and 

instrumentation to ensure the uniformity of chemical application and temperature contro/. 
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3.1 .2 Process Optimisation 

In the context of the current dissertation, the most relevant aspect of process optimisation 

refers specifically to a chemical, water and effluent management strategy addressed at the 

scouring process, and aimed at preventing waste by ensuring that minimal quantities of 

chemicals and water are used. The successful development and implementation of a 

subsequent, but effective, treatment and recovery system for cotton scour effluents 

depends on a complete understanding of this water and chemical flow regime, both within the 

scouring process and in relation to the overall factory water and chemical consumption and 

distribution. Process optimisation may involve (Buckley and Simpson, 1990b) various 

procedures: 

1) Modifying established recipes, which are usually designed to be fail-safe under the most 

extreme conditions, and result in the excess use of chemicals, increased pollution and 

higher effluent concentrations; 

2) Conducting water, heat energy, chemical, and effluent emission rate balances over the 

scouring process; 

3) Identifying the minimum water quality requirements for scouring; 

4) Minimising the use of water during scouring; 

5) Investigating the direct use of other factory effluents as rinse water in the scouring 

process; 

6) Minimising sodium hydroxide carry-over from padding to rinsing; 

7) Minimising rinse water flow; 

8) Modifying, or replacing, inefficient textile equipment; 

9) Improving existing control equipment to ensure that targets are attained. 

Case studies from the Pollution Research Group's files (Buckley and Simpson, 1990b) 

indicate how significant savings can be achieved by process optimisation, which 

simultaneously reduces water and chemical consumption, and pollutant emission rates. A 

recurring conclusion from such investigations is that there is often no immediate need for the 

installation of effluent treatment equipment (Buckley and Simpson, 1990a), since substantial 

savings in water and chemical consumption, and reductions in effluent emission rate, could 

be achieved through in-house water and effluent management programmes which aim to 

optimise the process. In the past, these savings have often been adequate to meet 

regulatory requirements at the time of the study, but as stricter environmental legislation is 

introduced the development of treatment facilities is unavoidable. Additional published 

literature is available on process optimisation (ATMI, 1973; US EPA, 1978; Lockwood Greene 
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Engineers Inc., 1975; Cooper, 1978). Although all these studies may not relate specifically, 

or totally, to the scouring process, the philosophy and approach taken is directly applicable to 

waste minimisation during scouring. For this reason several examples are summarised below. 

Example 1; Chemical and effluent balance 

Sodium hydroxide is the major bulk chemical consumed by the Textile Industry and su~stantial amounts 
are discharged in textile effluents. Approximately 6 000 tonnes!a (2 % of the South African market) was 
consumed by the South African Textile Industry in 1987 and sodium hydroxide may account for up to 
15 % of the total cost of dyes and chemicals (Pollution Research Group, 1990). The efficient use of 
sodium hydroxide lowers raw material requirements and effluent discharge costs. To establish the 
efficiency of sodium hydroxide use, the following parameters are relevant: 

1) Sodium hydroxide purchases and transfers to production processes; 
2) Cloth production at individual processes consuming sodium hydroxide; 
3) Variation in the specific sodium hydroxide use (ie., in relation to fibre throughput) by individual 

processes; 
4) Theoretical (calculated from recipes) specific sodium hydroxide use; 
5) Mass of recycled sodium hydroxide; 
6) Potential maximum mass of sodium hydroxide that could be recycled. 

Sodium hydroxide surveys and balances over individual processes, and over the entire factory can lead 
to substantial benefits. One such survey was carried out at a textile mill processing cotton, in order to 
evaluate the effectiveness to which sodium hydroxide was being used. The factory personnel had kept 
routine records of sodium hydroxide purchases and recoveries, process water and chemical 
consumption of individual machines, and cloth production rates. The survey involved the collation and 
analysis of data logged over a 12-month period from 1986 to 1987. Results were obtained which gave 
information on the specific water and chemical consumption (in relation to cloth processed) of individual 
processes and machines, and average sodium hydroxide concentration in the effluent. There were 
several conclusions from the study. 

1) Comparison of the actual specific sodium hydroxide consumption on each machine with the 
theoretical consumption calculated from recipes and batch data indicated that there was 
considerable over-consumption. The main reasons for this observed over-consumption were the 
variations in wet pick-up of chemicals onto the fabric after impregnation of sodium hydroxide from 
the padding solution, and poor control in the mixing station, which resulted in padding solutions of 
higher-than-required concentration. The excess consumption of sodium hydroxide over the 12-
month period amounted to 289 tonnes as 100 % NaOH, which translated to an overexpenditure of 
R180 000 (1986) for the period. 

2) There was a significant monthly variation in specific sodium hydroxide consumption, reported in g/kg 
cloth, for various processes. It was assumed that the fabric quality during the month with the lowest 
specific sodium hydroxide consumption for each process was acceptable, although these figures 
were below the theoretical consumption calculated from recipes. On this basis, the annual 
consumption of sodium hydroxide would produce acceptable quality cloth was calculated to be 
941 tonnes lower than the actual consumption and 652 tonnes lower than the theoretical 
consumption. These translated to potential annual savings of R600 000 and R420 000 (1986) 
respectively. 

3) Less than 45 % of the sodium hydroxide used in mercerising was being recovered, since only the 
most concentrated rinsing water, that from the first rinse bowl, was being recycled to the evaporator 
for recovery. The sodium hydroxide discharged in the rinse water from the remaining bowls 
constituted 34 % of the total sodium hydroxide used at the site, and represented an annual 
replacement cost of R375 000 (1986). If this sodium hydroxide were recovered along with that from 
the most concentrated rinse stream, chemical consumption would be decreased and environmental 
benefit would be significant. 
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Example 2: Water balance 

The water requirements of each manufacturing operation, In the context of the overall water balance, is 
an important aspect of water management. To establish an ov.erall water balance and a process water 
flowsheet, the following parameters must be determined (Pollution Research Group, 1990): 

1) The total water consumption from flow meters on the mains water reticulation; 
2) The quality of the mains water and pretreatment requirements for use in processing; 
3) The process water distribution to each section or process in the factory; 
4) A detailed plan of process water, storm water, domestic waste streams, steam and effluent 

distribution pipelines and drains; 
5) Effluent flows, expressed in cubic meters per hour and litres per unit of fibre, either by meter or 

kilogram. 

A spreadsheet was developed to enable a particular textile mill to compute water use and effluent 
production on a weekly basis, for each individual process, utilities and the overall site. The balance 
indicated that about 30 % of the water intake could not be accounted. It also identified areas for 
investigation, and provided a means of establishing excess or unusual water use or effluent discharge 
volumes. 

Example 3: Water and chemical reticulation 

Since large volumes of water are used in rinsing processes the resulting effluents are often dilute. The 
possibility exists for the reuse of certain waste water streams in other textile operations as process 
water, with or without the addition of chemicals; rinse water, where low quality water is acceptable; and 
rinse water for direct reuse in successively dirtier bowls of continuous counter-current rinsing systems, 
as already discussed. In a closed loop recycle, a constant bleed-off may be required to maintain the 
concentrations below an predetermined level. The segregation and reuse of effluent streams reduces 
final effluent volume, and results in energy, water and chemical savings. As the cost of these raw 
materials has increased, the cascading of effluents has become popular, as illustrated below. 

1) Spent bleaching streams have been successfully cascaded to scouring, where the residual 
chemicals and auxiliaries actually improved the efficiency of scouring (Water Resources Research 
Institute, 1982). 

2) Rinsing and padding solutions from chlorine bleaching have been used to increase the degradation 
and removal rate in desizing, where the size to be removed is starch (Water Resources Research 
Institute, 1982). 

3) Effluents from bleaching processes are clean, and have been used as rinse water in scouring 
(ATMI, 1973; Pollution Research Group, 1989). 

4) Effluents from kiering, although highly contaminated by soap, emulsified waxes, and lubricants, 
may be reconstituted and reused (Pollution Research Group, 1989). 

5) Mercerising effluent and impregnator overflows contain only low concentrations of impurities, and 
are usually concentrated by evaporation, for reuse as process sodium hydroxide in mercerising. 
These streams could contain between 50 and 300 ' g/l NaOH, depending on the equipment 
configuration and operational procedures and conditions. Where no evaporative recovery unit is 
available, these streams could be used for kier boiling, prescouring or dyeing (Water Resources 
Research Institute, 1982). Mercerising effluents of higher concentrations may also be used as 
padding solutions in scouring (ATMI, 1973). Alternatively, this effluent may be used as an ion 
exchange regenerant, in water softening systems on the site. 

Cascading trials at a textile mill processing cotton and cotton blends, have indicated that substantial 
savings in water, effluent discharge and energy costs can result from the reuse of effluents from one 
process in another process (Pollution Research Group, 1989). In each trial, a minimum length of 
1.0 000 m of cloth was processed under stable conditions. Weak effluent from the second mercerising 
nose range was successfully reused as rinsing water in scouring, oxidative desizing and the first 
rinsing stage of mercerising, with no detrimental effect on final cloth quality. The results of the trials are 
summarised in Table 3.1. 
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Table 3.1 
Results of Cascade TrIals at a Cotton ProcessIng Mill 

Source Effluent Destination Process Comment 

mercerising scour rinsing range • no difficulties experienced in subsequent processing 
second rinse stage • residual NaOH on cloth increased from 20 to 40 gil 

• residual TOC on cloth increased by 25% 

mercerising oxidative desize • no difficulties experienced in subsequent processing 
second rinse stage rinsing range • residual NaOH on cloth lower than when rinsed with fresh water 

• residual TOC on cloth increased by 25% 

• no difficulties experienced in subsequent processing 
mercerising mercerising • no increase in residual NaOH on cloth 
second rinse stage first rinse stage • residual TOC and IDS increased by 50% 

Source: Pollution Research Group, 1990 

Example 4: Water use durIng rinsing. 

The theory of rinsing is discussed in Section 4. Impurity removal increases with an increase in specific 
water consumption, but this increase is minimal at high specific water uses. A comparison of rinsing 
ranges at two mills was carried out (Pollution Research Group, 1988), to illustrate the effect of specific 
water use on impurity removal. Other variables considered were rinsing parameter, k, and equipment 
configuration. The results of this comparison are presented in Figure 3.2. Mill A had an open-width 
washing unit, operated in a combined of cross-flow, counter-current configuration, with rinse water 
entering at bowls two and four, and effluent leaving at bowls one and three. The rinsing parameter, k, for 
this range was 0,4. The effect of converting this unit to a full counter-current range (k - 0,4) is 
illustrated in the figure. Mill B had a counter-current three-bowl unit with k - 0,24. Several conclusions 
can be made. ' 

1) For Mills A and B, very little increase in impurity removal occurs with a specific water use above 
approximately 8 to 10 IJkg cloth. The ideality of the rinse ranges, ie., their k values, limit the 
maximum achievable impurity removal as discussed in Section 4. 

2) If the unit at Mill A were to be converted to a full counter-current unit, then the specific water use 
could be decreased by 20 % while achieving the same impurity level on the fabric. 

3) For Mill B, impurity removals were comparable to, and above, those of Mill A at specific water uses of 
5 IJkg cloth and above 5 II1<g cloth respectively. This is because the washer at Mill B was more ideal, 
ie., k was smaller. 

Figure 3.2 
Dependence of Impurity Removal on Specific Water Use for Three Rinsing Ranges 
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3.1 .3 Equipment Selection 

The influence of the design of processing equipment on scouring effluent characteristics and 

process performance has been discussed in Section 2.5. For example, the distinction can be 

made between batch and continuous processing equipment, and between largely physical 

conditions of scouring (high temperatures and pressures, long times) and largely chemical 

conditions of scouring (high reagent concentrations). The influence of the design and 

operation of the rinse equipment on the efficiency of the rinsing process and on the effluent 

characteristics is discussed in more detail in Section 4. For example, an equipment 

modification that could significantly reduce chemical consumption, carry-over, waste and 

discharge from continuous scouring processes, is the installation of high efficiency squeeze 

rollers after padding, and between each rinsing stage. Similarly, the use of additional drying 

cylinders preceding a padding bath, ensures that minimum dilution water is carried into the 

process on the fibre. This eases the load on recovery systems, or eliminates the need for 

such systems. 

Although benefits are to be obtained from equipment replacement or modification aimed to 

reduce pollution, this is often expensive, not always cost-effective, and in many cases cannot 

be justified from purely environmental considerations. Several industries, such as the fine 

chemicals and pharmaceutical industries are replacing existing equipment and facilities with 

those which have been designed to comply with the concept known as containment -

separating the process chemicals from the operators, and from the environment, for the 

protection of both (Semenenko, 1991). This concept provides complete isolation and 

integrity of material balances, providing full environmental protection, minimising fugitive loss, 

reducing chemical handling requirements and improving yields. There are various 

approaches to containment, and the degree to which it is practised varies between sites and 

industries. The concept is relatively new, and has been applied principally in industries where 

sensitive or highly toxic materials are processed. No applications in the Textile Industry are 

known. 

3.1.4 Housekeeping 

Housekeeping, commonly termed good manufacturing practice, is an integral, and often 

inexpensive, element of pollution prevention. It implies improved procedural or institutional 

policies and practices (Randall, 1992). There are several important aspects of housekeeping 

as it relates to scouring processes. 
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1) Waste handling and segregation, which involves the identification, segregation, and 

separate treatment of high strength and environmentally-detrimental effluents, and 

avoids dilution with weaker and more environmentally-compatible effluents. 

2) Procedural measures, to facilitate better documentation, and improved materials handling 

and storage, material tracking and inventory control. This includes careful and regular 

inspection and auditing of equipment, with annual emission balances to measure 

consistency and improvement, and to identify potential areas for pollution control. The 

imposition of a strict material control policy is essential in preventing the excessive use, 

and waste, of chemicals and auxiliaries. Central to waste minimisation is the 

implementation of an efficient management data acquisition and reporting system. This 

will ensure that current data is available to management in an immediately usable form. 

This data acquisition process will be aided by the installation of chemical, water and 

effluent flow meters (US EPA, 1978; Funke, 1969; Establissements Emile Degremont, 

no date). 

3) Loss prevention, to provide better awareness of spill prevention and in-house 

preventative maintenance programmes. The development of procedures for containing 

and handling accidental releases of large quantities of scouring chemicals, and sodium 

hydroxide specifically, will limit the consequences of adverse effects to personnel and the 

environment. For example, dry clean-up of chemical spills is preferable to dilution and 

flushing. The use of hose-pipes for spill control or equipment and floor washing should 

be discouraged. Closely related to the handling of spills, is the identification of shock 

discharges characterised by high emission rates, and a means to distribute such 

discharges evenly into the overall factory discharge. Examples of such a discharge would 

be the release of a bath of padding solution (say 20 to 70 gil NaOH) at the completion of a 

campaign of batch-continuous processing runs; the discharge of the boil-off or kier-boil 

liquor at the completion of a batch scour; or the indiscriminate disposal of residual 

chemicals and spent liquors at other stages in the process. 

4) Effective maintenance, which is both thorough and routine. Pipes, drains, sumps, flow 

meters, dripping taps and automatic valves should be given special attention. 

5) Staff motivation and training, since considerable benefits are accrued if staff understand 

the process and are aware of the need for resource conservation and pollution control. In 

addition, upper management initiatives, and incentives and training offered to staff, often 

result in improved production and minimum waste. 
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6) Accounting practices. to incorporate a better apportionment of waste management costs 

to the departments that generate wastes. 

3.2. Waste Management by Treatment, Recovery and Disposal 

Waste minimisation procedures are rarely effective enough to result in zero discharge. 

Wastes are produced and may require treatment. preferably with recovery and recycling. to 

meet the particular requirements of the site. Recycling allows the waste to be put to good 

use. but should only be considered after process-oriented management options have been 

implemented. With increasingly stringent regulatory requirements. tailor-made treatment and 

recycle solutions need to be developed. which consider the individual clean-up 

requirements. and technical. economic and environmental aspects. Increasingly. these 

solutions involve a combination of unit processes into an effective. economically viable 

treatment sequence. which performs to the required specifications. Unavoidable and 

untreatable wastes may be produced. either directly from the production process or as a 

consequence of a treatment process. Thus. adequate waste disposal is required. which 

either dilutes or immobilises the waste. in a manner which renders it harmless to the 

environment. 

There are three principal policy options applicable to the handling of strong scouring 

effluents. These are. in order of increasing desirability. as follows: 

1) Direct discharge to a sewer. disposal at sea. or discharge to solar evaporation ponds. 

without treatment or reuse. are the most commonly practised techniques of management 

of strong scouring effluents in Southern Africa. These techniques result in considerable 

impact on the environment. as a medium sized textile mill will discharge between 0.8 and 

1.2 tonnesld of sodium hydroxide. in the form of scouring effluent. They are viewed as 

short term solutions. and more environmentally-acceptable. on-site treatment options are 

preferred. 

2) Partial or extensive in-plant and end-of-pipe treatment of the effluent prior to discharge. to 

render harmless any specific components which are potentially harmful to the 

environment. This improves the quality of the effluent. particularly with regard to pH. 

COD. suspended matter and organic contaminants. The trend towards combined 

treatment at source and end-of-pipe is increasing in developed countries (Chemex. 

1991). since legislation is requiring guarantees on pollution contro/. 
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3) Industry-based recycle of effluents for reclamation of reusable components, such as 

water and chemicals, on an end-of-pipe or closed-loop recycle basis. This option is the 

most preferable since it ensures maximum simultaneous resource conservation and 

environmental protection. 

The selection of treatment or recycle operations and their combination in an effective 

sequence, which is economically, technically and environmentally viable, is a complex 

procedure. There are several stages involved in the selection process (Chemex, 1991). 

1) Surveying the facilities and available operating data. 

2) Defining all design criteria, such as the technical requirements, discharge standards, 

utility costs, and the impact of individual waste streams on the total factory waste. 

3) Conceptualising a series of potentially applicable treatment sequences. 

4) Conducting pilot trials to determine potential average, maximum and minimum emission 

rates, optimum combinations of unit operations and operating costs. These trials 

decrease the risk factor, and enable the capacity and performance of the process 

sequence to be guaranteed. 

5) Developing a conceptual design and costs for several technically viable sequences. 

6) Developing the basic engineering for the selected option. 

Treatment or recycling plants can be designed to meet almost any quality, performance or 

discharge criteria, if the cost is not the determining factor. A cost-effective environmentally­

compatible, and technically feasible solution needs to take into consideration particular site 

constraints. The final process selected will depend on site-specific discharge regulations and 

possible amendments; effluent discharge costing formulae; cost of steam (heat), water 

pretreatment, and alternative water supplies; company preferences for self-sufficiency in 

pollution control; availability of an external treatment plant; and site expansion plans. 

Table 3.2 summarises conventional options for generally improving effluent characteristics 

with respect to volume, colour, soluble organic compounds, soluble inorganic compounds 

and settleable and suspended solids, with or without recovery of resources. 
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Table 3.2 
General Options for Improving Effluent Characteristics 

Effluent Methodology Technical Options 
Characteristic 

volume see Section 4 

colour segregation and treatment flocculation, adsorption, hyperfi~ration 

organic compounds segregation and treatment; process biological treatment, flocculation, adsorption, 
selection; control of chemical use microfi~ration, u~rafi~ration, hyperfi~ration 

inorganic 
compounds segregation and treatment; process hyperfiltration, electrodialysis, electrolysis 

selection; control of chemical use 
settleable and 
suspended solids separation screening, settling, flocculation, dissolved air 

flotation, microfiltration 
Source: Pollution Research Group, 1990 

With increasingly stringent environmental requirements, conventional systems are not 

generally capable of treating industrial effluents to meet anticipated lower limits (Smart, 1990). 

Furthermore, technologies are not universally applicable, and often a combination is required 

of two or more mechanical, chemical, biological or thermal processes in a sophisticated 

economically and environmentally-acceptable system. 

The problem of selecting a process for the treatment or recycle of scour effluent is 

complicated by the fact that conventional primary and secondary treatment methods of 

screening, filtration, sedimentation, flotation and biological treatment are not usually 

applicable. In addition, tertiary and advanced water treatment operations of coagulation, multi­

media filtration, activated carbon adsorption, ozonation and chemical or wet oxidation are not 

suitable. For the treatment or recycle of scouring effluents, it is necessary to apply a 

combination of, often sophisticated, chemical and physical techniques. Treatment and 

recycle systems which have either been conSidered, or found application, in the past are 

reviewed below. 

3.2.1 Review of Options for Recovery and Reuse of Scouring Effluents 

Six recycle techniques are reported in the literature which may allow partial recovery and reuse 

of water or chemicals from scouring effluents. Most of these techniques have been tested on 

a laboratory-scale only, and few are available commerCially. These are listed below. 

Causticising with sodium hydroxide recovery 

Causticising is used in the pulp and paper industry as a means of recovering pulping 

chemicals for reuse in the preparation of new pulping liquor (Cooper, 1978). It is potentially 

applicable to the recovery of sodium hydroxide from scouring effluents which are sufficiently 
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concentrated with respect to both sodium and organic compounds. The dilute waste liquor is 

concentrated by evaporation prior to regeneration. Regeneration entails burning the 

concentrate for heat recovery, to leave a residual sodium-based salt, or mixture of salts, 

depending on the pulping process. Where the residue contains sodium carbonate, calcium 

oxide is added to convert the sodium salt to sodium hydroxide. This technology is not known 

to have been used commercially for the treatment of scour effluents. 

Neutralisation and electro=oxidation with low gualHy water recovery 

Trials indicate that electro=oxidation of organic material in scouring effluent is technically 

feasible, and can neutralise the effluent and lower the COD concentration considerably 

(Pollution Research Group, 1989 and 1990). This has a significant impact on factory 

discharge, since scouring effluents can contribute up to 25 % of the COD in the overall 

discharge. Electro-oxidation was achieved using hypochlorous acid, which was generated 

from the effluent components during electrolysis in an electro-oxidation cell. The typical 

composition of scouring effluent used in the trials was: pH 13,7; TS 64 000 mgll; TOC 

7700 mgll; COD 26 000 mg/I, Na 15400 mg/I; CI1 mg/I; and total Ca and Mg 100 mg/l. 

Figure 3.3 is a schematic of the treatment process, which consists of: 

1) Neutralisation of the sodium hydroxide in the effluent using chlorine to produce sodium 

chloride; 

2) ElectrolysiS of the sodium chloride in an undivided electro-oxidation cell to generate 

hypochlorous acid; 

3) Oxidation of the organic compounds in a reaction vessel with a suitable residence time. 

The process produces a colourless slightly alkaline, and mildly oxidising brine solution, which 

may be reused in bleaching or as low quality water. Hydrogen gas from the cathode reaction, 

and carbon dioxide gas from the oxidation of organic compounds, are also produced. Typical 

results indicate that initial current efficiencies for the removal of easily oxidisable COD is near 

100 %. As the COD concentration decreases, the resistance to oxidation increases, with 

overall COD removal efficiencies dropping to 90 % current efficiency, at 70 % COD removal, 

and to 40 % current efficiency, at 95 % COD removal. The major causes of reduced 

efficiencies are the side reactions which produce oxychlorides, under conditions of high 

temperature, low chloride concentration, high hypochlorite concentration, and high current 

densities. Optimum pH values for maximum current efficiencies are 5,5 to 6,5, where 85 % of 

the COD is removed at 85 % current efficiency. Colour and turbidity removal are complete, 

while the Na, Mg and Ca concentrations are unchanged. The concentrations of chloride and 

hypochlorite in the treated effluent are 16 000 and 5 300 mg/I respectively. This stream may 

be reused as low quality water. 
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Figure 3.3 
Schematic of Electro-Oxidation Process 

Chemicals Water 

I---_~ Direction of cloth 

CI2 

COz and H2 gas to ~--..., 
atmosphere 

Low quality organic-free 
brine for reuse 

The process described above is similar to one developed for the purification of alkaline 

solutions after the bleaching of cotton fabrics (Gorzka et aI, 1991). Organic impurities were 

electro-oxidised using a Ti electrode coated with ruthenium and titanium oxide, at 600 to 

1 000 mV (1 Aldm2). Sodium hydroxide solutions treated in this way could be reused. 

Additional literature is limited with respect to the use of electro-oxidation to treat alkaline textile 

waste waters. Studies of the application of this technology in the textile industry appear to be 

restricted mainly to the reduction of COD, colour and organic matter content in waste waters 

containing dyes (Wilcock et aI, 1992; Uhrich et aI, 1988; Kennedy, 1991; Shifin et aI, 1975; 

and Svetashova et aI, 1976). Furthermore, as a technique for the destruction of organic 

compounds in general industrial waste waters, electro-oxidation is currently a popular area of 

research and development. Useful reviews of the potential applications are given by Savall and 

Comninellis (1992); Sequeira and Araujo (1991); Meissner and Haertel (1992); and Scott 

(1992). 

Membranes processing with water and chemical recovery 

Membrane separation techniques, such as microfiltration, ultrafiltration and reverse osmosis, 

are pressure driven techniques, capable of separating solution components on the basis of 

molecular size and shape, and involve neither a phase change, nor interphase mass 

transport. Membrane techniques have been used in the Textile Industry for treatment of 
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various waste waters (Brandon and Gaddis, 19n; Brandon et aI, 1981; Brandon and 

Samfield, 1978; Porter and Goodman, 1984; Treffry-Goatley et aI, 1983; EI-Nashar, 19n). A 

combination of ultrafiltration and reverse osmosis, which is technically capable of purifying and 

concentrating, was proposed for alkaline effluents from the Textile Industry (Bechtold et ai, 

1985), but the principle could not be put to practice at the time because of the instability of 

polymeric membranes to sodium hydroxide. However, more recently, membranes have been 

produced that are capable of effective separation over extreme ranges of pH (0,5 to 14) and at 

temperatures over 60°C. For example, Gaddis et al (1989) describe the recovery of sodium 

hydroxide from textile finishing waste waters by ultrafiltration, and the reuse of this hydroxide 

solution in dyeing processes at the site. 

Dynamic (formed-in-place) membranes, laid down on porous stainless steel supports, are 

capable of treating effluents under extreme conditions (Johnson et ai, 1972; Groves et aI, 

1983a and 1983b). Dynamic membranes have been used in several textile applications 

(Brandon et aI, 1980). Such systems are robust and have high temperature stability, long 

service life, and the ability to replace the dynamiC membrane in situ using solution chemistry. 

However, they are expensive. 

Laboratory tests (Brown and Buckley, 1983), using dynamically-formed ultrafiltration 

membranes, have successfully treated scouring effluent, to produce a concentrate of organic 

material and a permeate stream of sodium hydroxide. It is feasible that the permeate may be 

concentrated by evaporation, to enable both rinse water and chemicals to be recycled to the 

scouring process. Typical upper limits of composition of scouring effluent used in the 

ultrafiltration trials were: pH 14; TS 89 000 mg/I; Na 10 000 mg/l; NaOH 14 000 mg/I; TOC 

26 000 mgll; and COD 44 000 mgll. Composite permeate (recovered sodium hydroxide) 

concentrations, at 90 % volume recovery, contained 13600 mgll NaOH. Inorganic species 

point rejections were 10 to 20 %, while the organic carbon point rejection was 60 to 80 %. 

Temperature corrected fluxes (20 'C) at 5 MPa were 20 to 30 Vm2h after 40 days of operation. 

This process has not been fully developed, piloted or commercialised. 

Eyaporation and centrifugation with water and chemical recovery 

The evaporation of mercerising effluent, after centrifugation to remove suspended solids, is 

accepted technology in the Textile Industry for recovering sodium hydroxide for reuse in the 

mercerising process (Hong et aI, 1985; Sharma, 1983; Fosberg and Claussen, 1982). Multi­

stage circulation evaporators are commonly used (Bechtold et aI, 1985), and operated under 

partial vacuum with heating in the first stage. Heat is recovered from the condensate. Since 

evaporators are more cost-effective where the feed is concentrated, multi-stage counter­

current rinse ranges are used in mercerising to produce a concentrated effluent. 
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In the past, scouring effluents have been considered to be too contaminated and too weak 

for recovery and reuse by evaporation (ATMI, 1973). Pilot trials, using a falling film evaporator 

rated at an evaporative capacity of 25 IIh of water for a feed of 80 to 180 IIh, indicated that 

scouring effluent could be successfully concentrated and reused in the scouring process, 

with no adverse effects on subsequent factory processes or on final cloth quality (Pollution 

Research Group, 1989 and 1990). Since the chemical consumption of sodium hydroxide 

during scouring is low, the ratio of non-hydroxide sodium to hydroxide sodium in the effluent 

is also low (Buckley and Simpson, 1990a). Typical effluent concentrations into the evaporator 

were: pH 14; TDS 40 000 mgtl; TOC 4 500 mg!I; Na 8000 mgtl; total Ca and Mg 50 mg!I; and 

NaOH 16400 mgt\. Typical concentrations of recovered sodium hydroxide solution were 

TDS 172 000 mgtl; TOC 12 300 mg/I; Na 57 500 mgtl; total Ca and Mg 120 mgtl; and 

NaOH 96 000 mg/l. Maximum concentrations achieved were 40 % NaOH. The condensate 

was clean, pH 8 and TDS 100 mg!I, and suitable for reuse directly in the process as hot rinsing 

water. 

The application of evaporative techniques to the treatment of scouring effluents results in the 

concentration of the recoverable chemicals, as well as the contaminants. The pilot trials 

indicated that these contaminants did not present a problem since a significant portion (up to 

30 % TS, 30 % COD, 25 % Ca and 10 % Mg) were concentrated above their solubility limit 

during evaporation, and removed from the product, as a sludge, by settling or centrifugation. 

The sludge characteristics were dependent on the degree of evaporation, and the sodium 

hydroxide concentration of the concentrate. Those impurities that remained in the recycled 

sodium hydroxide solution did not inhibit the scouring action or impair the final cloth quality. 

The fundamental obstacle limiting the use of evaporation is energy consumption. Practical 

limitations include scaling, corrosion, entrainment and foaming. During the above pilot trials, 

fouling of the heat exchange surfaces was negligible, and foaming and entrainment could be 

avoided by the use of anti-foam. 

Evaporation is not known to be used commercially for the treatment and recovery of scouring 

effluent. 

Electro-osmose with chemical recovery 

A process was proposed during the early 1920's (Bleachers Association Ltd, 1920). which 

was aimed at recovering sodium hydroxide from kier liquors by a combination of electrolysis 

and electro-osmose. During laboratory trials, the kier liquid was placed inside a porous pot 

containing a suitable electrode, which was made the anode. Lead was found to be the most 
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suitable anode material. The porous pot was surrounded by a vessel containing water and a 

nickel gauze cathode. Approximately 50 % of the sodium present in the effluent could be 

recovered as sodium hydroxide, and the liberated organic acids were readily sedimented. It 

was proposed that this process would be successful in dealing with large volumes and would 

be more economical than the established process of evaporation to dryness, ignition and 

lixiviation. 

Electrolysis with water. chemicals and heat recovery 

This process is the subject of this dissertation and is concerned with the electrochemical 

recovery of sodium hydroxide from strong scouring effluents using the four stage treatment 

sequence consisting of: 

1) Neutralisation with carbon dioxide to convert the sodium hydroxide to sodium 

bicarbonate; 

2) Cross-flow microfiltration to remove suspended, colloidal and waxy contaminants from the 

neutralised effluent; 

3) Nanofiltration to separate the soluble organic and divalent metal contaminants from the 

sodium bicarbonate; 

4) Electrochemical treatment in a membrane cell to split the sodium bicarbonate into sodium 

hydroxide, carbon dioxide and a dilute brine. 

The treatment sequence produces: 

1) Two concentrates containing organic material and divalent metal ions from the filtration 

stages, and comprising, between them, 10 % of the initial scouring effluent volume; 

2) Hydrogen and oxygen gases from the electrochemical unit; 

3) A dilute brine solution from the anode compartment of the electrochemical unit, which is 

suitable for reuse as rinsing water in the scouring rinse range; 

4) A concentrated, pure sodium hydroxide stream for recycling to the electrochemical 

process. 

In total, 17 refereed papers and conference proceedings have resulted from this work (the 

most relevant being Simpson and Buckley, 1987a, 1987b, 1987c, 1988; Simpson et ai, 

1986). Furthermore, full international patents on the process have been filed and granted in 

18 countries. Section 5 describes the development and theory of this treatment sequence. 

Sections 6 to 9 describe the practical application of this sequence at pilot-plant scale. 
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3.2.2 Review of Treatment Options Prior to Discharge of Scouring Effluents 

An extensive literature search has identified six treatment options which have been applied to 

scouring effluents to improve their quality prior to discharge from the facility. These options 

do not result in recovery of any sort, and are discussed below. 

Neutralisation 

This is one of the simplest pretreatment options available. Sulphuric acid is usually used to 

adjust the alkalinity of scouring effluents to an acceptable value prior to discharge to the 

sewer, or disposal at sea. The sensible admixture of acidic and alkaline effluents within a site 

will minimise additional chemical requirements, although there is usually an excess of alkali in 

textile mills which process cotton fibres. 

Review of the literature shows a limited number of publications with respect to the use of flue 

gases as a low cost treatment of alkaline textile effluents (Majumdar, 1993; Schwarzlmueller, 

1991). Carbonation, using waste boiler combustion products, is a technically and 

economically viable technique for neutralising alkaline wastes (CDTRA, 1971; Franklin et aI, 

1969). Socha (1989) describes a full-scale installation in Poland, in which alkaline waste 

waters from the finishing of cotton textiles, and containing detergents, dye residues, fibrous 

suspensions and sodium hydroxide, are neutralised by flue gases from the combustion of 

coal in the textile plant. Best results are obtained in a three-stage saturation process with 50, 

30 and 20 % of the flue gases being directed to the first, second and third stages 

respectively. The pH value of the waste water is conSistently lowered to below 8. Also in 

Poland, Wieslaw and Andrzej (1987a and b) have studied the kinetics of the carbon dioxide 

reaction with hydroxide ions and have designed reactors for the neutralisation of textile waste 

water with flue gases. 

Segregation and dilution 

Segregation and dilution of a concentrated or potentially harmful effluent may be achieved by 

controlled release of the stream into the main factory discharge. Balancing and holding tanks 

need to be installed. 

Biological treatment 

Biological degradation is applicable where the pH is not too high, and where appropriate 

nutrients are available. General textile effluents may be effectively treated in admixtures with 

domestic sewage (CDTRA, 1971; US EPA, 1974 and 1978; Lockwood Greene Engineers 

Inc, 1975; Olthof and Eckenfelder, 1976; Jones, 1973; Jones 1974; Van Leeuwen et aI, 
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1981}. The extended aeration activated sludge process has consistently demonstrated its 

value as the most effective form of biological treatment (Porter, 1971; Jones et aI, 1962). 

Traditionally, biological plants have not been considered effective in treating strong scouring 

effluents, since the hydroxide alkalinity, fatty matter and inorganic compounds inhibit 

biological growth. Using the activated sludge process, it is possible to treat admixtures of 

strong scouring effluents with other textile effluents or domestic sewage. For example, a 

95 % reduction on the BOD concentration of batch kiering liquors, fortified with ammonium 

phosphates, has been achieved (Sharma, 1983). However, only small volume ratios of 

scouring effluent may be used (COTRA, 1971). Using percolating filters, it is possible to 

partially treat scouring liquors in admixture with dyehouse waste (COTRA, 1971). BOD 

removals for combined kiering and dyehouse effluents were 8 to 48 %, compared to 24 to 

92 % for the treatment of dyehouse effluents on their own. 

Carliell (1993) reviewed the literature with respect to the degradation of cotton scouring and 

desizing effluents by adapted microbial associations. Few publications existed, and most 

were the products of only two scientists, working in collaboration to adapt anaerobic micro­

organisms to degrade textile finishing effluents (from desizing, scouring and bleaching 

operations). Carliell, in her own work on the biodegradation of azo dyes in anaerobic systems, 

used organic-rich textile scouring effluents as carbon sources during decolourisation of the 

dye. These scouring effluents provided organic carbon for anaerobic microbial metabolism 

and indirectly aided decolourisation. At the same time the COD and colour content of the 

effluent were reduced; the high pH was neutralised by carbon dioxide production in the 

digester; and energy was produced in the form of methane which could be used to heat the 

digester, or utilised elsewhere in the factory. Cartiell also concluded that anaerobic digestion 

of finishing effluents could be achieved following enrichment of an adapted microbial 

population, but that the varied compositions of these effluent streams could necessitate 

spatial segregation of specific microbial populations in a multistage digester to ensure efficient 

removal of organic carbon. 

Flocculation 

Flocculation of scouring effluents may be achieved by acidification to between pH 2 and 7, 

where large amounts of dispersed suspended matter are formed. The resulting solids are 

sticky, and difficult to consolidate or separate. Sedimentation trials have been unsuccessful 

in concentrating this solid matter (COTRA, 1971). 
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Flotation 

This technology uses finely dispersed gas bubbles to raise dispersed impurities to the 

surface, where the resultant scum can be removed mechanically. The gas bubbles can be 

generated mechanically, by air nozzles and turbines; electrolytically; or chemically from gas­

forming chemicals. A single stage chemical flotation technique has been developed to purify 

concentrated sodium hydroxide effluents under oxidising conditions, with the removal of lint, 

dispersed matter, fatty and waxy components, residual sizes, surfactants, dissolved impurities 

and natural dyes (Bechtold, 1985) on a merceriser recycle stream in Germany. Electro­

flotation was shown by Shifin et al (1976) to be effective in treating waste water from dyeing 

and finishing textile operations, to remove 80 % of the surfactants present, 97 % of the colour 

and 80 % of the COD. Although this process may have application to scouring effluent under 

certain conditions, no specific trials are reported in the literature. 

Wet air oxidation 

This is a process in which organic compounds in aqueous wastes are oxidised exothermally in 

the liquid phase, using a combination of elevated temperature and pressure (Kenox, 1989). 

This technique is particularly applicable to the treatment of effluents containing 

concentrations of oxidisable material between 2 and 20 %. The system was first 

commercialised by Zimpro Inc (Zimmerman, 1958; Zimmerman and Diddarns, 1960; Maddem, 

1980; Randall and Knopp, 1980; Morgan and Soul, 1968), but is currently marketed by 

several other companies. It is claimed that the destruction of waste contaminants in the 

presence of water, by wet oxidation, is as effective as evaporation and subsequent 

incineration of the residue. Although wet oxidation of alkaline wastes has been principally 

applied to pulp and paper effluents, it may be applicable to other caustic effluents. 
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SECTION 4 

CHEMICAL, WATER AND WASTE WATER MANAGEMENT 
IN SCOURING PROCESSES 

Section 3 examined general environmental management options available for pollution control in 

scouring processes, stressing the need for an integrated practical approach encompassing process­

oriented waste minimisation and closed-loop waste recycling or, less preferably, end-of-line treatment 

prior to disposal. Although the main emphasis of this dissertation is on the development of a process 

to allow recovery of sodium hydroxide from strong scouring effluents, such development cannot be 

carried out in isolation from process-oriented waste minimisation considerations, since such 

considerations have a bearing on the technical, environmental and economic performance of the 

recovery process. This section examines the practical application of selected process-oriented waste 

minimisation considerations to the textile scouring process at the factory of concern. Both the 

consumption of sodium hydro~ide (Section 4.1) and rinsing water (Section 4.2), in the context of 

rinsing theory, (Section 4.3) are examined, since these factors are most likely to influence scouring 

effluent characteristics. 

4.1 • Analysis of Sodium Hydroxide Consumption 

Consideration of overall sodium hydroxide reticulation within a total manufacturing process 

establishes a balance of consumption, recovery and loss, and allows major areas of over­

consumption or loss to be identified and addressed prior to the development and 

implementation of an effluent recovery or treatment strategy. It also puts into perspective the 

consumption of sodium hydroxide in the scouring process, with total consumption on a site. 

Prior to the pilot-scale testing of the process for recovering sodium hydroxide from strong 

scouring effluents (Section 5), a survey was conducted at the textile factory to establish a 

sodium hydroxide balance and to offer recommendations on minimising consumption and 

maximising reuse opportunities (Pollution Research Group, 1989). This survey involved the 

collation and manipulation of mass, volume and flow data routinely gathered and logged by 

the factory personnel in process logbooks, delivery and store records, chemical mixing data 

documentation, and production records over seven cost periods (each equivalent to 

approximately one calendar month in duration). Wet pick-up data for each machine and 

chemical recipes for batch make-up were also used. 

The distribution network of sodium hydroxide within the wet preparation section of the factory 

is shown in Figure 4.1, where each individual machine is indicated. The textile processes 

which use sodium hydroxide are mercerising, scouring, bleaching and dyeing. Sodium 
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hydroxide is distributed from an overhead storage tank either directly to user processes, or 

indirectly via chemical mixing stations. Monthly sodium hydroxide consumption for the period 

under consideration was approximately 200 tonnes (as 100 % NaOH). For the most part, 

sodium hydroxide consumed in processing is discharged from the respective processes as 

rinsing effluent. Mercerising effluent is either evaporated to allow recovery of chemicals or, 

during periods of evaporator malfunction and reduced or inadequate capacity, is discharged, 

together with scouring effluent, to evaporation dams. All other process effluents are 

discharged from the site in the main effluent stream. 

Figure 4.1 
Sodium Hydroxide Distribution System Within Factory 

Evaporator 

4.1.1. Survey Results 

Chemical 
Mixing Lab 

Dyehouse 

Table 4.1 summarises the collated data for the seven cost periods (CP) considered in the 

survey. All figures, unless otherwise indicated, are reported as 100 % NaOH. 

Comparisons of predicted, calculated and actual figures for sodium hydroxide consumption 

from various independent sources allowed cross-checking of results and identification of the 

most accurate figures for use in establishing the overall balance of inflow and outflow, which is 

summarised for the period in Table 4.2. 
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A detailed explanation of the data in the tables is presented in the original report (Pollution 

Research Group, 1989). 

Parameter/Source 

Purchases (kg NaOH) 
delivery book 
stores records 

Recoyered NaOH (kg NaOH) 
evaporator log book 

Consumptjon (kg NaOH) 
dyehouse 
scour machine 1 
scour machine 2 
scour machine 3 
mercerise machine 1 
mercerise machine 2 
bleach machine 1 
bleach machine 2 
bleach machine 3 
bleach machine 4 

~O~ly§i§ Qf M~rc~[i§iOg (kg NaOH) 
total NaOH consumption 
NaOH to dams 
NaOH to main effluent 
NaOH to evaporator 
• theoretical 
• actual 
NaOH lost to condensate 

~013ly~i~ Qf M~[~[j~jOg (m3) 

effluent volume to evaporator 
volume of recovered NaOH (560gll) 
volume of condensate (1 g/I) 

SCQu[jng (kg NaOH) 
total NaOH consumption 
NaOH to dams 
NaOH to main effluent 

Table 4.1 
Survey Data Summary 

CP1 CP2 CP3 

71335 99187 99224 
110760 88099 103968 

37183 121 605 152906 

3000 6100 6100 
2562 9150 8418 
7878 20258 30012 
1125 2626 6002 

69569 107516 139138 
0 46278 47428 

226 875 958 
182 386 325 

0 137 110 
648 1537 1883 

69569 153 794 186566 
- 1295 13195 

1391 3076 3731 

68178 149425 169640 
56700 52255 243 oos 

1554 1274 6670 

1620 1493 6943 
66 219 273 

1554 1274 6670 

11565 32034 44432 
10409 28831 39989 
1157 3203 4443 

Table 4.2 

CP4 

91368 
101 no 

85004 

6100 
7686 

23259 
3752 

94867 
29511 

818 
363 

27 
1492 

124378 
9135 
2488 

112755 
110565 

3007 

3159 
152 

3007 

34697 
31227 
3470 

Overall Sodium Hydroxide Balance 

Component (kg NaOH) CP1 CP2 CP3 CP4 CP5 

lnfIQw 
Purchases 71335 99187 99224 91368 64428 

OutflQw 
Loss in mercerising circuit 11478 97168 -73365 2190 58849 
Loss in evaporator condensate 1554 1274 6670 3007 2662 
Loss to evaporation dams 10409 30126 53184 40362 38221 
Loss to main effluent 6604 15314 17550 4758 15651 

----- ------ ----- ------ ------
Total outflow 30045 143 882 14039 60317 115383 

Variance (kg NaOH) 
Variance (OI~) 

4-3 

CPS CP6 CP7 

64428 93814 76712 
83 059 89146 87456 

127095 132939 116809 

6100 6100 6100 
6222 4758 8784 

28136 32638 24384 
2626 3752 1501 

130706 168652 118057 
37558 54997 41583 

632 708 891 
219 348 416 
55 0 55 

1582 2079 1748 

168264 4143 159640 
4935 237 2380 
3365 3906 3193 

159964 223 649 154 067 
101 115 945 103670 

2662 4473 2753 

2889 218231 2962 
227 145 005 209 

2662 3906 2753 

36984 41148 34669 
33286 37033 31202 
3698 4115 3467 

CP6 CP7 CP1-CP7 

93 814 76712 599068 

73226 50397 219943 
3906 2753 21826 

37978 33522 243802 
17823 15870 103570 

------ ------ ------
132933 102542 589141 

9,9 
0,002 



4.1.2. Discussion of Survey Results 

Sodium hydroxide balance 

The specific sodium hydroxide use over the complete textile process is illustrated in Figure 4.2. 

The textile processes consuming NaOH are: 

1) Mercerising. Of the total factory consumption of 1 374 tonnes, 79 % 

(or 445 g NaOH/kg cloth) was consumed in mercerising. The sodium hydroxide 

contained on the fabric after mercerising was almost completely (98 %) washed off and 

was recovered by evaporation. Approximately 5 % was lost in the evaporator condensate 

and sludge streams. Note that approximately 20 % of the NaOH used in the mercerising 

process could not be accounted for after mercerising (it was used in mercerising, but was 

not pumped to the evaporator), while a further 4 % was known to be discharged to the 

evaporation dams during periods when the evaporator was overloaded. 

2) Scouring. This process accounted for 17 % (or 96 g NaOHlkg cloth) of the total factory 

NaOH consumption. The sodium hydroxide carried over on the cloth after scouring was 

almost completely (90 %) washed off and discharged to the evaporation dams. Note that 

the remaining 10 % was discharged to the main effluent. 

3) Dyeing and bleaching. Together, these processes used only 4 % (or 28 g NaOHlkg cloth) 

of the total sodium hydroxide consumed at the site. The sodium hy~roxide used in these 

processes is discharged in the main effluent stream. 

Figure 4.2 
Sodium Hydroxide Balance at a Particular Factory 

Total NaOH 
into Factory 

569 g/kg cloth 

Discharged in main effluent (500 mgl) 

Discharged to dams (20 gil NaOH) 

Lost on cloth (10 g/kg cloth) 

Unaccounted (89 g"kg cloth) 
Lost to dams or in evaporator sludge 
(>50 gil NaOH) 

Note: The width of the streams are r rtionaJ to the NaOH mass ftow 
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Sodium hydroxide losses 

The areas of sodium hydroxide loss were established and are set against total inflow (or 

purchases) in Figure 4.3. Of the net sodium hydroxide entering the factory, 17 % was 

discharged with the main effluent stream, 41 % was pumped to the solar evaporation darns 

and 5 % was lost in evaporator condensate and sludge. A large loss of 37 % comprised 

sodium hydroxide which was unaccounted for after mercerising ie., it was /ostfrom the 

reticulation system between the mercerising processes and the evaporator. This stream may 

have been discharged either with the main effluent or to the evaporation dam. 

Figure 4.3 
Sodium Hydroxide Losses at a Particular Factory 

Note: The width of the streams are 

Factory 
processing 

·onal to the NaOH mass flow 

Because of environmental pressures, the long term strategy of the factory had been to 

discontinue the use of solar evaporation dams for effluent disposal. It had been assumed that 

the implementation of a treatment system which would enable recovery and reuse of scouring 

effluents would achieve this objective. However, the results of the survey indicated that, of 

the NaOH discharged to the evaporation dams, 15 % originated from the mercerising process. 

The inability of the evaporator to meet the demand required of it in terms of evaporative 

capacity resulted in 4 % of the mercerising effluent by-passing the evaporator. Clearly, 

implementation of a treatment/recovery system for scouring effluent alone would not 

eliminate the need to use evaporation dams, and the performance of the evaporation system 

became of primary importance in the total management strategy. 
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4.1.3. 

Furthermore, the amount of sodium hydroxide /ostfrom the mercerising process was 

equivalent to the amount of sodium hydroxide discharged in scouring effluent. The value of 

the sodium hydroxide in each of these cases translated to approximately R300 000 per 

annum (1986). Clearly, any attempt to implement a scouring effluent recovery system must 

be preceded by an exercise to properly understand the mercerising effluent-evaporator 

system and to identify and reduce losses. 

Recommendations for Improved Chemical Management 

Recommendations were made to: 

1} Eliminate the major losses, especially in the mercerising-evaporator system; 

2} Improve the performance of the evaporator and increase its throughput by optimising the 

concentration of recovered sodium hydroxide; 

3} Maximise the reuse of sodium hydroxide by the scheduling of streams and cascading of 

effluents from scouring and mercerising for use in the dyeing, bleaching and scouring 

processes; 

4} Improve the control of sodium hydroxide concentrations and flow, thereby reducing the 

potential for fluctuations in the mercerising process and achieving consistency in final 

cloth quality; 

5} Facilitate the use of a computerised spreadsheet to maintain an accurate and current 

indication of the status of the factory sodium hydroxide balance. 

Only after the above recommendations had been adequately addressed was it considered 

appropriate for the factory to proceed with plans for the implementation of treatment and 

recovery systems for the control of scouring effluent. 

4.2. Analysis of Rinsing Water Use 

Washing or rinsing is a frequent operation in textile processing which needs to be carried out 

efficiently for maximum benefit. The impurity level on the fabric must be reduced to an 

acceptable, predetermined level, and this should be achieved using minimal amounts of 

water. Water savings measures do not affect the pollution loading of an effluent, in fact 

decreased water consumption increases the effluent concentrations. Apart from the obvious 

environmental benefits associated with reduced water use, such reductions are beneficial to 

treatment/recycle processes: the size, and thus the cost, of effluent treatmenVrecovery 

plants is often proportional to the volume of effluent to be treated, while the technical and 
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4.2.1. 

4.2.2. 

economic perfonnance of chemical recovery and closed-loop recycle often improves as the 

concentration of recoverable materials in the incoming effluent increases. The theory of 

washing and rinsing are discussed in this Section. The practical considerations of optimising 

water use during scouring on a particular machine at the factory of concern are discussed in 

Section 4.3. 

Rinsing and Washing Theory 

Although the tenns washing and rinsing are used interchangeably, washing is taken to imply 

an operation that involves the use of chemicals to remove impurities from cloth, whereas 

rinsing implies a purely physical removal of impurities from the cloth by the use of water. The 

principles of both operations are similar, and for the sake of clarity, the term rinsing will be used 

in this dissertation. 

The volume of water required during a rinsing operation, and to a large extent the 

concentration of scouring effluent, depends on a number of factors. These include the: 

1) Type and concentration of impurity on the cloth; 

2) Volume, concentration and nature of the chemical solution carried over on the textile 

material from the padding solution; 

3) Type of rinsing equipment and machine speed; 

4) Rinsing temperature; 

5) Final concentration of impurities permissible on the cloth after rinsing, which depends on 

subsequent unit operations; 

6) Cloth characteristics, such as construction and weight and fibre type. 

Figure 4.4 (Water Resources Research Institute, 1982) compares the specific water use of a 

range of batch and continuous rinsing machines. 

Batch Rinsing 

In batch rinsing there is a predetennined liquor-to-goods ratio, and a fixed volume of water per 

batch for batches of the same mass. Batch rinsing machines include: jigs, which are versatile 

in that they can process a range of fabrics, the water use showing large variation and being a 

function of the technique employed (drop-fill or overflow); winches, which have a high water 

consumption and are used for processes with many steps where frequent washes are 

required; jets; and beams. The simplified theoretical basis for batch rinsing has been 

presented elsewhere (Pollution Research Group, 1988). 
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4.2.3. 

Figure 4.4 
Comparison of Water Uses of Various Rinse Machines 
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Source: Water Resources Research Institute, 1982 

Continuous Rinsing 

In continuous rinsing, a continuous stream of rinsing water and fabric is supplied to the 

washers. Steady-state conditions prevail, in which the rate of inflow of impurities on the fabric 

is balanced by the rate of outflow of impurities in the effluent and on the rinsed cloth. 

Continuous rinsing machines include rope ranges and open-width ranges. Rope ranges 

process cloth which is twisted into a loose 'rope', and are particularly applicable for handling 

long lengths of cloth. They consist of one of more boxes, separated from one another by 

squeeze rollers. These ranges have high specific water use for light clothes; in such cases 

two or more ropes are often processed in parallel to reduce specific water use. Open-width 

ranges process the cloth in its expanded fonn and are usually more efficient in their water use. 

Both rope and open-width ranges may be single compartment or multi-unit. 
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Single rinSing units 

Theoretical analysis of rinsing operations (Parish, 1965; Buckley and Groves, 1977; Prabhu, 

1972) has shown that the rinsing efficiency, expressed as the ratio of the impurity 

concentration on the fabric before and after a single washing bowl, is given by: 

1 - k + (fk) 1m 
1 - k+flm 

where Cin = 

Cout = 
k 

f 

= 

= 

impurity concentration on the fabric entering the rinse bowl 

impurity concentration on the fabric leaving the rinse bowl 

rinsing parameter 

specific water use in Vkg cloth 

(4.1) 

m fabric moisture content entering and leaving the rinse bowl in glkg cloth 

This relationship assumes that aU the impurities present are dissolved in the fabric moisture. 

The rinsing parameter, k, ranges from 0 (complete impurity removal) to 1 (no impurity removal), 

and is influenced by several factors as follows. 

1) Cloth speed. At slow cloth speeds, impurities redistribute themselves between the cloth 

and the water, reducing the efficiency of rinsing, while at higher cloth speeds, turbulence 

at the cloth surface improves rinsing efficiency. 

2) Rinsing temperature. Impurity removal increases with temperature, because of higher 

rates of impurity diffusion and lower viscosities. 

3) Rinsing unit deSign. Desirable design features would include surface turbulence 

promotion, long retention times, prevention of the short circulation of the rinsing water 

from the inlet to the outlet. and a high roller nip expression to minimise the final moisture 

content of the cloth leaving the unit. 

4) Fabric type. light, open-weave fabrics are more easily rinsed than heavy, close-weave 

fabrics. 

Figure 4.5 presents the impurity removal in a single rinsing unit as a function of specific water 

use. Several conclusions can be drawn. 

1) At fixed specific water use, f, impurity removal decreases as the washer becomes less 

ideal. 
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2) For any given rinsing range, the rinsing parameter, k, is fixed and determines the 

maximum effective specific water use. There is a maximum limit to impurity removal ; 

increases in specific water use above that which correlates with the maximum impurity 

removal, effects no increase in impurity removal. 

3) As the washer becomes less ideal, ie., as k increases, the maximum effective specific 

water use decreases. This has various implications. Firstly, for optimum operation, a less 

ideal washer should be run at a lower specific water use than an efficient washer. 

Secondly, the rinsing efficiency of a less ideal washer cannot be improved merely by 

increasing the rinsing water flow. 

Figure 4.5 
Dependence of Impurity Removal on Specific Water Use 
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Multi-unit rinsing range 

There are three modes in which multi-unit rinsing ranges can be operated: cross-flow; 

counter-current; or a combination of the two. A cross-flow rinsing range consists of several 

units in series, each fed by the same flow rate of rinsing water. For n units in series, the rinsing 

efficiency is: 

(4.2) 
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where C1 = 

Co 

Cn = 

impurity concentration on the fabric after the first rinse bowl 

impurity concentration on the fabric before the first rinse bowl 

impurity concentration on the fabric after the final rinse bowl 

The efficiency of cross-flow rinsing units can be greatly increased by partial or full conversion 

to allow counter-current flow of water. In this way the cloth leaving the range is contacted with 

the cleanest water. The concentration of impurities in the effluent is maintained at a maximum, 

by withdrawing it from the most contaminated bowl through which the cloth passes first. 

Typically two to five bowls are employed in counter-current operation. 

The washing efficiency depends on the amount of water which is carried over from the rinSing 

range, the so-called drag-out, and the washing parameter of the rinsing range. The ratio of 

the rinsing water flow to the drag-out is defined as the rinse ratio, r(US EPA, 1979). 

Figure 4.6 presents the relationship between the rinse ratio, the numbl3r of rinse tanks, and 

the resulting dilution in the rinSing bowls. This figure enables the water requirements to be 

predicted and is based on the following equation: 

(4.3) 

where n = the number of rinsing bowls (n = 1, 2, 3 ... ) 

Cs = the concentration of chemicals in the padding solution 

Cn = the chemical concentration in the nth rinSing bowl 

r = the rinse ratio 

Or = the flow of rinsing water 

Od = the drag-out 

Figure 4.6 also compares the amount of chemicals actually removed into the rinsing water and 

the amount of chemicals carried into the rinsing range on the cloth, ie., the maximum possible 

amount that could be removed. The chemicals removed are potentially available for recovery, 

which can be defined as: 

potential recovery (%) = (1- g~ x 100 (4.4) 

For example, in a two-bowl system, if the rinse ratio is 10, CslCn would be 100. A closed loop 

system would enable a maximum potential recovery of 99 % of the chemicals carried into the 

rinsing range on the fabric. 
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Figure 4.6 
Rinsing Water Dilution vs Rinse Ratio for a Counter-Current Multi-Unit Rinse Range 
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Source: US EPA, 1979 

Figure 4.7 shows different levels of maximum potential chemical recovery over a range of 

rinse ratios, for rinsing systems configured with one and two bowls. For example, if one 

rinsing bowl is considered, and the rinse ratio is 10, then it is potentially possible to recover 

90 % of the chemicals carried in on the cloth. If the rinse ratio is increased to 40, only an 

additional 7,5 % of the chemicals is potentially recoverable. By comparison, if a two-bowl 

system were used, then for rinse ratios of 10 and 40, maximum potential recovery would be 

99 and 99,9 % respectively. 
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Figure 4.7 
Dependence of Recovery Potential on Rinse Ratio 
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Figure 4.8 illustrates, for a range of padding solution concentrations, the relationship 

between the rinse ratio and the concentration in the first bowl of a three-bowl counter-current 

rinsing unit, ie., the final effluent concentration. For example, if the padding solution (Cs) 

contains 20 gil, and the rinse ratio is 20, the concentration of the effluent will be 1 gil. 

Figure 4.8 
Determination of Chemical Concentration of First Rinse Bowl 
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Source: US EPA, 1979 
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Figure 4.9 compares the final impurity levels on the cloth. en. as a function of the specific 

water use. for various configuration rinsing ranges. where k = 0.3. The configurations are a 

single rinsing unit. and two three-bowl units. one connected in cross-flow and the third in 

counter-current. The figure effectively illustrates the improvement of rinsing efficiency with 

more bowls. and more bowls assembled in a counter-current configuration. 

Figure 4.9 
Dependence of Impurity Removal on Specific Water Use for Counter-Current and 

Cross-Flow Rinsing Ranges where k = 0,3 
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Development of a General Matrix for Analysis of Rinsing Ranges 

The operation of the rinsing range was predicted by developing a matrix which took into 

consideration all the variables of the process. In the development of this matrix for a typical 

counter-current rinsing range (Figure 4.10). each bowl is treated as a single bowl. 

Figure 4.10 
Schematic of Material Flows In a Multi-Unit Counter-Current Rinse Range 

51 
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5 - rinse water concentration 11 

3 
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4.2.5. 

For each bowl. an impurity mass balance is set up according to the equation: 

Cn-1 + (f I m,J Snt-1 = Cn + (f I m,J Sn (4.5) 

where mn = moisture content of the squeezed cloth (kg solution/kg cloth) 

leaving bowl n 
C, to Cn = concentration of impurity in the moisture on the cloth leaving rinse 

bowls 1 to n (gil) 

Co to Cn-1 = concentration of impurity in the moisture on the cloth entering rinse 

bowls 1 to n (gil) 

f = specific water use (Vkg cloth) 

S, to Sn = concentration of impurity in effluent leaving rinse bowls 1 to n (g/l) 

S2 to Sn+1 = concentration of impurity in rinsing water entering bowls 1 to n (gil) 

To compensate for the non-ideality of the rinsing operation. a rinsing parameter. k (also 

referred to in equation 4.1). is introduced into equation 4.5 as follows. If: 

k g' -~' then. for any rinse bowl i " 
0- 1 

k CI-1 - CI 
S; k-1 Hence. 

SI k (CI-IICo) - CICo 
SI-1 k - Ci-I ICo 

Substitution of equation 4.7 into 4.5 and condensing terms using 

x = (k - 1 fk I m) 
y = (1 - k + f / m) 
z = (f kim + 1 - k + f 1m) 

allows the following matrix to be obtained: 

[~ 
-tim 0 0 C] C] z -tim 0 C~Co 0 
x z -flm C:r'Co = 0 
0 x y C~Co 0 

Analysis of Four-Bowl Counter-Current Scour Rinsing 

Figure 4.11 is a schematic of the scouring rinsing range of concern. 
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Figure 4.11 
Mass Balance for Four-Bowl Counter-Current Rinse Range 
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The theoretical analysis was conducted in five stages, as follows. 

1) Determination of rinsing parameter, k; 

4 

S5 f5 
Direction of rinse 

water 

2) Modification of equation 4.10 to accommodate variations in the drag-out, m, from each 

rinse bowl, as well as the situation where the rinsing water concentration is zero; 

3) Determination of the dependence of the rinsing efficiency and final effluent 

concentration, S1, on the specific rinsing water flow, '5" and on the nip expressions mo 

and m4; 

4) Selection of the most favourable configuration of mo to m4 in combination with a selected 

rinSing water flow, '5, to facilitate efficient rinsing while minimising water and chemical use; 

5) Determination of the dependence of the rinsing efficiencies and effluent concentrations 

on the initial rinsing water concentration, Ss, at the selected nip expression combination, 

and on the specific rinsing water flow, '5' 

These five stages are discussed below. 

Determination of rinsing parameter, k 

A computer spreadsheet was set up in which the moisture content, m, and the specific water 

use, f, were specified and assumed constant over the entire rinSing range. Equation 4.10 

was solved for k in the range of 0 to 1 to yield values for cloth impurity ratios, CilCo. It was 

assumed that: 

m = 0,8 I moisturelkg cloth 

Co = 50 g/l 

cloth speed = 50 mlmin 

cloth mass = 250 g/linear m. 
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Using equation 4.8, the values for the rinse ratios, SIS, were determined and plotted against 

k for a selection of specific water uses. Figure 4.12 is a sample plot for' = 2,8 I/kg cloth. Using 

rinse ratios determined experimentally from conductivity and sodium concentration 

measurements (Pollution Research Group, 1989) of rinsing waters from the rinsing range, the 

rinsing parameter was determined at each specific water use. The average k value was 0,15. 

It was assumed that kwas consistent through the wash range, and the value of 0,15 was used 

for all subsequent calculations. 

iii 
"-iii 

Figure 4.12 
Example of the Determination of Rinsing Parameter, k 

f ~ 2.8 I/kg fabric 
1.7 ,..----- ---- - --------- - ----- --")D 

1.6 II 
1.5 I ' 
1.4 " )-::: t/:: I 
1. 1 

0.9 

0 .8 

0.7 

0.6 

0 .5 

0 .4 

0.3 

0.2 

0 .1 

0 

0.000 0.090 

Bow l No : 0 

0.1 80 0 .270 

j - 4 

ty1' 
" 
: 
: 
I 

I 
I 

0.360 0.450 0.540 0.630 0 .720 0 .810 0.900 

washing factor, k 
+ i - 3 o i - 2 

Modjficatbn of mass balance parameters _ 

Appendix 2 details the m:xiifications to eqJation 4.10 in the case where the drag-out for each 

bowl is indivcually specified, and in the case where the rinsing water concentration, Ss, is not 

zero. The mocflfied matrix eqJatbn is: 

[wra, '2 0 0 

~ [ C~o J b, kf3 +a2 -'3 0 

-, sSs~ - 1) 

o b2 kf4 +a3 -'4 = 
o 0 b3 a.. C4 

where an = - m,./< + mn + 'n 
bn = rrW< • mn - 'Mk 
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~ase 
Number 

3 
5 
4 
2 
1 
6 

petermination of rinsing efficiency and effluent concentration 

Having determined k and modified the computer spreadsheet to accommodate equation 

4.12, a series of calculations were performed in which the rinsing water concentration, 55, was 

set at zero and the nip expressions, mo to m4, were set at the selected combinations given in 

Table 4.3. 

Table 4.3 
Selected Drag-out Combinations 

Case Nip Expression (Vka cloth) 
Number ma m1 m2 m3 m4 

1 0,8 0,8 0,8 0,8 0,8 
2 0,65 0,65 0,65 0,65 0,65 
3 0,5 0,5 0,5 0,5 0,5 
4 0,5 0,8 0,8 0,8 0,5 
5 0,8 0,8 0,8 0,8 0,5 
6 0,5 0,8 0,8 0,8 0,8 

The existing factory configuration is case 5. Appendix 3 calculates the percent removal of 

sodium from the cloth for each of the cases, and through a range of specific water uses from a 
to 7,5 I/kg cloth. Table 4.4 summarises the results of Appendix 3, presenting the nip 

expression configurations in order with respect to decreasing sodium removal through the 

range of specific water uses. The sodium balance is also presented as sodium entering the 

rinSing range; and sodium distribution between the cloth and effluent leaving the range. In 

order to minimise chemical loss from the system, the total amount of sodium entering the 

rinsing range, and hence ma. should be maintained as low as possible. Examination of Table 

4,4 indicates that sodium losses may be reduced by 37 % where ma is reduced from 0,8 to 0,5 

Vkg cloth. 

mo 
IIkg 

cloth 

0,5 
0,8 
0,5 
0,65 
0,8 
0,5 

Table 4.4 
Predicted Rinsing Efficiency and Effluent Concentration for 

Nip Expression Configuration Cases 

m, I~! m3 m4 Hemoval t:muent Total Na to Mass~aon 
II kg II kg I/kg % Concentration ~:;Sing ~ cloth clot cloth cloth w1Na cloth 

0,5 0,5 0,5 0,5 94,2-99,8 13,5-1,9 14,4 0,8-0,02 
0,5 0,8 0,8 0,5 92,9-99,8 16,4-2,9 23,0 1,6-0,04 
0,8 0,8 0,8 0,5 90,4-99,7 13,0-1,9 14,4 1,4-0,04 
0,65 0,65 0,65 0,65 89,8-99,7 16,8-2,5 18,7 1,9-0,04 
0,8 0,8 0,8 0,8 84,7-99,8 19,5-3,0 23,0 3,5-0,07 
0,8 0,8 0,8 0,8 78,8-99,6 16,2-2,0 14,4 3,5-0,06 

~Naln 

E~ 

13,5-14,4 
21.4-23,0 
13,0-14,3 
16,8-18,6 
19,5-22,9 
11,3-14,3 

Figure 4.13 plots the predicted rinsing efficiency against specific water use for the six cases of 

nip expression combinations. 
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Figure 4.13 
Dependence of Rinsing Efficiencies on Nip Expression and Specific Water Use 
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The following observations can be made. 

1) Case 3, in which carry over from each bowl was minimal (mo to m4 = 0,5 Vkg cloth), showed 

greatest rinsing efficiency at all values of specific water use. A comparison of the rinsing 

efficiencies of cases 4 and 5 (m4 = 0,5 Vkg cloth), and cases 1,2 and 6 (m4 = 0,8 Vkg 

cloth), indicate that efficiencies are higher in cases where the drag-out from the final bowl 

is minimised. 

2) At specific water use exceeding 1,5 Vkg cloth, the improvement in rinsing efficiency is 

relatively small. At the time this analysis was conducted, the rinsing range was being 

operated at a specific water use of 6,5 Vkg cloth using a nip expression configuration 

equivalent to case 5. Although rinsing efficiencies are predicted to be 99,8 %, water use is 

considered excessive. For example, if specific water use is reduced by 62 %, to 2,5 Vkg 

cloth, rinsing efficiency is only decreased by 2,6 %. Since subsequent processing includes 

both mercerising and bleaching, exceptionally high removals of sodium are not considered 

to be essential after scouring; 97,2 % is acceptable. 

Figure 4.14 is a plot of the predicted final effluent concentrations, as a function of specific 

water use, for the six cases under analysis. Effluent concentrations decrease from case 1, in 

which drag-out from all bowls is high (0,8 Vkg cloth), to cases 3, 4 and 6 where mo is low at 0,5 

Vkg cloth, ie., where the amount of chemicals entering the rinsing range on the cloth is 

minimised. 
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Figure 4.14 
Dependence of Effluent Concentration on Nip Expression and Specific Water Use 
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The analysis above shows that the most favourable conditions are achieved where: 

1) High expression nip rollers are installed before the first dnse bowl and after the last rinse 

bowl to minimise chemicals dragged into the range, reduce effluent pollution loads and 

lower impurity levels on exiting cloth; 

2) Specific water use is decreased to 2 Vkg cloth, or less, while acceptable dnsing efficiency 

is maintained and final cloth quality is not impaired. 

Based on the above considerations, cases 3, 4 and 5 (mo = 0,5 Vkg cloth) were selected for 

examination in the final stages of the analysis. The most favourable conditions of specific 

water use (1,5 Vkg cloth) were assumed, for which rinsing efficiencies ranging between 95,7 

and 97,6 % have been predicted for the three cases. 

Effect of impurttjes in rinsing water on rinsing performance 

In cases where an effluent is to be treated for recovery, it is not always feasible or possible to 

remove all traces of impurities from the stream pdor to reuse. The effect that residual 

concentrations of impurities in recycled dnsing water have on dnsing performance has been 

examined for the three most favourable scenarios selected above. The computer 

spreadsheet was adjusted to allow predictions to be made in cases where rinsing water 

concentration (ie 55) was above zero. Appendix 4 presents the results, which are 

summarised in Figures 4.15 to 4.18. Examination of Figures 4.16 and 4.17 shows the 
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substantial effect that nip expression before the first bowl (mo) has on effluent characteristics 

(concentration and loading). The principal conclusions are as follows. 

1) The rinsing efficiency (Figure 4.15) decreases as the level of impurities in the rinsing 

water increases. At impurity levels of 5 g Nail, rinsing efficiencies decrease from above 

95 % for all three cases to between 79 and 86 %. 

2) Effluent concentrations (Figure 4.16) increase as the level of impurities in the rinsing 

water increases, but at a slower rate. For example, at impurity levels of 5 g Nail, the 

effluent concentration is only increased by approximately 3 g Nail. 

3) Effluent mass loading (Figure 4.17) is increased by up to 39 % as the level of impurities in 

the rinsing water is increased from 0 to 5 g Nail. 

4) Cloth mass loading, or carry-over of chemicals after rinsing, (Figure 4.18) is increased by 

approximately 2 g Nalkg cloth, or 500 % as the level of impurities in the rinsing water is 

increased from 0 to 5 g Nail. 

Figure 4.15 
Dependence of Rinsing Efficiency on Rinsing water Impurity Level 
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Figure 4.16 
Dependence of Effluent Concentration on Rinsing Water Impurity Level 
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Figure 4.17 
Dependence of Effluent Mass Loading on Rinsing Water Impurity Level 
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Figure 4.18 
Dependence of Cloth Mass Loading on Rinsing water Impurity Level 
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4.3. Practical Application of Rinsing Theory to Scouring 

4.3.1. 

4.3.2. 

Rinsing theory was used to predict the interdependence of rinsing variables during a typical 

scouring operation. The accuracy of this theory was then assessed by comparing predicted 

data with empirical data. 

Description of Scouring Operation 

The wet preparation section of the factory under consideration carried out scouring in an 

open-width Vaporloc machine using a sodium hydroxide padding solution at 50 gil for a fabric 

speed of 50 mlmin. The Vaporloc temperature was 100 to 110 ·C, while the effluent 

discharged from the first rinse bowl was at 100 ·C. A continuous counter-current four-bowl 

rinsing range was employed with a water flow of 4 to 5 m3/h. The average specific water use 

was 6,5 Vkg cloth. The rinsing water used was a mixture of mains water and effluent from a 

bleaching machine at a volume ratio of 7:3. 

Empirical Verification of Predicted Rinsing Parameters 

Three trials were conducted to verify the theoretical predictions presented in Section 4.2.5. 

The yam type used in the trials contained cotton and polyester, blended in equal proportions 

(250 gllinear m). The rinse flow was adjusted on the rotameter situated on the mains water 

line entering the fourth bowl of the rinsing range. Trials were conducted at water flows 

equivalent to specific water uses of 1,7; 2,6 and 3,8 Vkg cloth. The process was allowed to 

equilibrate at the set water flow for 5 to 6 h before sampling. Thereafter, liquid in the saturator 

and each of the four rinse bowls, and cloth before and after the saturator, after the Vaporloc 

and after rinsing were sampled. Table 4.5 summarises the results of the trials. 
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4.3.3. 

4.3.4. 

Specific 
Water Use 

Ilka cloth 

3,8 
2,6 
1,7 

Table 4.5 
Results of Rinsing Trials 

Saturator Rinsing Efficiency 
Concentration % 

a Nail Measured Predicted 

54 99,1 99,4 
80 98,5 98,9 
63 97,9 97,7 

Effluent 
Concentration 

aNaJI 
Measured Predicted 

8,2 6,2 
11,5 11,4 
13,9 13,6 

Theoretical predictions compare favourably with experimental data. Furthermore, the results 

verified that specific water use may be significantly reduced (from the normal 6,5 I/kg cloth) 

while maintaining rinsing performance at acceptable levels. 

Influence of Rinsing Variables on Operation of Proposed Recovery Plant 

Optimisation and control of the rinsing variables, in particular the nip expression on the roller at 

the entrance to the rinsing range, the specific water use and the background rinsing water 

concentration, are critical in determining the characteristics of the effluent, and hence the size 

requirements and operational costs of effluent treatment or recovery plant. The ultimate 

selection of rinsing variables is a balance between capital expenditure (plant size and hence 

effluent characteristics) and operational costs (power and sodium hydroxide make-up 

requirements). The inter-relationship between the above rinsing variables and potential 

viability of the recovery system is discussed in Section 10. 

Recommendations for the Operation of the Scouring Range 

Considering the options, it was recommended that: 

1) An additional high expression nip roller be placed at the entrance to the rinsing range (mo 

and m4= O,51/kg cloth; m" m2and m3= O,81/kg cloth); 

2) The specific water use be reduced to 1,5 Vkg cloth. 

Under these conditions, it was predicted that the rinsing range would operate at 96,7 % 

impurity removal efficiency, and produce an effluent with a sodium hydroxide concentration of 

21 gil at a rate of 1,2 m3/h. These recommended changes were predicted to have no effect 

on the final quality of the cloth since the scoured cloth is usually subjected to further 

treatment with sodium hydroxide during mercerising and bleaching. 
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SECTION 5 

DEVELOPMENT, DESCRIPTION AND THEORY OF RECOVERY PROCESS 

The disposal of scouring effluents is governed by effluent discharge regulations and is problematic 

because of high ionic concentration and alkalinity. Discharge to the sea or solar evaporation dams. 

and irrigation, are regarded as short-term measures. Possible treatment or recovery technologies for 

scouring effluents are discussed in Section 3.2.2. No processes are commercially available or proven 

which allow for the closed-loop recycle of the components of scouring effluent within the scouring 

process, thereby allowing resource conservation and waste elimination. This section discusses the 

development of a recovery system (Sections 5.1 and 5.2) which will enable the recycle of heat 

energy, water and sodium hydroxide within the scouring process. The process chemistry (Section 

5.3) and the theory and applications of the individual unit operations comprising the recovery system 

are reviewed (Section 5.4). The mass balance relationships describing the chemical recovery 

potential of the processes are given in Section 5.5. 

5.1 • Description of Process Sequence 

The process sequence is shown in Figure 5.1. 

Figure 5.1 
Process Sequence for the Recovery and Recycle of Scouring Effluents 
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It consists of a three-stage pretreatment sequence, followed by a chemical recovery stage as 

follows: 

1) Neutralisation of the effluent with carbon dioxide to convert the sodium hydroxide to 

sodium bicarbonate; 

2) Cross-flow microfiltration to remove suspended, colloidal and waxy contaminants from the 

neutralised effluent; 

3) Nanofiltration to separate the sodium bicarbonate from the soluble organic and divalent 

metal contaminants; 

4) Electrochemical treatment in a membrane cell (Figure 5.2) to split the sodium bicarbonate 

into sodium hydroxide, carbon dioxide and a dilute brine solution. 

Figure 5.2 
Schematic of Electrochemical Membrane Cell 
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The technologies used increase in sophistication from Stage 1 to Stage 4, and have been 

carefully selected at each stage to impart speCific properties to the effluent such that it is 

amenable to treatment in the subsequent stage. 
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The principal objective of the three pretreatment stages is to separate the recoverable 

chemicals from the impurities, while the electrochemical stage recovers and concentrates the 

sodium by the desired amount. 

The products of the treatment sequence include the following streams. 

1) Two concentrate streams containing organic material and divalent metal ions from the 

filtration stages. These streams comprise up to 10 % of the initial volume of the scouring 

effluent and require disposal. 

2) Hydrogen and oxygen from the electrochemical unit. 

3) Dilute brine from the anode compartment of the electrochemical unit, which is suitable for 

reuse in the rinsing range of the scouring operation. 

4) A concentrated sodium hydroxide stream for recycling to the scouring process. 

5) Reusable heat energy, in the form of hot recovered brine and sodium hydroxide. 

5.2. Novelty and Advantages of Process Sequence 

The innovation of the process lies not only in the novel way in which four now-commercially 

available technologies are adapted and applied, but also in the unique way in which they are 

combined. The chemistry of the individual process stages is inter-related and 

interdependent, and each stage uses simple adaptations of standard equipment, in some 

cases operated under non-standards conditions, to achieve the desired treatment and 

recovery. A combination of cross-flow microfiltration and nanofiltration is used for brine 

purification, in place of conventional lime softening and ion exchange. Although these 

membrane pretreatment techniques have, in the late 1980's, become commercially available, 

widely accepted and proven for applications similar to those for which they are proposed in 

this dissertation, at the time that the work was carried out, neither technique was fully 

developed nor commercialised. Indeed, while the experimental data from cross-flow 

microfiltration tests conducted in this study contributed to the preliminary understanding of 

the application of this technology to industrial effluents, the work done on nanofiltration 

pioneered the use of this technology for treating both pure solutions and industrial effluents, 

and remains an authoritative reference study. Furthermore, the electrochemical stage, as 

used here, involves novel adaptation of conventional applications. The standard equipment 

and principles used for the electrolytiC production of chlorine and sodium hydroxide from 

sodium chloride brine are adapted for producing carbon dioxide and sodium hydroxide from 

carbonate solutions, and operated successfully with unique solution chemistry and under 

unusual conditions of electrolyte concentration and composition. 
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Besides the obvious benefits associated with pollution abatement, the process facilitates 

savings in water, heat energy, chemical and effluent discharge costs. In addition, the process 

is tailored to the requirements of the individual site. The sodium hydroxide may be recovered 

in concentrations up to 45 % NaOH, although there are considerable entropy savings 

involved in the generation of sodium hydroxide at the concentration required for scouring 

(10 to 20 %). Poorer current efficiencies may be tolerated than in commercial electrolysis, 

since chemical savings are generated from a waste which would otherwise be discharged, at 

cost, to the environment. 

5.3. Process Chemistry 

The success of the process is dependent on the careful control of the solution chemistry, in 

particular the eqUilibrium which exists between the various forms of inorganic carbon in 

solution. To achieve the process objectives and maximise recovery, it is essential to ensure 

that the desired species of inorganic carbon predominates at each stage. Figure 5.3 shows 

the pH dependence of the equilibrium between carbonate components, bicarbonate 

components and carbonic acid (carbon dioxide in water) at 20 ·C. 

Figure 5.3 _ ... 
Distribution of Carbonal e Species with pH at 20 ·C 
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Source: Harned and Davies, 1943; Harned and Scholes, 1941; Wissburn et aI, 1954 

As alkaline solutions absorb carbon dioxide, hydroxide ions are converted to carbonate ions. 

Hydrogen ions are released in the process, thereby reducing the pH value of the solution as 

follows: 



OH- + CO2 (g) «-» COa= + H+ (S.1) 

At pH values above 12,8, only carbonate ions and hydroxide ions can co-exist in any 

significant concentration. As the solution absorbs more carbon dioxide, it becomes more acid 

and bicarbonate ions are formed by an equilibrium shift as follows: 

(S.2) 

Bicarbonate and carbonate ions predominate in solution in the pH range 8,6 to 12,8. The 

position of the equilibrium is determined by the pH of the solution, with carbonate ions 

predominating above pH 10,5 and bicarbonate ions predominating at lower values. Below pH 

8,6 carbonate ions cease to exist at any significant concentration, and bicarbonate ions are 

transformed into carbonic acid: 

(S.3) 

Below pH 4,6 'bicarbonate ions cannot exist in significant concentration, and carbon dioxide 

may be lost from the system as carbonic acid exists in eqUilibrium with carbon dioxide and 

water: 

(5.4) 

The amounts of hydroxide, hydrogen, bicarbonate and carbonate ions, carbon dioxide and 

carbonic acid present are regulated by the eqUilibrium constants (Loewenthal and Marais, 

1983). The first and second stage ionisation constants, K1 and K2 respectively, are given by 

the following equations (20 'C) : 

(S.S) 

(S.6) 

where {C02} represents the sum of the activities of the carbonic acid and ('.arbon dioxide in 

solution. The ratios of the activities of the components are constant at any given pH value and 

the predominant ionic component depends wholly on the pH value. 
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In practice, the solution chemistry of the inorganic carbon system described here is 

complicated by the fact that, for each determinand or component, a variety of chemical 

species exist at equilibrium. For example, a pure sodium carbonate solution will contain: 

1) Four free ion species 

2) Two soluble ion complexes 

3) Two ion pairs 

H+, Na+, C0:J= and OH-; 

NaC0:J- and HC03-; 

H2C0:J and NaHC03• 

These eight species will all be present at equilibrium, the nature and concentration of each 

being dependent on the pH and composition of the solution. The addition of small amounts 

of chemical impurities, such as magnesium or calcium salts, further complicates the solution 

chemistry, creating an often surprisingly large number of dissolved, gaseous and/or solid 

species. Similarly, the presence of organic complexing agents, such as EDTA, also changes 

the behaviour of the ions and the distribution of the species in solution. 

A knowledge of the species present at equilibrium and their behaviour under changing 

conditions of pH can assist in understanding observed chemical characteristics of solutions, 

defining optimum processing conditions, and modelling the movement of species within 

aqueous systems. Identifying and quantifying chemical species present in an inorganic 

carbon solution may be achieved by various methods. While chemical analysis of aqueous 

solutions provides information on the main determinands of a system, only very sophisticated 

analytical techniques can accurately define the forms or species of each of these 

determinands that might be present in solution. Numerical techniques can be used to find 

the distribution of species in simple chemical solutions, for example, by making reasonable 

assumptions, approximate concentrations can be calculated without solving equilibrium 

equations (Kerr and Buckley, 1993). Alternatively graphical representations of equilibrium 

relationships, such as Figure 5.3, can be drawn to give an overview of the system and its 

sensitivity to changes in pH. However, these techniques are often not applicable to complex 

solutions because they require specialist knowledge in the field of physical chemistry. In 

addition, a few user-friendly computer eqUilibrium chemical speciation programs are now 

available which are designed to be operated by non-specialists with sound scientific 

grounding. The use of one such program for speciating sodium carbonate solutions at 

different strengths and pH values is described in Section 6.4. This program, MINTEQA2, 

developed for the US Environmental Protection Agency, requires only water quality data on 

the input side, and is supplemented by an extensive thermodynamic database and a 

preprocessor which facilitates the input of information. 
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5.4. Description of Individual Process Stages 

5.4.1. 

5.4.2. 

The theory of the individual stages is reviewed below. Since the development, testing and 

optimisation of the nanofiltration and electrolysis stages were considered to be the most 

important components of the work undertaken, this dissertation emphasises the theoretical 

and practical aspects of these two techniques. Neutralisation and cross-flow microfiltration are 

addressed in less detail. 

Neutralisation 

The characteristics of scouring effluents are discussed in Section 2.6. The principal 

contaminants are sodium hydroxide, hardness ions and dissolved or suspended organic 

material. The neutralisation stage serves to reduce the pH of the effluent to a level suitable for 

membrane treatment by conversion of the hydroxide ions to a salt (sodium bicarbonate). The 

reduction in pH also results in the precipitation of a fine floc containing impurities such as 

sizing agents, waxes, pectins and divalent ions. 

Neutralisation is achieved by contacting the effluent with carbon dioxide gas, most effectively 

in counter-current flow mode. Equations 5.1 and 5.2 above apply, and the pH of the scouring 

effluent is lowered to the pH value of 8,6. N. this pH value, monovalent bicarbonate ions 

predominate. The control of the final pH is critical. At lower pH values, the potential exists for 

the loss of carbon dioxide from the solution. At higher values, the inorganic carbon is present 

as divalent carbonate ions, which will be retained in the concentrate from the nanofiltration 

membrane (see Section 5.4.3), thereby reducing the recovery potential of the carbon (and 

sodium) species. 

Cross-Flow Mlcroflltratlon 

Cross-flow microfiltration is a solid-liquid separation technique in which the direction of filtrate 

flow is perpendicular to the direction of flow of the feed. The feed suspension sweeps across 

the face of a filter membrane, while the pressure differences cause the liquid to pass through 

the membrane, leaving the solids to be carried away in the residual flow. The accumulation of 

solids on the membrane is controlled by the shearing action of the flow. The process 

removes suspended solids only (down to submicron sizes) and may use particles present in 

the effluent to act as filter medium. Alternatively, a filtration aid (such as diatomaceous earth) 

or flocculating agent (such as limestone) may be used to aid filtration. Initially, effluent is 

circulated around the microfilter to deposit a layer of particles on the supporting filter 

membrane. Once a certain level of deposit has been achieved, a clean liquid stream is 
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produced (Martin, 1991). The filter tubes may be constructed from porous plastic, fibre glass, 

sintered ceramics, metal, carbon or woven fabric. 

In the process sequence which has been developed for the treatment of scouring effluent, 

the main functions of the cross-flow microfiltration stage are to pretreat the neutralised 

effluent to remove suspended solids, including lint, colloidal solids, and the fine floc material 

which consists of waxes, pectins and divalent metal ions. This is particularly important as a 

pretreatment to nanofiltration where spiral wrap modules are used, since the presence of 

suspended matter will cause blockages within the module structure. 

Cross-flow microfiltration produces two products: a high volume, clear permeate; and a low 

volume, turbid concentrate containing mostly suspended and colloidal organiC contaminants 

of the effluent and sequestered divalent cations. 

In cross-flow microfiltration, the concentrate and permeate flows, Qc and Qp respectively, and 

concentrations, Cc and Cp respectively, are functions of water recovery, feed characteristics 

and membrane point retention performance. The following rela.tionships hold (Pollution 

Research Group, 1990): 

Qc = 0,(1 - WR) 

Qp = 0, - Qc 

Cp 

Cc 

Cf (1 - (1 - WR)1-S) 
WR 

where Q = flow (m3/h) 

C 

WR 

5 

= concentration (kg/m3) 

Q 
= water recovery (%) = ff, x 100 

= membrane point retention (%) = 1 - g~ x 100 

and subscripts c = concentrate stream 

= permeate stream P 
f = feed stream 

(5.7) 

(5.8) 

(5.9) 

(5.10) 

(5.11) 

Cross-flow microfiltration is a developing technology which is rapidly finding application for the 

removal of a range of contaminants from water and domestic and industrial waste waters. It is 
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5.4.3. 

used in place of conventional clarification. The advantages of this system above conventional 

clarification and sand filtration are that: 

1) The process can remove all particles larger than 0,1 J.1m and this produces a very high 

standard of waste water for many applications. On the other hand, clarification and sand 

filtration cannot capture fine particles, and this results in a poor quality treated waste water. 

2) Only chemical addition sufficient to flocculate impurities is needed. Additional chemicals are 

not necessary to encourage coagulation of particles to a size where they can be settled. 

NanofJltration 

Nanofiltration is the latest development in membrane applications, and promises to 

significantly widen the application of membranes in liquid-phase separations. The first 

nanofiltration membranes were produced by FilmTec in the mid 1980's, the name deriving 

from the minimum size of particles or solutes that are rejected by more than 95 %. The growth 

of interest in nanofiltration is evidenced in Figure 5.4 by the increasing number of literature 

references listed in Chemical Abstracts since the first paper was published on the subject in 

1987 (this paper resulted from the current wOrk). 

Figure 5.4 
Number of Papers on Nanoflltratlon LIsted In Chemical Abstracts 
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Peterson (1993) provides an overview of the historical development of nanofiltration 

membranes and discusses the properties of membranes currently on the market. 

In the process sequence which has been developed for the treatment of scouring effluent, 

the main function of nanofiltration is to pretreat the effluent to separate the sodium salt from 

divalent metal ions and soluble organic material, of molecular mass greater than 200 to 

5-9 



400 daltons. This separation is essential for prolonging the life of the electrochemical 

membrane used in the recovery stage. The feed to nanofiltration is the cross-flow 

microfiltration permeate, from which two streams are produced: a high volume, sodium 

bicarbonate stream and a low volume concentrate containing high molecular mass . 

compounds and divalent and polyvalent ions. 

Since the chemistry of inorganic carbon is pH dependent, the relative amounts of monovalent 

and divalent species may be controlled by varying the pH value of the solution. This in tum will 

modify the retention characteristics of nanofiltration membranes against inorganic carbon 

species, thereby controlling the osmotic pressure, ionic strength and composition of the 

permeate. The mass balance relationships derived for cross-flow microfiltration in 

equations 5.7 to 5.10 above apply to nanofiltration. 

5.4.3.1 Applications 

Nanofiltration, also called charged ultrafiltration, loose reverse osmosis or low pressure 

reverse osmosis (Eriksson, 1988), is now a commercialised pressure-driven membrane 

process. It is applicable to the processing of streams where high retention or removal of 

monovalent ions is not necessary or desired. At the time when this work was undertaken, 

FilmTec had two membranes, NF 40 and NF 70, emerging from development. The NF 40 

membrane was used in the current work, but was replaced on the market in 1991 by the NF 45 

membrane, which has improved alkali resistance, higher fluxes and improved retention of 

sulphate ions (Lomax, 1994). 

Since commercialisation, the principal applications of the NF 40 membranes have been in the 

separation of organic compounds in the molecular mass range of 300 to 1 000 daltons from 

salts containing monovalent anions (Eriksson, 1988). Examples include cheese whey 

fractionation, antibiotic processing, chemical processing, and sulphate removal from seawater 

(de Witte, 1992; Bilstad, 1992; Timmer et aI, 1993; Raman et aI, 1994; and Tsuru et aI, 1994). 

Other applications are in various stages of development for waste water treatment in the pulp 

and paper industry (Zaidi et aI, 1992; Nuortila-Jokinen et aI, 1993); the chemicals industry (Von 

Eysmondt et aI, 1993); mining (Awadalla et aI, 1994); metal proceSSing (Fane et ai, 1992); and 

textile dyeing (Schirg and Widmer, 1992; Bonomo et aI, 1992; Gaeta and Fedele, 1991). 

The NF 70 membrane has found principal application for water purification, where the 

permeate does not have to be of the quality produced by reverse osmosis. It successfully 

removes heavy metals, hardness ions, silica, pesticides, bacteria, viruses, trihalomethanes 

and colour from water and is used mostly in home water purification and municipal water 
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treatment works (Hart et aI, 1991; Pedersen et aI, 1991; Lozier and Carlson, 1991; Hofman et 

aI, 1993; Kopp et aI, 1993; Anselme et aI, 1993; Yahya et aI, 1993). 

To date, the largest application of nanofiltration has been in removing hardness ions and 

organic materials for water supply (Raman, et a/1994). As a potential softening technique, 

and in cases where only selective softening and partial ion removal are required, nanofiltration 

holds the potential to achieve a similar performance, at lower power and pretreatment costs, 

and with smaller capital investment, than the other processes of reverse osmosis and 

lime/soda ash precipitation. In fact, the removal of sulphates from sea water in the North Sea 

oil rigs represents the largest single application of nanofiltration, with plants sized up to 

16 000 m3/d. The first commercial nanofiltration plant was actually installed for this 

application, in 1987. 

5.3.4.2 Membrane Characteristics 

Nanofiltration membranes possess properties lying between those of reverse osmosis and 

ultrafiltration, and may be considered as high charge density ultrafiltration membranes with the 

ability to retain low molecular mass substances. Molecules with a molecular mass greater than 

200 to 400 daltons, for example glucose, are retained and inorganic ions are selectively \ 

excluded according to their charge densities (Simpson, Kerr and Buckley, 1987). Since low 

molecular mass salts such as monovalent species permeate the membrane, the osmotic 

pressure difference is much less than that for reverse osmosis membranes. Thus 

nanofiltration membranes require lower pressures (say 1,4 MPa) than reverse osmosis, which 

requires pressures above 4 MPa. Figure 5.5 compares the spectrum of application of 

nanofiltration with older, and better known, filtration processes. 

Composite nanofiltration membranes consist of a hydrophobic substrate, similar to those of 

conventional ultrafiltration membranes, onto which is incorporated hydrophilic groups which 

are negatively charged such that the original ultrafiltration properties are selectively enhanced 

for certain species. The ultrathin barrier layer, which provides the properties for controlling 

permeability, is supported by a base layer of reinforcing fabric overcoated with a microporous, 

usually polysulphone, polymer. 

Nanofiltration membranes are believed to be porous, with an average pore diameter of 1 to 

2 nm (Bhattacharyya and Williams, 1989; Raman et aI, 1994). The unique features of the 

charged membrane result from the interaction of the charged groups with aqueous ionic 

species (Mickley, 1985) leading to the following properties: 
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Figure 5.5 
Spectrum of Application of Membrane Separation Processes 

Particle size ijLm) 0,0001 0,001 0,01 0,1 10 100 

Molecular mass 100 1000 10000 100000 500000 

Particle characteristic ionic molecular maaomolecular cellular and miaoparticulate 

Typical components ions vitamins proteins fats aggregates 

salts bacteria yeasts 

Separation process 

Source: Jelen, 1991 

1) Improved'membrane antifouling. Colloidal, oily and proteinaceous materials are generally 

hydrophobic in nature and are the main cause of fouling of conventional desalination 

membranes. At pH values below 8, these materials possess residual negative charge and 

are repelled from the nanofiltration membrane surface by the charged groups. This 

makes nanofiltration competitive with reverse osmosis in high-fouling applications such as 

dye concentration and paper waste treatment. 

2) Increased fluxes. This results from the more favourable orientation of the water dipoles. 

3) Enhanced and selective retentions of some electrolytes. 

Whereas the retention of neutral species is by size, salt retention by nanofiltration is mainly a 

result of electrostatic interaction between the ions and the membrane. The charged 

membrane repels ions of like charge, or co-ions. The counter-ions are retained 

simultaneously because of the requirements of electroneutrality. The retention of ions 

depends on the charge density of the species, their concentration and their ability to either 

repel or shield charges on the membrane. For solutions containing different free ions, an 

unequal distribution of these ions results across the membrane, and transport rates change 

as ion concentrations change, known as the Donnan effect. Ion exclusion decreases in the 

presence of counter-ions of low valence, since charge shielding is weaker, but increases in 

the presence of co-ions of high valence, which are more effectively repelled by the 
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membrane. At high electrolyte concentrations, the membrane charges are more effectively 

neutralised or shielded by the counter-ions, resulting in reduced membrane selectivity. 

A few papers have been published on the effects of solute-solute interactions on the relative 

permeability of charged species, and are reviewed by Nielsen and Jonsson (1994). The 

general trend is that, in a mixture of more and less permeable ions, rejection of the more 

permeable ions decreases and that of the less permeable ions increases. Researchers have 

found that membrane adsorption of permeable ions is substantially increased by the addition 

of impermeable salts to the solution, and vice versa. In fact, negative rejections of permeable 

salts are possible under certain conditions. 

The practical significance of the membrane properties is that nanofiltration will not achieve 

high separation of monovalent ions in salt solutions, such as sodium bicarbonate or sodium 

chloride. Retentions will be highest for salts containing divalent anions and monovalent 

cations, such as sodium sulphate and sodium carbonate. Salts containing monovalent anions 

and divalent cations, such as calcium chloride, will be least effectively retained by charged 

membranes (Simpson, Kerr and Buckley, 1987). Furthermore, membrane retention of a 

monovalent species (more permeable) is influenced by the presence of divalent ions (less , . 
permeable). For example, if the solution contains Na2S04 and NaHC03, the membrane 

preferentially retains S04= ions over HC03-' The retention of HC~- decreases as the 

concentration of S04= increases. At high S04= concentrations, retentions of the monovalent 

species can even be negative, resulting in a higher concentration of the salt in the permeate 

than in the feed. 

The preferential passage for common anions is N~ - > CI- > HC03 - > S04=, while for cations it 

is Na+ > K+ > Ca++ > Mg++ (de Wrtte, 1992). For example, the retentions of NaN03, NaCI and 

Na2S04 are 15,8; 18.7 and 94 % respectively under the specific experimental conditions 

used by Bhattacharyya and Williams (1989), while retention of the salts K2S04, Na2S04, 

Na2C03, KCI, liCI, NH4CI, MgS04 and CaCI2 decreases in this order from 85 to 10 % (Rudie et 

aI, 1993). While preferential passage through nanofiltration membranes is predictable, 

quantifying the passage of individual ions is complicated by the fact that this passage is 

determined by the presence of the highest retained species. Furthermore, there is a 

complex relationship between the membrane's surface chemistry and steric exclusion 

character and membrane performance for specific separations. Even today, the mechanism 

of transport through nanofiltration membranes is not well understood and no researcher has 

successfully modelled this process for complex solutions in commercial applications (Lomax, 

1994). 
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5.4.3.3 Osmotic Pressure PredIctions 

The osmotic pressure of a solution is a key variable in the consideration of its treatment using 

a membrane separation process, such as nanofiltration. Specifically, in carbonate solutions, 

the osmotic pressure is not only a function of component concentration, but also of pH, since 

the number of species present in any solution depends on the pH of the solution. Although 

osmotic pressure can be measured experimentally, it may be predicted from a knowledge of 

the chemical species present. Brouckaert et al (1993) describe the method for undertaking 

such predictions, based on the use of the speciation program, MINTEQA2, for determining 

the equilibrium speciation of the solution to be modelled. A correlation based on the Gibb­

Duhem and Davies equations was found to give accurate predictions (within 10 %) of the 

osmotic pressure up to 2 000 kPa. In their derivation, osmotic pressure, x, is calculated from 

the activity of water: 

RT 
1C (kPa) = --In aw 

Vw 

where R 

T 

Vw 

aw 

and subscript w 

(5.12) 

= universal gas constant (8,314I.kPa.mol-t .K-t) 

= absolute temperature (K) 

= molar volume of water (0,018067I.mor-t at 25 °C) 

= activity of water 

= water 

An expression for the activity of water was derived by integrating the Gibbs-Duhem equation, 

which for constant temperature and pressure is: 

roolesw d In aw = -L roolesj dIn aj 
j 

where a = activity 

j = jth solute species 

The boundary condition for the integration is pure water, where aw = 1. 

(5.13) 

To perform the integration, the activity coefficients of all solute species must be known as 

functions of concentration. The Davies equation, a simplified version of the extended Debye­

Huckel equation was used to predict the activity coefficient, 'Y, of charged species, q: 
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2 vI b I 
Iog Yq=-GCci(1+BPqVI)+ q 

(5.14) 

where G = function of dielectric constant and temperature (0,509 kg112.mol-1/2) 

c = charge number 

B = function of dielectric constant and temperature ( kg112.cm-1.moI"1/2) 

p = ion size parameter (cm) 

b = ion specific parameter (kg/mol) 

I = ionic strength 112 L eq2 rTlq (rno\t1<g) 
q 

m = molality (mol/kg) 

For neutral species, u, activity coefficients are modelled by the equation: 

In ru = aI 

where a = constant 

(5.15) 

Substituting these into the Gibbs-Ouhem equation and integrating from pure water to the 

solution equilibrium yields: 

1 
55,52 In aw = -VT1j -Vnq + 4,606 G (1 + vi -21n (1 + vi) - (1 + 'II)) - 2,303 G b 12 (5.16) 

j q 

The first two terms give the total concentration of solute species, the third gives the 

electrostatic contribution, and the fourth is empirical. All data required in this equation is part 

of the MINTEQA2 speciation modelling program output (see Section 5.3). Using this output, 

predictions can be made of the osmotic pressures of solutions. This is particularly useful in 

predicting effective driving forces for mass transport in pressure driven membrane processes, 

and therefore evaluating the direction of flux change. 

5.4.3.4 Membrane Transport Theories 

As with all membrane processes, nanofiltration performance may be evaluated in terms of 

membrane retention, permeate flux and water recovery. Theories relating to membrane 

transport aim to predict these parameters, both in simple single-salt solutions and in mixed 

systems, and indicate the separation dependency on feed concentration, permeate volume 

flux and membrane charge density (if applicable). Generally, they do this by predicting the 

solute and solvent fluxes, from which the performance parameters of interest are computed. 
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While there are various theories reported in the literature for transport through reverse 

osmosis membranes, the mechanism of mass transport specifically for nanofiltration is less 

clear. This results from the unique structure and properties of the membrane itself. For 

example, using affinity chromatographic methods to characterise pore size and surface 

character of nanofiltration membranes, Rudie et al (1993) suggest that a complex combination 

of both steric exclusion and surface force interactions is responsible for the unusual 

selectivity behaviour of the charged membrane towards ionic species. This view is confirmed 

by Jelen (1991) who, in reviewing the principles of pressure-driven membrane processes, 

states that, for nanofiltration of simple solutions, permeation of salts appears to be governed 

by both diffusion through the membrane material (similar to the ideal RO process) and by the 

convective pore flow (as accepted for conventional UF processes). He also acknowledges 

that separation performance of nanofiltration for mixtures of ionic species is complicated by 

Donnan exclusion effects, causing substantial differences in retention of the same species, 

depending on solution concentration and composition. 

This Section reviews the major theories for membrane transport, which may be used to 

describe the performance of the system under consideration, namely the nanofiltration of 

sodium carbonate/bicarbonate solutions at different concentrations and over a range of pH 

values. This system is a complex and interesting one, not only because of the unique 

membrane properties, but also because of the complicated inter-relationships between the 

eight individual species, of four different charges, which co-exist at equilibrium in any sodium 

carbonate/bicarbonate solution. 

Reviews of membrane transport theories by the Pollution Research Group summarise state­

of-the-art knowledge and recent developments in this field (Brouckaert, 1994; and Wadley, 

1994a). The two most applicable membrane transport theories are the solution diffusion 

model and the preferential sorption-capillary flow mode\. Both assume the three types of 

transport shown in Figure 5.6, that is water and solute transport through the membrane pores, 

and mass transfer away from the membrane on the high pressure side of the membrane as a 

result of the concentration gradient which develops between the more concentrated 

boundary layer and the less concentrated bulk feed solution. The transport equations used 

in each theory take different forms, and each has its own area of utility. 

If the cross-flow velocity at the membrane surface is significantly high, then the thickness of 

the boundary layer is sufficiently small to assume that the concentration of the solute at the 

membrane-liquid interface approaches that in the bulk solution. At low flows, the boundary 

layer thickness increases, as does the difference between the concentrations of solute at the 
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interface and in the bulk solution. Flux reduction may occur as a result of concentration 

polarisation in the vicinity of the membrane surface, which leads to an increase in the osmotic 

pressure. Clearly, in these cases, the hydrodynamic environment near the membrane surface 

is of great significance to membrane flux. Transport of neutral molecules in the boundary layer 

is described by expressions for diffusion in a liquid. Where ions are present, the Nernst­

Planck equation proper may be used as the basis for predicting the transport of solute in the 

boundary layer: 

dGsol 
Jsol = -Os0r--ciX - Osol zsol Gsol V' + Jv Gsol (5.17) 

where Jsol = solute flux (moVm2s) 

Jv = penneate volume flux (moVm2s) 

Osol = diffusion coefficient of the solute 

x = membrane thickness (m) 

Gsol = concentration of solute (moVm3) 

zsol = valence of species 

V' = electric potential (V) 

Figure 5.6 
illustration of Three Types of Transport Showing Increased Concentration of Solute 

In the Boundary Layer with Decreasing Distance from the Membrane Surface 

Concentration 

Permeate Membrane Boundary layer 

Cf_soI - concentration of solute in bulk solution 

Ci-sol - concentration of soIUIe at interface 

Cp-sol - concentration of solule in permeate 

J w - nux of water 

Jsol - flux of solute 
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Although the various theories differ in the physical interpretation of the transport mechanism 

within the membrane, the predictions of each have been shown to be almost identical in 

practice (Muldowney and Punzi, 1988). The solution diffusion theory considers the solution 

within the membrane to be in hydrological continuity with the solution outside the membrane, 

while the sorption-capillary theory considers the membrane and solution to be discontinuous 

phases, across which an equilibrium distribution exists. 

The basic features of both theories, especially those relating to transport through the 

membrane itself, are described below. 

Solution Diffusion Theory 

According to the solution diffusion theory (summarised by Timmer et aI, 1993), concentration 

and pressure gradients are the driving forces for solvent and solute flow through the 

membrane. The principle driving force for solvent flow is the pressure gradient across the 

membrane, with a linear dependence of flow on the pressure gradient: 

where Jw = solvent flux (mls) 

Jv = permeate volume flux (mls) 

LlP = transmembrane pressure (Pa) 

Lltr = osmotic pressure difference across the membrane (Pa) 

A = solvent (pure water) permeability (mls.Pa) 

and subscript w = water 

v = permeate volume 

(5.18) 

The pure water permeability, A, describes the general resistance of a membrane to water 

transport as a result of, for example, compaction under pressure and the viscosity of water. A 

is determined empirically and, in the absence of effects such as fouling or compaction, should 

be constant for any solute. For Simplicity, the theory assumes that the solvent flux, Jw, is 

equal to the permeate volume flux, Jv. The theory also assumes a negligible concentration 

gradient for the solvent, and neglects the concentration dependence of solvent flow in the 

equations. Conversely, according to the solution diffusion model, pressure dependence of 

solute transport is considered to be negligible. Solute transport is driven mainly by the 

concentration gradient of solute across the membrane and a linear relationship is assumed 

between solute flux, Jsol (moVm2s) , and concentration gradient: 
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Jsol = Msol (Cm-sol - Cp-sotJ 
(5.19) 

where Msol = mass transfer (by diffusion) co-efficient of solute in membrane phase 

Cm-sol = concentration of solute at membrane interface (moVm3) 

Cp-sol = concentration of solute in permeate (moVm3) 

Equation 5.19 is the simplest form of solution diffusion theory for membrane transport. 

Further terms have been added by various researchers to yield the extended Nernst-Planck 

equation, which, in addition to solute transport by diffusion, accounts for this transport by 

coupling between solute and solvent, and by electrostatic concentration gradients (as 

described by Tsuru et aI, 1991). This extended equation is: 

d d 
Jsol = -Cm-sol Usol R T dx In asol - zsol Cm-sol Usol F dx V' + fJsol Cm-sol Jv (5.20) 

where Usol = mobility of the solute (C/m2.J.s) 

x = membrane thickness (m) 

asol = activity of solute 

zsol = valence of species 

V' = electric potential (V) 

fJsol = convective coupling co-efficient of solute 

The right hand side of the equation expresses the diffusion term, migration term in an electric 

field, and convection term respectively. 

The membrane point retention, 0', defined in equation 5.11 above, is a measure of the extent 

of solute separation and is a function of the water and solute fluxes. It may also be defined as: 

o Jsol 
(j (Yo) = 1 - J C . 100 

w tsol 
(5.21) 

where Cf-sol = concentration of solute in the feed (moVm3) 

Primary separation of solutes occurs at the thin film barrier layer. The solute flux, Jsol, is a 

function of feed concentration, membrane charge density, ion charge and the diffusion 

coefficients of ions in the membrane. Because this flux depends on the concentration 

gradient of solute molecules near the membrane surface, it also depends on operating 

parameters. Since increased cross-flow velocities and reduced operating pressures lower 
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polarisation, high velocities and low pressures provide the highest solute separation/pressure 

ratio (Rudie et aI, 1993). 

Conditions which cause increased solute flux also reduce the difference in solute . 

concentration across the membrane. The resultant decrease in osmotic pressure increases 

available effective pressure, defined as the difference between applied and osmotic 

pressures, which in tum results in increased water fluxes. 

For systems containing charged components, the electroneutrality condition must be met: 

In the external solution: Dsol C'-sol = 0 

Dsol Cm-sol = -Zm In the membrane: 

where C'-sol = solute concentration in feed (moVm3) 

Zm = charge density of membrane (moVm3) 

The constraint of zero electric current through the membrane is given as: 

Dsol Jsol= 0 

At steady state: 

dJsol _ 0 
dx -

Jsol is constant under a particular set of operating conditions, and the reverse osmosis 

condition (or mass balance) is: 

Jsol = Cp-sol Jv 

This condition reflects the requirement that, at equilibrium, there is no depletion or 

accumulation of solute in the membrane. The boundary conditions are: 

x=o 

C'-sol = Cm-sol 

x=8 

C,-sol = Cp-sol 
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(5.25) 
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In the case where charged membranes are used, the membrane charge density, Z, must be 

modified to account for the effect of the electric interaction of the external solution with the 

ionic groups in the membranes. The effective charge density, f/JZ, takes into account the ratio 

of the dissociated functional groups of the membrane with the stoichiometrically fixed ones. 

Preferential Sor:ption-Capillary Flow Theory 

This theory has resulted mainly from the work of Sourirajan and co-workers over the last 30 

years (Sourirajan and Matsuura, 1985). Sourirajan has proposed two theories, the simple 

case resembling the diffusion term of equation 5.19. In some respects, Sourirajan's theories 

can be simplified for computer modelling purposes by using the Spiegler-Kedem theory, 

which is based on non-equilibrium thermodynamics and the assumptions of the friction model 

of membrane transport processes, but which does not consider concentration polarisation 

(Spiegler and Kedem, 1966). The Spiegler-Kedem theory is responsible for the introduction 

of the reflection (coupling/convection) term in the extended Nernst-Planck equation (5.20). 

Sourirajan's preferential sorption-capillary flow theory assumes preferential adsorption of 

water at the membrane-feed interface and no solute accumulation in the membrane pores. 

The continuous withdrawal of interfacial water through the pores results in the formation of a 

boundary layer between the interfacial region and the bulk feed solution, which is more 

concentrated than the feed solution. It is also assumed that water is transported by viscous 

flow and solutes by pore diffusion, and that the effective mass transport co-efficient on the 

high pressure side of the membrane can be determined by film theory. The theory is 

formulated in terms of four basic transport equations, not dissimilar to those of the solution 

diffusion theory, as follows: 

1) Pure water permeability, A This is proportional to the transmembrane pressure 

difference, and is equivalent to that described in equation 5.18. It is defined as: 

A = Ow 
18.area . .1P 

where Ow =f!ow rate of permeate (m3/s) 

18 = molar mass of water 

area = effective membrane area (m2) 

(5.27) 

2) Water flux, Jw. For solutions in which the viscosities are close to that of pure water, this is 

proportional to the effective transmembrane pressure difference and resembles 

equation 5.18: 
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Jw = A (.1P - 1ri + trp) 

where 1ri = osmotic pressure in the boundary layer 

1rp = osmotic pressure in the permeate 

(5.28) 

3) Solute flux through the membrane pores, Jsol. This is proportional to the concentration 

difference on either side of the membrane phase and the equation resembles 

equation 5.19: 

Msol 
Jsol = ---0- . (c Xi-sol- c Xp-soU 

where 6 = effective membrane thickness 

c = molar density of the solution (moVm3) 

Xi = mole fraction of solute in solution in boundary layer 

Xp = mole fraction of solute in permeate 

(5.29) 

If a linear relationship is assumed between the mole fraction of solute in the solution and in the 

membrane, and using the relationship Xp-sol = Jsoy(Jsol + Jw), this equation can be 

expressed in terms of the water flux: 

Msol 1 - Xp-sol 
Jw = c-;-=;:"k 6· X (Xi-sol- Xp-soU 

p-sol 
(5.30) 

where ~s8' = solute transport parameter 

and k = mass transfer coefficient 

4) Mass transfer on high pressure side of membrane. The solute which is retained by the 

membrane concentrates in the boundary layer at steady state, and must be removed by 

diffusion back into the bulk solution. Applying standard film mass-transfer theory gives: 

J - k (1 - X U I Xi-sol- Xp-sol w - Cf-sol p-so In X X 
'-sol - p-sol 

(5.31) 

where the value of k depends on the nature of the solute, its concentration in the bulk 

feed, and the feed flow rate. 
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The derivation of these equations is described in detail in Chapter 2 of the publication by 

Sourirajan and Matsuura (1985); and is summarised by Wadley (1994a). 

The expressions associated with the theories discussed refer specifically to single-solute 

solutions at a single point in a membrane system. Whereas many predictions have been 

published on the retention of species by membranes in single-solute solutions, in which the 

salt is normally considered as neutral salt molecules, fewer papers have dealt with solute 

retention involving mixed solutes in aqueous solutions (Nielsen and Jonsson, 1994). 

However, analytical techniques have been used for predicting membrane performance in 

mixed solute systems. These techniques usually involve solving the expressions above for 

each individual component, along with the required additional equations necessary for overall 

electroneutrality of the systems. The net result is the summation of the effects of the 

individual components in a mixed system. An additional important feature of mixed solute 

retention, is the solute-solute interaction which may be observed by the change of the single­

solute retention induced by the presence of a second solute. 

While experimental information provides an indication of the performance of the membrane 

during operation, this information is best interpreted by means of a computer model which 

simulates the system and applies the theory. The following sections look more specifically at 

the considerations required in developing and applying the theory of membrane transport to 

the nanofiltration of carbonate solutions. These sections address the modelling concepts in a 

qualitative manner. The quantitative analysis and mathematical manipulations inherent in the 

development of the model are the subject of another post-graduate study being undertaken 

at the Pollution Research Group by CJ Brouckaert. 

5.4.3.5 System Specific Features 

There are specific features of the system under consideration which need to be accounted 

for in developing a model for predicting transport based on the theories described above. 

1) The solution chemistry. The complex interdependence of mass and charge distribution 

of the system components between eight individual neutral, anionic and cationic species 

on pH and concentration means that solute-solute interaction in a mixed solute system 

must be considered. Furthermore, solute species in transport cannot be considered as 

neutral ion pairs, but must be considered individually, and electrostatic interactions must 

be accounted for by the introduction of the potential term into the modelling equations. 
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2} Membrane-solute-solvent interactions. Because of the charged nature of the 

nanofiltration membrane, ionic species interact electrostatically with the membrane and, 

as a result, are selectively permeable. The contribution of coupling and convective forces 

in mass transport must be considered. 

5.4.3.6 Membrane Transport Modelling for Carbonate Solutions 

Although membrane literature comprehensively covers membrane properties and theories, 

performance, and pilot (and even full-scale) plant experience, this information is not readily 

accessible in usable form (Buckley, 1993). In particular, membrane models are presented as 

mathematical equations or as rigid vendor-produced computer packages. While these 

packages may be suitable for well-characterised solutions such as sea water, they are not 

suitable for the analysis of less common or complex solutions and harsh conditions. While far 

fewer models are reported in the literature for nanofiltration than for reverse osmosis, these 

models tend to address single-salt solutions or solutions with two interacting solutes. 

Nielsen and Jonsson (1994) have developed an expression for calculating the change in 

retention of a given ion under nanofiltration conditions when adding other salts to the bulk 

solution. The expression was derived from the extended Nernst-Planck-equation, and 

provides a simple means of calculating the change in retention from a knowledge of the 

equivalent conductance and concentrations of ions in the bulk solution. Heyde and 

Andersen (1975) explained the increase observed in membrane sorption of permeable ions 

on addition of impermeable salts to the bulk solution, in terms of constrained phase equilibria 

and the Donnan effect. Negative retentions of permeable species in solutions containing 

high concentrations of impermeable species have been modelled using solution-diffusion 

theory in combination with Donnan equilibrium theory (Lonsdale et aI, 1975). Timmer et al 

(1993) have performed model studies to improve lactic acid separation from fermentation 

broths by reverse osmosis and nanofiltration. The model was based on the extended Nernst­

Planck equation, for the description of mass transport of lactic acid under various pH and 

pressure conditions of the feed. Tsuru et al (1991) successfully applied the extended 

Nernst-Planck equation to the analysis of experimental data relating to the negative retention 

of anions in the nanofiltration of mono- and divalent ion mixtures by considering the effective 

charge density. Retentions of ions in mixed electrolyte solutions were predicted using the 

transport parameters obtained from single electrolyte experiments. 

At the Pollution Research Group, Brouckaert and co-workers (1994) have been involved in 

assembling computer software and modelling methodology which would support the 

implementation of membrane separation technology for waste-water treatment using various 
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modules and membrane configurations. Data have been taken from existing installations to 

verify modelling results and predictions have been good for a series of commercial plants. 

Models have been based mainly on the Spiegler-Kedem theory and theories by Sourirajan. 

Wadley et a/ (1994) describe the implementation of a computer model to simulate . 

nanofiltration applied to the recovery of waste brine at a sugar decolourisation plant. The 

model is based on the Speigler-Kedem theory of reverse osmosis and was used to describe 

system performance and propose suitable module arrangements for a full-scale plant. 

While published models describing nanofiltration are scarce and problem-specific, only one 

model has been identified in the literature which attempts to address the complications of the 

carbonate system in solution (Hagmeyer, 1993). In this work, simple modelling was done 

using the solution diffusion model to predict the transport of inorganic carbon species during 

nanofiltration of drinking water. Although this work is recent, it does not attempt to 

understand the implications of speciation on carbonate chemistry, and considers only the 

system components CO2, HC03- and C03=. For dilute solutions, such as drinking water, this 

appears to be a good approximation since these species predominate over ion complexes 

such as NaC03- and predicted retentions correlate reasonably with empirical data. 

For the system under consideration in this thesis, a computerised model has been developed 

(Brouckaert, Baddock and Wadley, 1994), which predicts the effect of operating conditions 

and the concentration of each solute species on the permeate flux and solute retention for 

any solution, including the carbonate system. The model was developed by specialists at the 

Pollution Research Group with the aid of the program Mathematica for solving the 

computational complexities. The general concepts of the model are given here. 

The model is based on the extended Nernst-Planck equation (5.20), which considers 

transport as a result of diffusion, and by electrostatic and convective forces in the system. 

Separate equations are written and solved for each ion, and are summed to give the results 

for the system as a whole. Consideration is also given to mass transport in the boundary layer, 

and the computations are simplified by assuming constant potential gradients across the 

membrane and in the boundary layer. 

The mass balance in equation 5.26 and the electroneutrality condition in equation 5.24 are 

assumed. Because of the charge density of the membrane, for the zero charge condition to 

apply, equation 5.23 is set to equal-Zm, where Zm is the effective charge on the membrane. 

In order to integrate the transport equation over the thickness of the membrane, 8, the 

potential gradient, must be known, that is the value of the potential, ,p, at each point must be 
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calculated. t/J is given by the grouping r:xV' in equation 5.20, and may be solved at each 

point in the membrane by multiplication of both sides of this equation by the charge and 

summing for all species: 

Lisol zsol = -Dsol Cm-sol Usol RT :x In asol - Lisol zsofCm-sol1solt/J + Dsol f3sol Cm-sol Jv 

(5.32) 

and 

d 
- IZsol Cm-sol Usol RT(jX In asol + IZsol f3sol Cm-sol Jv - IJsol Zsol 

IJsol zsof em-sol Usol 
(5.33) 

To simplify the computation of t/J at each point in the membrane thickness by equation 5.33, it 

was considered appropriate to assume an average and constant value of t/J over the entire 

membrane. This approach had proved successful for Tsuru (1991). 

Once t/J had been assumed constant, the extended Nemst-Planck equation 5.20 can be 

integrated over the thickness of the membrane to yield an equation for the first unknown 

Cp-so(. 

a 01 Jv Cp-sol Cp-sol = Ci-sol exp s M 
sol iJ.sol 

(5.34) 

where = a constant which includes the reflection/convection co-efficient 

term and t/J 

The value of t/J is unknown and may be solved iteratively by combining the equations 

describing the conditions of electro neutrality and zero charge and applying them at the feed­

membrane interface and at the permeate-membrane interface to solve for,a. The third 

unknown, Jv, may be solved by equation 5.18, which is adapted by the Spiegler-Kedem 

theory to consider the effects of concentration and convection on the osmotic pressure. 

Thus the unknowns Jv• t/J and Cp-so/can be solved iteratively. 

To determine Ci-so/from C'-so/, the boundary layer needs consideration. A similar process is 

. used, whereby the Nemst-Planck equation proper (equation 5.17) is integrated over the 

thickness, 8, of the boundary layer to yield the following relationship: 
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5.4.4. 

Qsol Jy Cp-sol 
Ci-sol = Cb-sol exp -M sol Qsol 

(5.35) 

where = a constant which includes the reflection/convection co-efficient 

tenn and V' 

In a smiliar manner to that described above, the unknowns Jy• V' and Cp-sol can be solved 

iteratively. 

Section 8.4 discusses the application of this model to the carbonate system in solution. 

Electrochemical Recovery 

The electrochemical stage is the heart of the treatment sequence and has three main 

functions, to: 

1) Recover, from the nanofiltrate, sodium hydroxide at a concentration suitable for reuse in 

scouring; 

2) Deplete the nanofiltrate of soluble sodium salts to produce a water of suitable quality for 

reuse in the scour rinse range; 

3) Generate acidic gas (carbon dioxide) for recycle to the neutralisation stage of the 

treatment process. 

Electrochemistry is not a commonly used industrial technology. Perhaps the most widely 

used industrial application is in the production of chlorine, hydrogen and sodium hydroxide by 

the electrolysis of sodium chloride. Other industrial applications include in situ electrolytic 

generation of chemical reagents, most commonly hypochlorite. For example, sea water may 

be electrolysed to disinfect sewage. A further application of electrolysis is the electrolytically 

induced reduction and coagulation of Cr(VI) to form a precipitate of Cr(lIl) hydroxide. 

Some applications of electrochemistry in waste water treatment are discussed in 

Section 3.2.1 and references are made to literature reviews which provide background 

information on the subject. The commercial use of electrochemistry as a waste water 

treatment technology, has only limited application, despite the amount of effort that appears 

to have been put into the research and development of the technology. This limited 

application is because, although in many cases, these systems are cost effective, operational 

demands often offset the advantages gained (Eilbeck and Mattock, 1987). Perhaps the main 

exception is the anodic oxidation of cyanide in waste water, a process which has been 
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extensively studied and applied (Ennakov ef a/. 1990). Cathodic reduction of metal ions from 

waste waters to deposit the metal is another widely investigated process (Van der Vlist. 1989). 

Most application has been for relatively valuable metals. such as silver and gold. Where metals 

are present as mixtures. they cannot be adequately separated and this process loses some 

benefit. Other fields in which electrochemistry is gradually finding commercial acceptance as a 

waste water treatment technology include the treatment of organic wastes to lower COD 

levels. or destroy hazardous compounds. such as phenolic materials. and the adaptation of 

electrolytic processes to generate gas bubbles for flotation applications. Using 

electroflotation. protein may be recovered from dairy wastes. 

Literature with respect to the application of electrochemistry as a wastewater treatment 

process in the Textile Industry is limited mainly to the electro-oxidation of dyes. Although the 

principles of the electrochemical process discussed in this dissertation for the treatment of 

textile scouring effluent closely resemble those used in the chlor-alkali industry. the 

operational conditions and applied variables differ considerably. While development of the 

pretreatment sequence was geared toward producing a feed which was amenable to 

treatment by electrochemical processes. significant attention was given to the development 

of the electrochemical process to ensure that conventional technology could be successfully . 
adapted to non-conventional application. while remaining economically viable. The prinCipal 

adaptations required are summarised in Table 5.1. 

Table 5.1 
Comparison of Electrochemical Process with Conventional Chlor-Alkall Process 

Parameter Conventional Scouring Effluent Implications 
Chlor-Alkali Recovery Process 
Process 

Anolyte 
Chemical NaO Na solutions of inorganic Different solution chemistry 

carbon species 

Concentration 120 gil Na+ 1 to 20 gil Na+ Lower conductivity. larger concentration 
gradients, different optimum applied operating 
variables and performance 

Gas CI2 CO2 Different pH range of operation and materials of 
construction 

Impurities <0,5 mgll Ca++ 20 mgll Ca++ Potential elactromembrane fouling 
<0,1 mgll Mg++ 3 mgll Mg++ 

Qa.tbQlyt~ 
NaOH upt050% 10 to 20 % NaOH Entropy savings 

E[Q~~~:i Stand alone Part of manufacturing Integration and interdependence of recovery 
process and processinQ variables 
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5.4.4.1. Electrochemical Cell 

The electrochemical cell is a device which uses electrical energy to effect a chemical change, 

and is the converse process of transforming chemical energy into electrical energy in a 

galvanic cell or battery (Eilbeck and Mattock, 1987). In the simplest form, the electrochemical 

cell consists of two electrodes, an anode and a cathode, immersed in an electrically 

conducting solution, or electrolyte, and connected together, external to the solution, via an 

electrical circuit which includes a current source and control devices. The chemical processes 

occurring in such cells are reduction-oxidation ones, and take place at the interfaces between 

the electrodes and the electrolytes. The reactions occurring at the anode and cathode are 

stOichiometrically equivalent, since the number of electrons being discharged by the cathode 

is equal to the number being taken up by the anode. 

Figure 5.2 is a diagram of the electrochemical cell used in the treatment sequence. The cell is 

divided into two compartments by the electrochemical membrane, which is a highly selective 

cation-permeable ion-exchange membrane. The nanofiltrate is circulated through the anode 

compartment and a weak sodium hydroxide solution is circulated through the cathode 

compartment. When an electrical potential is applied across the electrodes three distinct 

processes occur, by which electricity is conducted. 

1) Metallic conduction occurs in the external Circuit, where the current is carried solely by 

electrons. 

2) Electrolytic conduction takes place within the bulk of the solution, where the charge 

carriers are anions and cations. All ionic species will contribute to this process, whether or 

not they are involved directly in the oxidation or reduction reactions. Their relative 

contributions are dictated by their concentrations and transport numbers. More 

specifically in the present system, sodium ions and water of association are transported 

through the electromembrane towards the cathode, from the anolyte. 

3) At the electrode interfaces oxidation and reduction processes occur by which the ionic 

conduction of the solution is coupled to the electronic conduction within the electrode 

and external circuit. It is by this process that electrical energy is converted to chemical 

work. Electrical losses occurring elsewhere in the cell appear as ohmic heating. 

Specifically, water is reduced at the cathode interface with the consumption of electrons: 

(5.36) 

5·29 



The hydroxide ions combine with the sodium ions as they are transported through the 

electromembrane, to produce a concentrated sodium hydroxide solution. The hydrogen 

gas is vented to the atmosphere. At the anode surface, water is oxidised with the 

evolution of electrons: 

(5.37) 

As hydrogen ions are released at the anode, the acidity of the anolyte increases, thereby 

shifting the inorganic carbon equilibrium in the direction which results in the formation of 

carbonic acid, free carbon dioxide and water, as presented by equations 5.3 and 5.4. The 

gases evolved from the anolyte (carbon dioxide and oxygen, which is generated at the anode 

surface) are recycled to the neutralisation stage of the process, where the carbon dioxide is 

absorbed by inflowing effluent, while the oxygen passes through the unit and is vented to the 

atmosphere. 

Mass transport of ions and other solution components occurs by one of three mechanisms 

(Wadley, 1994b): 

1) Diffusion, by which the species move as a result of a 'concentration gradient. This 

mechanism predominates at the electrode/electrolyte interface. 

2) Convection, by which the species move as a result of external mechanical forces, such as 

electrolyte flow or electrode rotation. This mechanism is dominant in the bulk solution. 

3) Migration, by which the species move as a result of an electrical potential. 

The electric current which flows through the cell involves the movement of electrons in the 

electrodes and the movement of ions in the electrolytes and membrane. During their 

passage through the cell, electrons experience a number of energy reducing steps which can 

be measured as successive reductions in the electric potential difference between the anode 

and the cathode. In sequence, these include the anode reaction potential, the anodic 

overpotential, resistance to ion flow in the anolyte, resistance in the electro membrane, 

resistance in the catholyte, the cathodic overpotential and the cathode overpotential. 

Voortman (1992) carried out a theoretical analysis of each of these energy reducing steps to 

predict the potential drops and to identify processes which consume the most power. 

Basic theoretical concepts of electrochemistry which influence the understanding of the 

operation of the electrochemical process are discussed below. 
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5.4.4.2. Kinetic Overpotentlal 

The minimum direct-current electrical energy required to produce the desired electrochemical 

reactions can be deduced from the standard potentials of the reactions occurring at each 

electrode (equations 5.12 and 5.13) and the Nemst equation, which predicts the equilibrium 

potential, and is given by: 

_ R T In {reactants} 
E - EO + n F {products} 

where E = half cell potential or equilibrium potential 

f:O = standard electrode potential 

R = gas constant 

T = absolute temperature 

n = number of electrons transferred 

F = Faraday's constant 

{ } = activity 

(5.38) 

When current passes through a cell, a number of irreversible phenomena OcaJr. These may 

include a slow step in the overall electrode reaction such that the reaction is not able to 

remove (or supply) electrons as fast as they a re supplied (or required). In these 

circumstances a cathode will develop a potential more negative than the equilibrium potential, 

while the anode will require a potential more positive than the equilibrium potential and so­

called polarisation occurs. The effect of polarisation on practical electrolysis makes it 

necessary to apply a larger voltage than is calculated from standard electrode potentials 

before electrolysis can OcaJr. The difference between the actual working potential of an 

electrode and the equilibrium potential is termed electrode overpotential. The electrode 

overpotential depends in a complex manner on the electrode materials and the applied 

current density. 

5.4.4.3. Concentration Polarisation 

Any reaction at an electrode surface in which solute species are discharged can only be 

sustained if reactant is transported (by, for example, diffusion, ionic migration and convective 

mixing) from the bulk solution to the electrode surface so as to replenish those species 

consumed in the electrochemical reaction. N. low overpotentials, mass transport satisfies the 

demands of the process. However, with increasing overpotential and reaction rate, a point is 

reached where, regardless of the efficiency of electron transfer, the nett reaction rate 
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becomes limited by mass transport, and the electrode is said to be concentration polarised. 

This effect can be reduced, but not eliminated, by increased agitation and improved cell 

geometry. 

At steady-state conditions, the concentration of reactants in the layer immediately adjacent to 

the electrode surface, the diffusion layer, will be lower than that in the bulk solution. In 

addition, the concentration gradient through this layer is assumed linear. The rate of 

migration, 'ditfl of a reactant by diffusion through this layer is given by Fick's Law: 

where D = diffusion coefficient 

Cb = concentration in the bulk solution 

Ce = cQncentration at the electrode surface 

d = thickness of the diffusion layer. 

The rate of ionic migration, 'mig, in the case of cations, is given by the equation: 

t+C D 
'mig = n F 

(5.39) 

(5.40) 

where t+ = cation transport number (or fraction of total current carried by one cation species) 

CD = current density 

Associated with ion transport is water transport, which occurs simultaneously and is caused by 

hydrostatic and osmotic pressure differences between compartments and by electro-osmosis 

during electrolysis. The water transport number, nw, is the number of moles of water 

transported per mole of, say, sodium ions. In electro-osmosis, water is transferred either as 

water of hydration of ions or by the momentum imparted to 'free' water molecules by migrating 

hydrated ions. 

Combining equations 5.39 and 5.40 gives the total rate of delivery of an ion to an electrode 

across the diffusion layer, 'total: 

(5.41) 

As the voltage is increased, the current density will increase as long as the concentration 

gradient across the diffusion layer can increase sufficiently to supply the species at the 
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required rate. As Ce approaches zero, the rate of the electrode reaction can no longer 

increase and the reaction becomes diffusion-limited: 

'total 
t± CDJim D Cb 

n F ± d (5.42) 

Thus, the diffusion current is proportional to the bulk concentration of the electroactive 

species, and the reaction rate will decrease as electrolysis proceeds. In the context of waste 

water treatment, this mass transfer limitation is particularly significant where the electroactive 

species are present in relatively low concentrations. 

Although the above discussion of mass transfer limitation has been given with respect to 

electrode reactions, similar principles govern the transport of ions across ion-selective 

electro membranes. Where the current flowing through the electromembrane exceeds the 

equivalent supply of sodium ions to the electromembrane surface, concentration polarisation 

occurs at the interface between the anolyte and the electromembrane. The occurrence and 

control of concentration polarisation at the electromembrane surface is a critical factor in 

determining the technical and economic feasibility of the process under consideration. 

5.4.4.4. Cell Resistance 

In addition to overpotentials caused by kinetic and concentration polarisation, a further source 

of overpotential results from the finite resistance of the system. Ohmic (or 'IR') losses, occur in 

the electrodes, cell structure, anolyte, catholyte and electro membrane. The ohmic losses 

give rise to resistive heating, and are directly proportional to the applied current density, and 

the length and resistivity of the current path. 

The ohmic losses through an electrolyte are a function of the resistance of the solution, which 

varies inversely with the concentration, or more precisely, the specific conductivity of the 

electrolyte. The volt drop through an electrolyte may be calculated from the equation: 

d i 
Ee= L a (5.43) 

where L = conductivity 

d = distance 

i = current 

a '" area 
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The relationships between the concentration and conductivity of sodium bicarbonate and 

sodium hydroxide solutions at various temperatures have been derived from the literature 

(Lobo, 1984; Lobo and Quaresma, 1981) and are given in Figures 5.7 and 5.8. 

Figure 5.7 
RelationshIp Between ConductIvity, Concentration and Temperature of 

SodIum Bicarbonate In Solution 
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FIgure 5.8 
RelationshIp Between ConductivIty, Concentration and Temperature 

of Sodium Hydroxide In SolutIon 
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Using these plots, an equation was developed which predicted the conductivity of the 

anolyte solution at any concentration and temperature: 
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LNaI-ICO:J = [(7,43 x Ur2T - 6,3 x 1(r572 + 1,37) x concentrationJ + 

{(-1,06 x 10-3T + 2,06 x 1~rz - 1,78 x 10-2J + 

[0,101T - 2,8 x 10-372 + 2,1S x 10-573 - 1,21J (S.44) 

Thus, before electrolysis can occur, the applied potential must overcome the equilibrium 

potentials of the anode and cathode, any associated overpotentials, and the ohmic losses of 

the system. This applied potential has important practical and economic significance in the 

process under consideration. 

5.4.4.5. Exchange Current 

At the position of equilibrium there is no nett current flow, since the forward (cathodic) and 

reverse (anodic) reactions both proceed at equal, but finite, velocities and hence there are 

associated electron currents (Eilbeck and Mattock, 1987). At equilibrium potential: 

ic = - is = io (S.4S) 

where ic is the cathode current, is the anode current and io the exchange current. The 

exchange current provides a measure of the rates at which"the cathodic and anodic reactions 

are occurring at any particular electrode. In any working cell there are anodic and cathodic 

currents associated both with cathodes and anodes; but ic > is at the cathode whereas at the 

anode is > ic- The exchange current is characteristic of both the particular electrode reaction 

and the nature of the electrode surface, and is an important parameter in the deSign of any 

electrochemical cell. 

5.4.4.6. Current Efficiency and Power 

The current efficiency, 71, of a particular species is based on the charge passed during 

electrolysis and is given by the equation: 

moles of electrons used in forming the product 
total moles of electrons consumed (5.46) 

A mole of electrons is a Faraday, which is related to current (A) and time (h) by Faraday's Law: 

F. d 
A.h 

ara ay= 26.8 (S.47) 

In the electrochemical application under consideration, it is assumed that both the anodic and 

cathodic reactions, for which water is the primary reactant, proceed at 100 % current 
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efficiency. However. the current efficiency for sodium hydroxide production and the 

efficiency for carbon dioxide release are reduced as a result of various factors: 

1) Reduced sodium transport number. This results from the passage of current through the 

electromembrane by cations other than sodium ions. in particular hydrogen ions. The 

transport of hydrogen ions both reduces the transport number of sodium. and neutralises 

hydroxide ions formed at the cathode. thereby lowering the current efficiency for 

hydroxide production. The passage of current by hydrogen ions is favoured by a high pH 

gradient across the electromembrane. and can be reduced by maintaining the catholyte 

hydroxide concentration as low as is practically acceptable. and by ensuring that the pH of 

the anolyte is not allowed to drop to extremely low pH values. In addition. hydrogen ion 

migration can be minimised by ensuring that the supply of sodium ions to the 

electro membrane surface is sufficient to avoid mass transfer limitations. This is achieved 

by careful control of electrolyte flows. cell geometry and current densities. 

2) Back-migration of anions. This involves the passage of current through the 

electromembrane by anions. particularly by hydroxide ions. from the catholyte to the 

anolyte. This reduces the current efficiency of hydrogen ion production in the anolyte 

compartment. which hinders the chemical equilibrium shift of inorganic carbon from the 

bicarbonate species to carbon dioxide. Careful control of the catholyte pH ensures that 

the sodium hydroxide concentration does not exceed the limit for a particular 

electromembrane. above which the electromembrane losses its selectivity. 

3) Concentration polarisation. This is likely to occur on the anode side of the 

electromembrane. This may result when there are no cations available in the diffusion 

layer adjacent to the electromembrane to transport the current. As a consequence. water 

is split into hydrogen and hydroxide ions at the electromembrane surface. The hydrogen 

ions transport current. with no desalting effect. while the hydroxide ions inhibit carbon 

dioxide release and recovery. 

To calculate the current efficiency of sodium hydroxide generation. changes in the 

concentration of cations (sodium ions) and anions (hydroxide ions) in the catholyte. cations 

(sodium ions) and anions (inorganic carbon-containing anions) in the anolyte. and anions 

(inorganic carbon-containing anions) in the absorption column liquor may be used. In theory. 

for each mole of electrons consumed in the process. one mole of: 
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1) Hydroxide ions are produced in the catholyte 

2) Sodium ions are transferred from the anolyte to the catholyte, increasing the catholyte 

content by one mole and decreasing the anolyte content by one mole 

3) Hydrogen ions are produced in the anolyte 

4) Carbonate ions are converted to one mole of bicarbonate ions in the anolyte or 

5) Bicarbonate ions are converted to one mole of carbon dioxide gas in the anolyte In 

which case 

6) Hydroxide ions (or one mole of carbonate ions) in the absorption column liquor are 

converted to, one mole of carbonate ions (or bicarbonate ions). 

The specific power consumption of an electrochemical process may be expressed in terms of 

kWhltonne of sodium hydroxide produced, and is related to the voltage (V), current (A) and 

time (h) by the equation: 

VxAxh 
power = tonne NaOH 

(5.48) 

In calculating th~ electrical requirements of a system, the current efficiency (h) is taken into 

account: 

Faradays 
mass of Na to be transferred 

23 glmol x 1] 

Factors affecting current efficiency and power consumption include the following: 

(5.49) 

1) The rate and uniformity of fluid flow distribution of the electrolytes, in particular the 

anolyte, through the cell stack. Sufficient flow prevents gas blinding of the 

electromembrane and electrode surfaces (ie., reduction of effective area by accumulation 

of stagnant or slow moving gas zones) and concentration polarisation at the 

electromembrane surface. 

2) The operating current density. High current densities are desirable in that the duty per 

unit area of the cell increases, thereby lowering plant size requirements. The maximum 

current density at which the system may operate efficiently is termed the limiting current 

density, which depends on the temperature and concentration of the electrolytes, in 

particular the anolyte. At current densities above the limiting value, the diffusive supply of 

sodium ions at the electromembrane surface becomes insufficient for the transport of 

electric current. As a result of concentration polarisation, water in the depleted diffusion 

layer is decomposed and the electric current is carried by the hydrogen ions, causing a 
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loss in current efficiency. The combination of limiting current density and current 

efficiency determines the electromembrane area requirements for a specific duty 

according to the following relationship: 

A x h 1 
area = limiting CD x1i (5.50) 

3) The temperature of the electrolytes. Elevated temperatures have a beneficial effect on 

the kinetics of all electrode processes, diffusion coefficients, limiting current density, and 

rate of chemical reaction. In addition, it significantly affects the cell resistance 

components, in particular the ohmic loss through the electrolytes. 

4) The electromembrane and electrode condition (also see Sections 5.4.4.7 and 5.4.4.8). 

Deposits or degradation of electrode or electromembrane surfaces will increase working 

voltages. Maintaining the correct flow conditions ill the cell will ensure that the 

electro membrane is evenly positioned between the electrodes, and that physical 

abrasion of the electrode surfaces by the electromembrane is inhibited. Degradation of 

the electromembrane is minimised by routine flushing of the surface, in particular the 

surface on the anode side, to remove deposits. In addition, prevention of concentration 

polarisation at the electromembrane surface prevents the accumulation of hydroxide ions 

at the anode surface of the electromembrane, thereby reducing the potential for 

precipitation and scale formation in this area. Furthermore, it is desirable to operate 

composite electromembranes at a low water transport number to prevent accumulation of 

water, and subsequent blistering, within the electromembrane. 

5) The pH and concentration of the electrolytes, in particular the anolyte. At high pH and 

concentration gradients, back-migration of species occurs and the sodium transport 

number is decreased, both causing loss in efficiency. 

5.4.4.7. Electrodes 

The major considerations in the selection of electrodes are (Buckley, 1984): 

1) Stability. The electrode should be stable towards oxidation and attack by the reactants, 

products and intermediates which may be formed during electrolysis. Corrosion (most 

likely to occur with the anode) is unacceptable, since this results in contamination of the 

electrolytes by polyvalent metal ions and precipitates. When a metal is immersed in an 

aqueous solution not containing its own ions, the metal will either assume a corrosion 

potential set up by the kinetically favoured reactions or an equilibrium potential 
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established by the redox species into the solution. If an electrode is polarised in the 

anode direction (as in the case of water oxidation and oxygen discharge) its stability can 

be predicted from potential-pH diagrams. Since oxygen discharge occurs at large 

potentials positive to the hydrogen electrode, there is a tendency for most non-oxidic 

metallic compounds to become converted into oxides. For this reason, the most suitable 

anode materials are simple or mixed oxides which exhibit metallic conductivities. Mixed 

oxides existing in their highest valence state and forming solid solutions exhibit 

remarkable stability in environments encountered during evolution. Precious metal 

coated titanium anodes, such as those coated with ruthenium and titanium oxides and 

commonly called dimensionally stable anodes (DSA), are specifically suited for oxygen 

generation. The disadvantages of such electrodes are their expense, and the fact that 

the coating life is limited by passivation, preceded by a gradual dissolution of the precious 

metal oxide coating. Increased resistance, and therefore increased power consumption, 

occurs as a result of the accumulation of non-conducting oxides in the interfacial region 

between the titanium base metal and the oxide coating. Recoating costs are high. 

2) Overpotential. Electrodes must be specifically selected to have low overpotentials for the 

favoured reaction. DSA's are designed for low overpotential oxygen generation, while 

cathode coatings such as Raney nickel, molybdenum nickel alloy, aluminium alloy or zinc 

nickel alloy result in a low overpotential for hydrogen generation (Brown, 1983). 

However, mild or stainless steel cathodes are commonly used. 

3) Conductivity. The electrode coating should exhibit metallic conductivities in order to 

minimise voltage losses associated with ohmic drop across the coating and the formation 

of insulating layers. The conductivity of the surface layers formed on the electrodes must 

remain high. The formation of insulating films reduces the surface conductivity. 

4) Electrocatalysis. Electrocatalytic activity reduces the electrode overpotential. 

5.4.4.8. Electromembranes 

Chemical and Physical Properties 

Electromembranes are manufactured by companies such as Du Pont, Asahi Glass, Tokuyama 

Soda, and Asahi Chemicals. The present application uses a sodium-selective cation 

exchange membrane to separate the anolyte from the catholyte. Besides being water 

resistant and anionic, the electromembrane should exhibit the following properties (Buckley, 

1984): 
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1) Chemical and thermal stability. The electro membrane should not deteriorate in the 

presence of the reactants, products and intermediates, even at high temperatures. 

2) Dimension stability. The dimension tolerance specifications of the electromembrane, 

such as the size and flatness, in highly oxidising environments at elevated temperature 

should be minimal. 

3) Selectivity. To maintain high current efficiencies, the electromembrane should be highly 

selective to sodium, even at high sodium hydroxide concentrations. It should be 

impermeable to anions and non-polar compounds. 

4) Low electrical resistance. The resistance should be low to minimise ohmic loss across the 

electromembrane, allowing the easy passage of current and hydrated ions. 

5) High current density tolerance. Because of the high cost of the electromembrane, it 

should be able to operate at high current densities to minimise surface area requirements. 

6) Mechanical strength. Strong mechanical properties are required to endure handling and 

to maintain performance under electrolysis in extreme conditions. 

Three literature reviews (Simmrock et ai, 1981; Yeager, 1982; and Asawa, 1989) provide 

useful background information on the nature and properties of cation exchange 

electromembranes. In general, cation exchange electromembranes suitable for the 

application are composed of a thin film of copolymerised tetrafluoroethylene and sulphonated 

or carboxylated perfluorovinyl ether. The properties of these electromembranes result mainly 

from the hydrophilic nature of the polymers, and vary with the equivalent weight 

(concentration of anionic groups per unit polymer weight) of the polymer. For example, a high 

equivalent weight polymer will absorb less water and therefore .exclude anions more 

efficiently, resulting in higher current efficiencies. 

A number of anionic groups may be employed as side chains, and the choice alters the 

characteristics of the electromembrane. In practice, only sulphonic and carboxylic groups are 

common, although more recently substituted sulphonamide polymers are being used. 

Unfortunately, because of their high conductivity, sulphonic groups attract water, thereby 

increasing the water content of the electro~embrane, promoting back-migration of hydroxide 

ions and lowering its selectivity. (The swelling behaviour of cation exchange 

electromembranes, in relation to the nature of the perfluorinated polymer used and the 

anionic groups attached, is discussed by Yeo et aI, 1981). These electromembranes are only 
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suitable for the production of low concentrations of sodium hydroxide. On the other hand, 

carboxylic groups are less hydrophilic, consequently exhibiting higher current efficiencies, 

but at the expense of higher electrical resistance leading to higher power requirements. In 

order to minimise these conflicting effects, most manufacturers adopt a two layer 

electromernbrane such as that described by Miyake et a/ (1987). A thin, high equivalent 

weight, carboxylic layer on the cathode side has a low water content to give high efficiency, 

while a thicker, lower equivalent weight, sulphonic layer on the anode side provides low 

electrical resistance and mechanical strength. Reinforcement is provided by Teflon cloth, 

which is laminated between the two polymer layers to form a electro membrane which has a 

thickness of 0,1 to 0,2 mm. This construction also avoids a further difficulty encountered with 

carboxylic-based electromembranes, namely the repression of ionisation of the carboxylic 

groups when the anolyte is acid, thereby increasing resistance. Substituted sulphonamide 

polymers are formed by reaction of the surface of the polymer in the sulphonyl fluoride form 

with substances such as ammonia, methylamines and diamines, to form a surface layer of 

sulphonamide groups. This modified barrier possesses excellent anion retention properties 

and is most suitable for the production of concentrated sodium hydroxide (30 to 40 %). More 

recently, electromembrane properties have been enha:nced by alternative techniques. For 

example, Hiyoshi and Kasiwada (1992) describe the development of a cation exchange 

membrane for electrolysis of alkali metal chlorides which comprises a carboxylate-containing 

fluorocarbon polymer layer with an inorganic coating on the cathode side and a sulphonate 

and/or carboxylate-containing fluorocarbon polymer layer on the anode side. Such 

electromembranes are suitable for producing sodium hydroxide in concentrations of 45 to 

55 % from saline solutions containing 150 to 200 gil sodium chloride with reduced energy 

consumption. 

As an example of the variation in electromembrane properties and applications with the nature 

of the polymers, Table 5.2 summarises the properties of a selection of Nafion® 

electromembranes, which are manufactured by Du Pont (Pollution Research Group, 1989). In 

addition, Figure 5.9 compares the performance of Nafion® 427 (perfluorosulphonic acid), 

Nafion® 315 (composite), and Nafion® 227 (sulphonamide) electro membranes (Hora and 

Maloney, 1977). 
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-Parameter 

Description 

App~calions 

Ionic form 

Resistance 
bohm~~ in 
,6NK 

24% NaC/ 

Mass (g/dm2) 

Equivalent weight 

Standard widths 
(m) 

~~ 

Table 5.2 
Properties of Naflon® Membranes 

l:sen~n 300senes 400senes 900senes 
No.ll (00 No. 324) Coo No. 423) CeQ no. 901) 

sulphonic films (no reinforced composite of two reinforced sulphonic films reinforced bimembranes 
reinforcement) sulphonic films of different comprising carboxylic and 

eqJivaient weights sulphonic groups 

low hydroxide 100200/0 NaOH, metal ion KOH and 8-10% NaOH 30 0 45% NaOH 
concentration, fuel cells, recovery, swimming pool prodJc:Iion, spent acid 
acid and water chlorination regeneration 
hydrolysis 

H+ H+ K+ K+ 

1,5 4,5 4,7 2,8 

3,4 4,8 4,2 5,7 

1100 1500and 1100 1200 

0,61; 0,75; 1,2; 1,5 0,61 ; 0,75; 1,2; 1,5 0,61;0,75; 1,2; 1,5 0,61;0,75; 1,2; 1,5 

0,61 t>2,5 0,61102,5 0,61102,5 0,6102,5 

Source: Pollution Research Group, 1989 

u 

Figure 5.9 
Naflon® Membrane Performance 
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Degradation and Membrane LHe 

The ageing of electromembranes is attributed to the deposition of large clusters of insoluble 

metal compounds within the electromernbrane structure, espeCially calcium and magnesium 
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hydroxides, but also aluminium, silica and any other metal ions which form insoluble 

hydroxides. These deposits often cause irreversible physical destruction of the 

electromembrane structure and polymer morphology. They also shield parts of the 

electromembrane, which causes local stresses and reduced available electromembrane area. 

The effect of deposition is increased electromembrane resistance and ohmic loss. Under 

normal circumstances, even temporarily high concentrations are detrimental since the effect is 

cumulative. For this reason, chlor-alkali processes which use electromembrane cells are 

equipped with primary (soda ash/caustic softening) and secondary (ion exchange) 

pretreatment units to lower calcium and magnesium concentrations in the brine to below 

50 and 10 ~g/1 respectively. Molnar and Dorio (1977) examined the interactions of hardness 

ions with Nafion® electromembranes. Brines containing 20 mg/I each of calcium and 

magnesium ions were shown to have a deleterious effect on Nafion® 315, with current 

efficiencies falling from 82 % in the control case to between 74 and 78 % and voltages 

increasing from 4,5 to 5,5 V within 20 days of operation at current densities of 3 200 Alm2• 

Prolonged operation with excessive precipitation within the electromembrane resulted in 

ruptures of the barrier layer. Orthophosphate addition up to 370 mg/1 was found to be partly 

effective as a complexing agent for hardness ions. Precipit~tion was reduced significantly by 

removing the hardness ions from solution via the orthophosphate route. Current efficiencies 

were reduced from 95 % to 88 % after 120 days of operation, while the voltage remained 

steady around 4,5 V for a current density of 3 200 Alm2• Orthophosphate retards the 

migration of hardness ions into the electro membrane by forming a loose, highly conductive 

gel-like material on the surface of the electromembrane. Partial recovery of performance 

could be achieved if fouled electromembranes were washed with distilled water or solutions of 

ethylenediamine tetra-acetic acid (EDTA). 

The concept of chelation, or the ability of a compound to form a metal complex, is an important 

aspect of the current investigation, since the presence of chelating agents can alter both the 

retention performance of the nanofilter (Strathmann and Kock, 1979) and the lifetime of the 

electro membrane. The latter is particularly important in considering the commercial viability of 

the treatment sequence, since one of the criteria necessary to ensure success is a long 

electromembrane life. 

Derivatives of chemicals such as gluconic acid, EDTA, citric acid, succinic acid, 

polyphosphates and borax are sold commercially as scale inhibitors to increase the solubility 

of calcium and magnesium ions by complex formation. The retarding power of most chelating 

agents available commercially is correlated to the degree of ionisation of the agent. Therefore, 

performance is dependent on pH, with most agents being effective in basic environments. 

For example, the degree of ionisation of polyacrylic acid increases from 10 to 90 % as the pH 
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is increased from 3 to 11 . In the presence of strong acid, ionisation is suppressed and 

chelating ability inhibited. 

Burney and Gantt (1983) describe a cleaning procedure to rejuvenate permselective ion 

exchange electromembranes in situ in electrochemical cells after the electro membrane has 

become at least partly fouled by insoluble compounds of multivalent cations from the brine 

anolyte. The patent relates to the electrolysis of aqueous alkali metal halide solutions to a 

halogen at the anode. The brine is specified to contain no more than 5 mg/l hardness 

(expressed as Ca) and no more than 70 mg/I carbon oxide (expressed as carbon dioxide). The 

electromembrane is regenerated preferably by contacting both sides, but by contacting at 

least one side, of the fouled electromembrane with solutions maintained below the pH of the 

electrolyte which is in contact with the electromembrane during normal operation. Contact is 

carried out for a time sufficient to dissolve most of the compounds of polyvalent cations 

plugging and/or fouling the electromembrane. Regeneration may be carried out at 

substantially reduced or zero current density. The cathode is protected from corrosion during 

regeneration by the use of either inhibitors or by operation of the cell at potentials enabling 

cathodic protection. It is claimed that drying of the electromembrane after removal of the 

contaminants further enhances regeneration. 

Neytzell-de Wilde (1985) examined the fouling of electromembranes used in electrodialysis 

applications by organic and inorganic contaminants present in various industrial effluents. He 

distinguished fouling from poisoning by stating that poisoning results in irreversible bulk 

penetration of the electromembrane, whereas fouling gives rise to surface layers which may 

be removed by washing or chemical treatment. 

According to Austin (1985), plants using Nafion® 300 series electromembranes performed 

acceptably with only primary pretreatment of brine to remove hardness ions, whereas high 

performance bimembranes (900 series) require secondary brine treatment. Process control 

(of hardness ions) is more critical with high current densities, since the electromembrane is 

working harder and becomes more susceptible to brine impurities. Furthermore, at low 

anolyte concentrations, where the water transport number is high, water may be accumulated 

between layers of polymers, causing blistering. Blistering may result in voltage escalation, but 

not necessarily in lower current efficiencies. 

Water Transport 

A phenomenon which has practical implications is the transport of water molecules through 

the electromembrane (see Section 5.4.4.3). Depending on the type of electromembrane 

used, and the electrolyte concentrations, 3 to 9 moles of water/mole of sodium ions are 
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transported to the cathode compartment in conventional membrane cell electrolysis (Buckley, 

1984). A large part, and in some cases, all of the water required in the cathode compartment 

comes from the anolyte compartment in this way, resulting in volume loss of the anolyte. 

Gas Blinding 

A further phenomenon which effects the operation of the cell is gas blinding. This is the 

adhesion of gas bubbles to the electromembrane. It occurs less with sulphonic-based 

electro membranes than with carboxylic-based electro membranes. 

5.4.4.9. Cell Design 

The design of an electrochemical cell for waste water treatment must take into consideration a 

number of constraints that are evident from the preceding discussion. There are various 

designs of reactors specifically tailored to the requirements of waste water treatment, all 

aiming to overcome the problem of competing electrode reactions or transfer processes at 

low reactant concentrations by maximising mass transfer efficiency and minimising 

unproductive energy losses (Eilbeck and Mattock, 1987). Fleet (1989) has carried out a 

useful review of the development of electrochemical reactor systems for waste water 

applications. Cell configurations are based on different electrode forms, but they may be 

broadly classified as either two-dimensional arrangements, where the electrode is in sheet 

form; or three-dimensional arrangements, where the electrode is constructed 50 as to provide 

opportunity for electrochemical reaction from three axial sources. Particular cell deSigns 

include parallel plate systems, spiral wound configurations, rotating electrodes, packed bed 

electrodes, tumbled-bed reactors, and fluidised bed systems (Eilbeck and Mattock, 1987). 

Two-<iimensional cells are most common commercially and are of interest in this dissertation. 

They use parallel plate electrodes, in which anodes and cathodes are stacked alternatively to 

give a total working surface which will provide a suitable current density. Mass transfer is 

usually maximised by providing electrolyte flow between the electrodes by a recirculation 

system. The systems are either monopolar or bipolar, the difference lying in the electrical 

interconnections of the individual cells. If the cells are connected in parallel, the system is 

monopolar, and the electrolyser current is the sum of the individual currents, and the voltage 

on the electrolyser is the same as across a single cell. If the cell is connected in series, the 

system is bipolar, and the electrolyser voltage is the sum of the cell voltages, while the total 

current is equal to that flowing through a single cell (Peters and Pulver, 1977). 

An increasingly popular design is the zero gap cell (Eilbeck and Mattock, 1987). In cases 

where the electrolyte concentrations are low, large voltage drops occur across the solutions, 
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with increased energy requirements. One way to minimise the drop is to reduce the 

electrode-to-electromembrane distance. In a typical design, the perforated electrode is 

pressed against the electromembrane, having a space behind it for gas to escape and 

electrolyte to circulate. Disadvantages include the occurrence of regions of high current 

density where the electrode contacts the electromembrane, which may result in 

electromembrane damage. Furthermore, gas may not escape quickly enough, causing 

increased cell resistance. The movement of electrolyte over the face of the electromembrane 

may be obstructed by the presence of the cathode, causing polarisation. 

5.5. Chemical Recovery Potential of the Process Sequence 

The proportion of sodium which is recovered from the effluent and recycled to the scouring 

process is a function of various parameters, as described below. 

1) The amount of liquid remaining on the fabric after rinsing. As a fraction of the sodium 

mass on the cloth entering the rinse range, the proportion lost on the fabric after rinsing in 

a four-bowl counter-current range (Figure 4.10, Section 4) is given by the equation: 

(5.51) 

2) The water recovery achieved during cross-flow microfiltration and nanofiltration. As a 

fraction of the sodium mass in the feed entering the units (C, On, the proportion lost in 

the concentrates is given by the equation: 

loss in concentrate = g7 gi (5.52) 

3) The concentration of salt in the depleted anolyte during electrolysis. This will vary 

according to the acceptable background concentration in the wash water. The volume 

flow (0), sodium mass flow (N) and concentration (C) characteristics of the depleted brine 

and recovered sodium hydroxide streams are given by the following series of equations. 

For the sodium hydroxide stream: 

NNaOH = Nnj - Nroo - Nee - Nne Nbrine (5.53) 

(5.54) 

(5.55) 
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For the depleted brine solution: 

0brine = Oa - ONaOH 

C' OaCa - NNaOH 
bnne - 0brine 

where N 

o 
= sodium mass flow from anolyte to catholyte in kg/h 

= volume flow in m3Jh 

C = concentration in kg/m3 

NaOH = recovered sodium hydroxide stream 

rri = moisture on cloth into rinse range 

mo = moisture of cloth out of rinse range 

cc = cross-flow microfiltration concentrate 

nc = nanofiltration concentrate 

brine = depleted brine stream 

a = anolyte (feed) stream 

p = density of water in kg/rn3 

(5.56) 

(5.57) 

(5.58) 



SECTION 6 

EXPERIMENTAL PROCEDURES 

This section describes experimental techniques, and is subdivided into four subsections. 

Section 6.1 examines the design of the pilot-plant equipment, while Section 6.2 describes 

experimental procedure and pilot-plant trials. Section 6.3 describes supplementary studies of 

nanofiltration, including laboratory techniques, chemical speciation and transport modelling. 

Section 6.4 describes supplementary studies of electrolysis, including the use of other anodes, 

electro membrane fouling and electromembrane cleaning. 

6.1. Pilot-Plant Design 

6.1.1. 

6.1.2. 

The pilot plant was designed at a capacity sufficient to provide meaningful data for the design 

of a full-scale plant. It consisted of an absorption column, a cross-flow microfiltration unit, a 

nanofilter and an electrochemical recovery unit. Details of these individual units are 

summarised in Table 6.1. 

Neutralisation Unit 

The neutralisation unit consisted of three main components: a feed tank; a pump for 

recirculating the effluent through the column; and a packed bed absorber. Figure 6.1 is a 

schematic diagram of this unit. The effluent was transferred manually to the 60 litre-capacity, 

polyethylene, feed tank (T1) from the scouring rinse range. The effluent was then pumped 

(P1) to a distributor at the top of the absorption column, from where it flowed downward 

through the packing at a rate of approximately 10 Vmin. The feed flowrate was controlled 

using a valve (V3). The acid gas vented from the anolyte compartment of the electrochemical 

cell entered the column at the base; the carbon dioxide was absorbed into the effluent and 

the oxygen passed upwards through the column to the top, where it was vented to the 

atmosphere. A suitable liquid level was maintained in the column by means of a U-bend below 

the outlet. 

Cross-FlOw Mlcroflltratlon Unit 

The cross-flow microfiltration unit consisted of four components: a feed tank; a pump for 

maintaining pressure and flow through the system; a microfilter tube; and a product tank. 

Figure 6.2 is a schematic diagram of the unit. The neutralised effluent was transferred 

manually from the neutralisation feed tank, to the microfilter feed tank, T2, which had a 

capacity of 80 litres. A pump, P2, was used to circulate the feed through the woven polyester 
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Unit 

filter tube, and w~s connected to a level controller, LP1, in the feed tank. The feed f10wrate 

was controlled by valves V5 and V9. 

Table 6.1 
Summary of Pilot Plant SpecIfications 

Parameter S~ecifications 

Absorption column height 1000 mm 
150mm diameter 

material of construction Perspex 
packing material polyethylene saddles (25 mm length) 
pH of treated effluent 8,5 
effluent flow 10 Vmin 
pump magnetic couQled centrifugal 

Cross-flow microfilter tube diameter 12mm 
filtration area 1,13 m2 

tube material woven polyester 
tube velocity 2to 3 mls 
pump low pressure, high-flow positive 

displacement 
operating pressure 200 to 300 kPa 

Nanofilter membrane type spiral wrap NF40 (RlmTec) 
membrane area 0,37 and 0,56 m2 

cartridge prefilter 5 11m string wound polyester 
pump positive displacement 
operating pressure 1,6 MPa 

Electrochemical cell cell pairs 2 
electrode size 4 each of 0,05 m2 

anode material DSA 
cathode material mild steel 
material of frame PVC 
construction 
electrochemical membrane Nafion 324 (Du Pont) 
pumps magnetic coupled centrifugal 
electrolyte flow 10 to 15 Vmin 
volt requirements 4 to 10 Vlcell pair 
current density 300 to 3 000 Alm2 

Pilot plant daily capacity 150 I effluent used to produce: 
3 kg NaOH (at 50 to 200 gil) 
135 I low quality water 
75 g (850 I) H2 gas 
600 9 (420 I) O2 gas 
15 I concentrated im~urities 

The cross-flow microfiltration tube was 12 mm in diameter and 30 m in length, although this 

was reduced to 20 m, and then further to 12 m during the trials. The cloth area for the 30 m 

length was 1,13 rn2, for the 20 m length was 0,75 m2, and for the 12 m length was 0,45 m2. 

The tube was wound in a spiral of 1 m diameter and was supported in a horizontal, circular tray. 

The inlet pressure on the unit was maintained between 200 and 300 kPa by adjusting the 

valve va on the retentate line, while the pressure drop down the tube was 100 kPa. 

Retentate flow rate was maintained at approximately 2 to 3 rnIs. Diatomaceous earth and 

limestone were used as filter aids. 
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Figure 6.1 
Schematic DIagram of Neutralisation Unit 
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6.1.3. Nanoflltratlon Unit 

The nanofiltration unit consisted of five components: a feed tank; a prefilter, installed as a 

precautionary measure; a pump for maintaining pressure and flow through the system; a 

nanofiltration module; and a product tank. Figure 6.3 is a schematic diagram of the unit. The 

cross-flow microfiltrate was transferred manually from the cross-flow product tank, T3 to the 

nanofiltration feed tank, T 4, which had a capacity of 50 litres. The prefilter was a wound nylon 

cartridge with a porosity of 5 jJ.ffi. Effluent was circulated through the unit using the high 

pressure pump, P3, which was fitted with a high pressure cut-out switch to safeguard the 

membrane in the event of a blockage. 

The membranes were spiral wrap FilmTec NF40. Two different membrane models were used, 

which differed in area. The manufacturer's specifications of these membranes are 

summarised in Table 6.2. Initially, model NF40-2S12 HP, with an area of O,S6 m2, and 

mounted in a stainless steel module holder, was used. For this model, inlet pressures of 1,6 

MPa were applied. A smaller module, NF40-1812, with an area of 0,37 m2, and mounted in a 

PVC/fibreglass module holder, was used towards the end of the trials. For this module, inlet 

pressures were maintained at 1 MPa (although the membrane could withstand higher 

pressures, the holder could not). Pressure and flow through the module were controlled by 

valves V12 and V13 on the feed and retentate lines respectively. Because the pump delivery 

was constant, the product flow rate was controlled by fixing the retentate flow rate at 

approximately 20 to 30 Vmin, and using valve V11 to control the flow rate to the module. No 

cooling system was fitted, although the temperatures were maintained below 4S'C to prevent 

degradation of the membrane. 

Table 6.2 
Nanoflltratlon Membranes: Manufacturer's Specifications 

Parameter Model NF40-1812 Model NF40-2512 

membrane area 0,37 m2 0,56 m2 
permeate flow1 

retention2 : 

0,097 m3/h 0,146 m3/h 

NaCI (58 g/mol) 45% 45% 
CaC~ (111 g/mol) 70% 70% 
MgS04 (120 g/mol) 93% 93% 
glucose (180 g/mol) 90% 90% 
sucrose (342 g/mol) 98% 98% 
raffinose (504 g/mol) 99% 99% 

operating pressure 1,0 MPa 1,6 MPa 
maximum pressure 4,1 MPa 4,1 MPa 
maximum feed temperature 45·C 45·C 
maximum free chlorine in feed 0,5 mgll 0,5 mgll 
recommended feed pH 2 to 11 2 to 11 

1 . 
Note. 2 gil MgS04 at 25 C and 1,6 MPa 

2 2 g/l solute at 25 ·C and 1,6 MPa 
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Figure 6.3 
Schematic Diagram of Nanoflltratlon Unit 
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6.1.4. Electrochemical Recovery Unit 

The electrochemical recovery unit comprised six components: anolyte feed tank; catholyte 

feed tank; two pumps for circulating the anolyte and catholyte; electrochemical cell containing 

a cation-exchange membrane; rinse water tank for cell flushing; and a regulated DC power 

supply. Figure 6.4 is a schematic diagram of this unit. 

The feed tanks, T6 and 17, each 60 litres capacity, were filled manually and the electrolytes 

were circulated though the system using pumps P4 and P5. The electrochemical cell was 

constructed from PVC and contained two cells of a bipolar stack, purchased from Steetley 

Engineering Ltd, in the UK. Each cell was fitted with a hydrogen generating dished steel 

cathode and a titanium anode which was coated with precious metal oxides that are specific to 

the application of oxygen generation. The anolyte compartment was sealed from the 

atmosphere, and the acid gases were piped to the absorption column. The hydrogen gas 

evolved from the catholyte was vented to the atmosphere. The electrochemical membrane 

was supplied by Du Pont, under the brand name Nafion. The Nafion 324 electromembrane 

type, a reinforced composite of two sulphonic acid films, was used, and the exposed 

electromembrane area was 0,05 m2 per cell. The electromembrane specifications are 
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summarised in Table 5.1. To minimise ohmic losses, the cell was operated with minimal gap 

between the electromembrane and electrodes, with the electromembrane-electrode distance 

being less than 5 mm. 

Figure 6.4 
Schematic Diagram of Electrochemical Unit 
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The flows of catholyte (sodium hydroxide) and anolyte (brine) through the cell were controlled 

by valves V16, V17 and V19, and V22, V23 and V25 respectively. Valves V18 and V24 

allowed samples of catholyte and anolyte respectively to be collected for laboratory analysis. 

The flow of electrolytes through the two cells was either in series or was divided to give parallel 

feed to each cell. Typically, the total flow to the unit was 800 I/h of anolyte and 900 Vh of 

catholyte (in series configuration, flow through each cell was equivalent to total flow, whereas 

in parallel configuration, flow to each cell was halved). 
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Electrolysis was conducted under conditions of constant current, maintained by a direct 

current (DC) power supply with a maximum capacity to provide 500 A and 25 V. The positive 

and negative terminals of the supply were connected to the anode and cathodes 

respectively. A digital readout voltmeter, together with platinum wires inserted on either side 

of the electromembrane, was used to measure accurately the potential differences between 

the electrodes; between the electromembrane and each electrode; and across the 

electromembrane. In order to prevent the heating of the electrolytes to temperatures in 

excess of 60 ·C, the voltage drop across both cells was maintained below 15 V, and the total 

power input was maintained below 1 100 W. A 10 mm change of liquid level in the electrolyte 

feed tanks was equivalent to a volume change of O,73litres. 

6.2. Experimental Procedures and trials 

The trials were designed to: 

1) Determine the technical feasibility of the treatment sequence; 

2) Evaluate the potential for the reuse of the products in the scouring operation; 

3) Provide data for the design of a commercial unit; 

4) Develop estimates for the cost effectiveness of the treatment sequence. 

All pilot-plant trials were conducted batchwise, as a series of individual experiments. Each 

individual experiment consisted of carbonation, cross-flow microfiltration, nanofiltration and 

electrolysis. The scouring effluent was neutralised to pH 8,5 with carbon dioxide gas. 

Thereafter it was treated by cross-flow microfiltration. The microfiltrate, clear and free of 

suspended matter, was transferred to the nanofiltration unit where the sodium salt was 

separated from the other constituents. The nanofiltrate was divided into two or three batches, 

and each batch was electrolysed in the anolyte compartment of the electrochemical unit until 

the desired degree of depletion had been achieved. Where additional carbon dioxide was 

required, this was produced by operating the electrochemical unit using a prepared solution 

of sodium carbonate or sodium bicarbonate. 

Table 6.3 summarises typical characteristics of the scouring effluent which was used in the 

trials. The concentration of the effluent varied with the type of fabric being processed, the 

level of control of operating parameters, and the rinse water flow. 

In total, 21 individual experiments were conducted (although five were carried out using other 

anode materials and are described in Section 6.4.3 below). Appendix 5 contains a detailed 
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description of operational procedures for each experiment, modifications carried out to the 

procedures and equipment during the trial period, mechanical problems encountered, and 

analytical methods for the determination of chemical parameters. During the three 

pretreatment stages, and as considered appropriate, samples of effluent, feed and permeate 

were taken and fluxes, pressures and temperatures were recorded. The pretreatment stages 

are conventional and proven techniques for applications similar to those for which they were 

being used in the current investigation. Furthermore, the principal advantage of the process 

lies in the ability to recover reusable chemicals and water. 

Table 6.3 
Characterisation of Scouring Effluent 

Determinand Units Ranoe 

pH - 13 to 14 
conductivity S/m 3to 9 
total carbon g/I 2,0 to 4,0 
inorganic carbon g/I 0,1 to 0,4 
organic carbon g/l 1,9 to 3,6 
chemical oxygen demand g/I 4to 14 
sodium g/I 4 to 12 
calcium mg/I 10 to 50 
magnesium mg/I 1 to 10 
carbonate g/I 1 to 3 
hydroxide g/I 2to 8 
total solids g/I 15 to 36 

Therefore, although the performances of the pretreatment stages were monitored, the 

operation of these stages was not considered to be as critical as the operation of the 

electrochemical recovery stage, the success of which was imperative to the success of the 

whole process. The experiments aimed to: 

1) Investigate the performance of the cross-flow microfiitration and nanofiitration processes 

for the pretreatment of carbonated effluent (experiments 1 to 21); 

2) Examine the long term effects of the process on the electrodes and electro membrane by 

repetitive operation of the electrochemical unit (experiments 1 to 17); 

3) Investigate the effect of catholyte and anolyte concentrations and current densities on 

current efficiencies and cell voltages (experiments 1 to 21); 

4) Investigate the effect of electrolyte flow rate and flow configuration on cell voltages and 

gas blinding (experiment 12); 

5) Determine the effects of a background salt concentration on the operation of the system 

(experiments 18 and 19); 

6) Determine the dependence of operational current densities and voltages on temperature 

and anolyte concentrations (experiments 1 to 21); 
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7) Determine the relationship between limiting current density and anolyte sodium 

concentration (experiment 18); 

8) Monitor changes in cell performance over time by repetitive operation using prepared 

solutions of sodium carbonate and/or sodium bicarbonate as a basis for comparison 

(experiments 1 to 18); 

9) Investigate the suitability of other anode materials (experiments 17, 19,20 and 21 - see 

Section 6.4.3). 

The results of the pilot-plant trials are presented in Section 7. 

6.3. Supplementary Investigations of Nanoflltratlon 

6.3.1. 

To supplement the main pilot-plant trials, laboratory investigations were carried out to examine 

certain practical aspects of nanofiltration under controlled conditions and assist in selecting 

the most suitable conditions for pilot-plant operation. In addition, theoretical chemical 

speciation and membrane transport modelling was carried out to describe and predict the 

observed performance characteristics of the membrane. The procedures for each of these 

investigations are described below. 

Effect of Electrolyte Characteristics on Nanofllter Performance 

To assist in identifying the preferred conditions for operating the pilot-plant nanofiltration unit, 

the retention and flux characteristics of the nanofiltration membrane on aqueous solutions of 

sodium carbonate were examined using laboratory apparatus. 

Apparatus 

A schematic of the three-cell laboratory rig, designed to hold three flat sheets (30 mm 

diameter) of FilmTec NF40 memprane, is shown in Figure 6.5 (Gutman, 1987). The effective 

membrane area of each cell was 0,0011 m2. The rig was designed to operate at an inlet 

pressure of 1,3 MPa, while a cooling system allowed the temperature of the circulating 

effluent to be maintained at 26 ·C. Unless otherwise specified, the flow rate was 1 Vmin, and 

the linear velocity was 2 m/s. 

procedure 

Prior to installation in the apparatus, the membranes were conditioned by soaking in 

deionised water for 24 hours. Test solutions were prepared using analytical grade chemicals. 

During the trials, the pH of the solutions was adjusted with nitric acid as appropriate and the 

system was allowed to equilibrate for 0,5 hours prior to sampling. The rig was cleaned with 
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de ionised water between each series of tests. During the runs, temperatures, pressures and 

flowrates were kept constant at 26 oC, 1,3 MPa and 1,010 IImin respectively, unless otherwise 

stated. 

Figure 6.5 
Schematic of Laboratory Nanoflltratlon Rig 
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P Rotameter 

Concentrate 
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Three relationships were investigated as follows. 

1) Effect of pH and concentration on retention performance. Sodium carbonate solutions 

containing 1, 10 and 30 gil Na were tested in three separate experiments over a pH range 

of 11,2 to 6,3 (where carbonate and bicarbonate anions co-exist) . Feed and permeate 

samples were analysed in order to characterise the inorganic carbon species present over 

the range of pH, and determine membrane retention variation as a function of solution pH. 

2) Effect of pH and concentration on flux performance. Examination of fluxes was carried 

out during the evaluation described in 1) above. 

3) Effect of pH on calcium and magnesium retention. In a fourth experiment, sodium 

carbonate solution, containing 10 gil Na, 10 rng/I Ca (as CaCI:J and 10 rng/I Mg (as 

Mg(OH):J was tested over a pH range of 11 ,0 to 7,0. Feed and permeate samples were 

analysed to determine the dependence of the retention of divalent ions on pH. 

The results of the laboratory tests are presented in Section 8.1. 
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6.3.2. Effect of Chelatlng Agents on Nanofllter Performance 

Using the equipment described in Section 6.3.1 above, the effect of chelating agents on the 

retention of calcium and magnesium in carbonate solutions was determined at a range of pH 

values. The test solution contained 10 gil Na, 10 mg/I Ca (as CaCI~ and 10 mg/I Mg (as 

Mg(OH)2), to which was added 0,1 gil of EDTA (as tetra-sodium satt). EDT A was selected 

following an investigation of five chelating agents to determine the most effective one 

(Pollution Research Group, 1989) . The retentions of divalent ions over the pH range 11,0 to 

7,0 were determined by the analysis of feed and permeate samples. 

The results of the trials are presented in Section 8.2. 

6.3.3 Chemical Speciation Modelling of Nanoflltratlon 

Whereas analytical methods were used in Section 6.3.1 and 6.3.2 to determine the main 

components in solution during nanofiltration, it was not feasible to use these methods for 

determining accurately the distribution of these components among all species which exis! at 

equilibrium. The availability of data precisely characterising and quantifying these chemicai 

species was considered to be an invaluable input for modelling the transport of ions through 

the nanofiltration membrane (see Section 6.3.4) and for providing a qualitative explanation of 

observed membrane performance. As a result, chemical speciation modelling was carried out 

to precisely define the water chemistry of carbonate solutions by describing the distribution of 

the various physico-chemical forms of ions, or species, present in the feed and permeate 

streams, and predicting precisely the number, type and concentration of these species. The 

modelling procedures combined analytical data of the main components in solution during 

nanofiltration with equilibrium chemical calculations to determine the distribution of these 

components among species. 

SpeCiation Program 

While a number of general speCiation programs are available in the field of physical chemistry, 

the program MINTEOA2 (Allison, Brown and Novo-Gradac, 1990), distributed by the United 

States Environmental Protection Agency was selected for use because of its user­

friendliness. MINTEOA2 is a versatile geochemical eqUilibrium speciation model for predicting 

the behaviour of components in dilute aqueous solutions, equilibrium compositions, and 

mass distribution of dissolved, adsorbed and multiple solid phases under a variety of 

conditions. It is used primarily as an environmental tool for predicting the behaviour of 

pollutants in surface and ground waters. 
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MINTEOA2 has an extensive thermodynamic database containing over 1 500 neutral and 

charged chemical species. It is designed to formulate and solve multiple-component chemical 

equilibrium problems by simultaneous solution of nonlinear mass action expressions and 

linear mass balance relationships. A detailed explanation of the chemical and mathematical 

concepts embodied in the model and the procedures for running it are given elsewhere 

(Allison, Brown and Novo-Gradac, 1990). For practical purposes, MINTEOA2 is 

complemented by PRODEFA2, an interactive preprocessing program used for creating input 

files. Chemical analysis data for the components of interest are used to predict the equilibrium 

composition. Other relevant invariant measurements, such as pH or pe, are also input. 

Procedure 

Speciation modelling was based on analytical results of hypothetical solutions containing 

sodium carbonate. The precise nature of the species present in solutions of different 

strength and pH was predicted by speciation modelling. Specifically, sodium carbonate 

solutions containing 1, 10 and 30 gil Na at pH values ranging from the maximum natural pH 

(determined by experimentation as 11,2; 11,3 and 11,5 respectively) to around 7,0, adjusted 

by addition of nitric acid, were speciated. In addition, hypothetical carbonate solutions (10 gil 

Na) spiked with calCium, magnesium and EDTA, were speciated to predict the effect of 

chelation on the distribution of hardness ions in solution. 

The speciation model was run using the following procedure: 

1) Primary information was conveyed through the input file using PRODEFA2. This 

information included the total dissolved concentration of each original component of the 

system (reaction products are not input), which were selected from a predetermined set. 

System parameters, including the temperature and pH of the solution, were imposed and 

inorganic carbon was defined as total carbonate concentration. From the input data, 

PRODEFA2 automatically guessed activities for each component which were then input 

into MINTEOA2. 

2) MINTEOA2 solved the eqUilibrium problem at fixed pH iteratively by computing mole 

balances from estimates of component activities. Specifically, it interpreted the input files; 

listed species together with log K values, enthalpy, molar mass, charge, and Debye­

Huckel constants; listed calculated concentration, activities and adjusted log K values for 

each species; provided percentage distribution of components among each species; 

provided values for mass distribution, ionic strength, and pH etc at equilibrium; and listed 

saturation indices of all database solids with respect to the solution. 
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3) From the output of 2) above, the concentrations of hydrogen ions present at equilibrium 

were determined and PRODEFA2 was then rerun by allowing the pH to be computed from 

hydrogen ion concentrations. The concentration of nitrate ions (added to the carbonate 

solution as nitric acid during pH adjustment) were also specified at this stage. 

4) The PRODEFA2 file output from 3) above was input to MINTEQA2 for recalculation of the 

variables described in 2) above. 

5) For the modelling of experiments 4 and 5, where the saturation indices in the MINTEQA2 

output from stage 4) above indicated that precipitation of calcium- and magnesium­

containing minerals was thermodynamically possible, PRODEFA2 and MINTEQA2 were 

rerun by allowing precipitation to occur. 

The concentrations, activities and activity coefficients fi)r each of the components and 

species present in solution at equilibrium were extracted and tabulated for each of the 29 

feed samples for the five experiments, to be used as input information in mass transport 

modelling (see Section 6.3.4). 

In addition, the effect was evaluated of changing solution concentration and pH on: 

1) The concentration of individual species, and the mass distribution of components 

between individual species. 

2) Total species present, and their distribution between neutral, anionic and cationic 

species, as well as between monovalent and divalent ions. 

Finally, the effect was determined of complexing agents on the speciation of calcium and 

magnesium components in a sodium carbonate solution (10 gil Na) at varying pH, and the 

precipitation potential of various calcium and magnesium species. 

The results of the chemical speciation study are presented in Section 8.3. 

6.3.4 Transport Modelling of Nanoflltratlon 

The purpose of this part of the study was to theoretically predict the separation ability of the 

nanofiltration membrane for the carbonatelbicarbonate system, over a range of different pH, 

concentration and operating conditions, and to compare the predicted results with 

experimental results from the investigations described in Section 6.3.5. 
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Membrane Transport Program 

A membrane separation process modelling program, PREMSEP, written in Borland C++ to 

run under MS-Windows, was developed during the course of the current investigation 

(Brouckaert, Baddock and Wadley, 1994), and used interactively to interpret the speciation 

data. The program provides a framework in which a variety of membrane transport models 

could be set. It was implemented as a set of objects which interact with each other in a similar 

way to their physical counterparts (at least in the context of a membrane separation plant). 

These objects are primarily chemical components, membranes, modules, and streams, 

although these may have sub-objects which handle various aspects of their behaviour. For 

instance, a stream has an intensive thermodynamic state object and one or more experimental 

data set objects associated with it. The idea is that, when considering membrane transport 

modelling code, one should be able to focus on how the membrane interacts with a stream 

and its components, without being concerned with other aspects such as the module 

geometry or how to obtain model parameters from experimental data by regression. 

The membrane transport model is based on the extended Nernst-Planck diffusion equation, 

which calculates an electrical potential gradient that imposes electro-neutrality on the fluxes of 

the diffusing species. Charged membranes are modelled by including the concentration of 

fixed ionic groups in the electro neutrality condition. Neutral species are accommodated in the 

same framework. 

Procedure 

The PREMSEP model was developed by Brouckaert in conjunction with the nanofiltration 

experilJlentation. Specific experimental and chemical speciation data was determined as 

required for the program development. The program was used to extend the quantitative 

understanding of the nanofiltration process. 

The experimentally determined feed and permeate compositions were speciated using 

MINTEQA2 (Section 6.3.3). This data, together with the experimentally determined permeate 

flux, operating pressure, flowrates and temperatures (Section 6.3.5,) was used to regress for 

the membrane transport parameters. Water flux and gross permeate composition were 

predicted as a function of feed pressure. Also, water and solute fluxes (individual species) were 

predicted as a function of pH. This data was used to calculate concentrations of individual 

permeate species, which were then summed to give total component concentrations. Note that 

the reported permeate composition is not at equilibrium, and the permeate will respeciate. 

The results of the transport modelling are presented in Section 8.5. 
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6.3.5 Supplementary Experimentation for Quantitative Explanation of Membrane 
Performance and PREMSEP Development 

While the experiments described in Section 6.3.1 and 6.3.2 provided practical information on 

general retention and flux performance characteristics of the nanofiltration membranes, a 

further series of experiments (nanofiltration experiments 6 to 9) was considered necessary to 

obtain detailed experimental results, against which the speciation and the mass transport 

model (PREMSEP) could be verified and for which qualitative explanations of membrane 

performance, based on mass transport theory, could be provided. Four separate 

experiments were carried out using the flat sheet rig in accordance with the procedures 

described in Section 6.3.1. The initial solution in each case was prepared from analytical 

grade anhydrous sodium carbonate, and nitric acid was used for pH adjustment. The 

experiments were run at 26 °C. The conditions are summarised in Table 6.4, and are the 

same as those ,c;pecified for the hypothetical solutions for which speciation and mass transport 

models were developed (as described in Sections 6.3.3 and 6.3.4 above). 

Table 6.4 
Summary of Experlmen1al Conditions for Nanoflltratlon Modelling Experiments 

Experiment Feed Concentration pH Range Pressure Flow 
No (gil Na as Na2C03) (MPa) (mVmin) 

6 1 11,Oto6,9 1,3 1010 

7 10 11,2 to 7,2 1,3 1010 

8 30 11,5to7,9 1,3 1010 

9 10 9,6 variable at 0,4; variable at 445; 
0,85 and 1,5 1 010 and 1 610 

While the first three experiments were used to provide data for speciation modelling, the 

fourth experiment provided data for evaluating the effect of pressure and flow on membrane 

performance and predicting the occurrence of concentration polarisation. 

During each experiment, samples of the feed and permeate were collected and analysed for 

pH, conductivity, osmotic pressure, sodium ions, total inorganic carbon, hydroxide ions, 

carbonate ions and bicarbonate ions. Temperatures, flows, pressures and fluxes were also 

recorded. 

Various correlations were developed between the experimentally observed water and solute 

fluxes and the operating conditions, particularly applied pressure, crOSS-flow velocity and 
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solution pH, and these were explained using a combination of transport theory and 

predictions of speciation. 

Predicted concentrations of individual species were used to determine the osmotic pressure 

of the solutions by a computer model based on the method described in Section 5.4.3.3. 

These were compared to experimentally determined results and used to explain observed 

flux and retention variations under conditions of constant and changing applied pressure. 

Finally, the experimental results were used to test the predictions of the transport model 

PERMSEP at different stages during its development (Section 8.5). They provided a full set 

of target data towards which the model could be iteratively modified to produce predictions 

that would more closely predict the practical situation. 

The results of nanofiltration experiments 6 to 9 are discussed in Section 8.4. 

6.4 Supplementary Investigations of Electrolysis 

6.4.1. 

To supplement the main pilot-plant trials, certain laboratory investigations were carried out to 

examine selected practical aspects of electrolysis under controlled conditions, specifically the ... 

fouling and cleaning of the electro membrane, and the use of other electrode materials. The 

results of these investigations were used to assist in selecting the most suitable conditions for 

pilot-plant operation, explaining observations made during pilot-plant operation and selecting 

the design criteria for the full-scale plant. The procedures for each of these investigations are 

described below. 

Electromembrane Fouling 

In order to evaluate the life of the ion-selective, cation permeable electromembrane, a fouling 

test was undertaken under controlled conditions in the laboratory. 

Apparatus 

The equipment used was a small-scale replica of the electrochemical cell used in the pilot­

plant trials, as illustrated in Figure 6.6 (Schoeman, 1986). It consisted of a two-cell flow­

through apparatus, feed tanks, power supply and electrical instrumentation. Pumps delivered 

a flow of 2 Vmin through each cell. The flow-through apparatus comprised two Perspex cells, 

fitted with neoprene gaskets, between which the electro membrane was clamped. The 

electromembrane used in the test was a Nafion 324 cation exchange electromembrane, 

conditioned before use by soaking in 10 % NaOH for 24 hours. The exposed area of the 
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electro membrane and the two platinum electrodes, positioned on either side of the 

electromembrane, was 0.001 m2• 

Platinum probes extended into each cell, at a distance of 9,5 mm on either side of the 

electromembrane (Figure 6.7) and were connected to a potentiometric high impedance input 

chart recorder and a digital readout voltmeter, in order to measure the volt drop across the 

electromembrane. A DC power supply, equipped with constant current control, was used to 

maintain the required conditions of current density. 

" 
Anolyte 

NaCI 

Figure 6.6 
Schematic Diagram of Fouling Apparatus 
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Figure 6.7 
End and Side View of Flow-Through Cell Showing Position of Platinum Probes 

Membrane 

+ 
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Procedure 

The experiment ran continuously over a 4 month period. during which time 160 I of pretreated 

effluent. divided into four 40 Ibatches. was electro lysed. The pretreated effluent constituted 

the anolyte. while the catholyte was 40 I of 10 % NaOH. The electrolytes were pumped 

through the respective chambers of the test cell. At the beginning of each batch run. a 

constant current density of 1 200 Nm2 was applied. but as the electromembrane voltages 

increased. the current density was reduced progressively to 500 Nm2• When the 

electro membrane volt drop at this current density became unacceptably high. the anolyte was 

replaced. The potential difference between the two platinum probes was monitored on both 

the chart recorder and the digital voltmeter. The chemical compositions and temperatures of 

the electrolytes were monitored throughout each experiment. 

Between batches 3 and 4. the electromembrane was subjected to acid treatment to remove 

visible insoluble material from its surface. The cleaning electrolytes complied with the 

speCifications given by Burney and Gantt (1983) (see Section 5.4.4.8). that the pH must be 

maintained below that of the electrolyte that was in contact with each side of the 

electromembrane during normal operation. Approximately 500 ml of 6 N nitric acid was diluted 

to 20 I giving an acid wash solution of pH 1.8. This constituted the anolyte. The catholyte was 

5 I of deionised water. The apparatus was operated for a period of 48 hours. with samples of 

cleaning solutions taken after 24 and 48 hours. 

The results of the fouling trials are presented in Section 9.1. 
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6.4.2. Electromembrane Cleaning 

Laboratory tests were carried out to investigate the possibility of using nitric acid to rejuvenate 

the heavily-scaled electromembrane removed from the pilot-plant unit. Three cleaning 

techniques were examined: 

1) Acid soaking in a stirred container; 

2) Electrolysis using acidic electrolytes; 

3) A combination of acid soaking followed by electrolysis. 

The development of an effective and efficient method for restoring electro membrane 

performance is critical in ensuring long electromembrane life, a necessary criteria for the 

economic viability of the process. 

Apparatus 

The tests were conducted batchwise in a small electrochemical cell (Figure 6.8), consisting of 

two compartments, each capable of holding 860 ml, separated by a sheet of fouled 

Nafion 324 electromembrane with an exposed area of 0,0081 m2. The electrodes, 

positioned 23 mm apart on either side of the electromembrane, were constructed from 

expanded platinised titanium mesh. Overhead stirrers were used to agitate the electrolytes. 

A DC power supply, delivering a maximum of 3 A and 60 V, and connected to a digital read out 

voltmeter, was used to provide the desired current. 

procedure 

The tests were preceded by the qualitative identification of the visible white crust, which 

formed on the electromembrane surface during the pilot-plant trials as a result of water 

polarisation and back migration of carbonate, bicarbonate and hydroxide ions. Portions of the 

electromembrane were cut to fit the laboratory apparatus. The success of the cleaning 

procedure was evaluated by monitoring the performance of the electromembrane during 

electrolysis of sodium bicarbonate and sodium hydroxide solutions, both before and after 

cleaning. 

During de scaling by the acid-soaking procedure, the electromembrane was immersed in a 

beaker containing a solution of nnnc acid, which was agitated by means of a magnetic stirrer. 

Aliquots of nitric acid were removed from the beaker for analysis of calcium and magnesium. 

During electrolytic descaling, the electro membrane portion was mounted in the laboratory 

cell, and the two electrolyte compartments were charged with nitric acid. A constant current 
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was then passed between the electrodes for a certain period of time, during which aliquots of 

the electrolytes were removed and analysed to determine the concentration of calcium and 

magnesium. 

Figure 6.8 
Schematic of Laboratory Apparatus for Electromembrane Cleaning 

..,... Overhead stirrers --. 

Electrodes (platinised 
titanium mesh) 

pvc cell 

In order to evaluate the performance of the electromembrane, it was mounted in the cell, and 

the compartments were each charged with 800 ml of electrolyte. The anolyte was a solution 

of sodium bicarbonate (50 gil) and the catholyte was sodium hydroxide (100 gil). The cell was 

operated at a constant current density of 310 Alm2 for five to eight hours, during which time 

aliquots were removed and analysed for sodium, bicarbonate, carbonate and hydroxide ions. 

The volt drop between the electrodes, system temperatures and volumes of the electrolytes 

were also monitored. 

The experimental parameters for four sets of experiments is summarised in Table 6.5. The 

results of the cleaning tests are presented in Section 9.2. 
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Table 6.5 
Summary of Experimental Procedure for Electromembrane Cleaning 

"""'E"xpenment DesCllptJon I:lectrolytel::iOlutJon Current Durabon FarasilYS 
Density (h-min) (F) 
CAlm2) 

1.1· reference run - scaled membrane anolyte 50 gt1 NaH~ 310 5-15 0,49 
calholy1e 1 00 ~ NaO 

39J 945 0,92 1.2 reference run - virgin membrane anoly1e 60 ~ a~~ 
catholv1e 1 i ~ aO 

2.1 acid electrolysis anoly1e HNC>:J pH 1,5 62 21-00 O,::S 
(2batch~ 240 20-00 1,49 
catholyte NC>:J pH 1,5 

2.2 performance lest anolyte 50 ~ NaH~ 310 540 0,&3 
calholy1e 1 gil Na 

2.3* acid electrolysis anoly1e HN~H 1,8 9) 8-35 0,13 
catholyte HN pH 1,8 

2.4 performance lest anol~50 ~ ~aH~ 2B5 6-00 0,51 
catho 1 NaO 

3.1· acid soak 2000 ml HNO:J pH 1,5 - 72-00 -
3.2 performance lest anolyte 50 gt1 NaH~ 310 &-20 0,62 

calholy1e 100 gil NaO 

3.3* acid soak HNC>:J pH 0,5 - 72-00 -
3.4 performance lest anolyte 50 ~ NaH~ 310 5-35 0,52 

calholy1e 1 gJ1 Na 

3.5* acid soak 600 ml HN~ pH 1,3 - 47-05 -
4.1 acid electro~is on acid-soaked anolyte HNO~H 2 62 16-00 O,~ 

electromem rane ca!holyte HN pH 2 

4.2 performance lest anolyte 50 gt1 NaH~ 310 7-45 0,54 
ca!holy1e 100 gil NaO 

4.3 acid electrolysis anolyte HNO~H 1 62 &-45 0,13 ca!holyte HN pH 1 

4.4 performance lest anolyte 50 gt1 NaH~ 
ca!holy1e 100 gJ1 NaO 310 6-00 0,56 

"Note lI1at ~aenoles eacn case In which a nfNI seebon Of scaled electromembrane was usea. 

6.4.3. Other Electrodes 

Under normal circumstances, dissolution of the precious metal oxide, with the accumulation of 

nonconducting oxides in the interfacial layer between the titanium base metal and the 

coating, was found to be minimal for the dimensionally stable anodes (DSA), and a long anode 

life was predicted. However, the costs of recoating, even infrequently, are high and it was 

considered appropriate to evaluate possible other anode materials. 

During the pi/ot-plant trials, the substitution of coated anodes by stainless steel was 

investigated (experiment 17). In addition, nickel anodes were evaluated both on pilot-plant 

scale (experiments 19, 20 and 21) and in the laboratory. The laboratory experiments were 

specifically designed to allow the corrosion rate of the nickel anode to be correlated with the 

anolyte pH. 
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Pilot-Plant procedure 

At the end of experiment 17, the manifold system of the cell was rearranged to allow use of 

one cell only. This cell was fitted with two stainless steel electrodes. Electrolysis was carried 

out using a solution of sodium bicarbonate (50 gil) as anolyte, while physical and analytical 

measurements were taken in a manner similar to those described for the other pilot-plant trials. 

The experiment was discontinued after 1,75 hours because of visible corrosion of the anode. 

For the latter part of experiment 19, and for experiments 20 and 21, electrolysis was carried 

out using a nickel anode. In total, the cell was operated for over 30 hours before tests were 

discontinued because of anode corrosion. The pH of the anolyte was observed to range from 

approximately 9 to 6. 

Laboratory Apparatus 

The two-cell flow-through apparatus described in Section 6.4.1 and shown in Figures 6.6 and 

6.7 was used. The platinum anode was replaced by a nickel anode, while the cathode material 

was platinum. 

Laboratory procedure 

The anolyte constituted 5 I of a solution of sodium bicarbonate (50 gil) and sodium carbonate 

(20 gil), while an equivalent volume of sodium hydroxide (100 gil) was used as the catholyte. 

A constant current, ranging from 1 000 to 2 000 Alm2 was applied for a period of almost 100 

hours, during which time intermittent measurements were taken for temperature, 

electromembrane volt drop, cell volt drop, anode mass, and pH. In addition, aliquots of 

samples were collected for analysis and the anode was visually inspected. From the 

experimental data, it was possible to correlate the loss in the mass of the anode with the pH of 

the solution to determine whether there was a potential-pH zone of operation in which the 

nickel would exhibit immunity to corrosion. 

The results of the evaluation of other electrode materials are presented in Section 9.3. 
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SECTION 7 

RESULTS AND DISCUSSION OF PILOT PLANT TRIALS 

This section presents and discusses the results of the pilot plant investigations aimed at evaluating 

the technical and economic performance of the treatment sequence and examining the inter­

dependence of the most important process variables. The apparatus and procedures relating to 

these investigations are presented in Sections 6.1 and 6.2, while the theory is discussed in 

Section 5. 

Appendix 6 is a record of all results, data manipulations and calculations for the pilot plant trials, and 

includes: 

1) 92 tables of analytical and physical data relating to each of the four stages of the treatment 

sequence for each of experiments 1 to 19; 

2) 56 tables of calculations of current efficiencies for changes in concentration of sodium in the 

catholyte and anolyte, hydroxide in the catholyte, inorganic carbon in the anolyte, and inorganic 

carbon and hydroxides in the absorption column feed for all electrolysis stages of experiments 1 

to 19; 

3) Polarisation data for experiment 18B; 

4) Data relating to monitoring of the condition of the anode (DSA). 

The discussion below does not relate to experiments 17B, 19B, 20 or 21 , which aimed to evaluate the 

performance of other anode materials. The results of these evaluations are discussed in Section 9.3. 

The current discussion is subdivided as follows. Section 7.1 examines, in general terms, the effect of 

each stage of the treatment sequence on the characteristics of scouring effluent. Sections 7.2, 7.3 

and 7.4 examine the performance of the neutralisation, cross-flow microfiltration and nanofiltration 

pretreatment operations separately and respectively. The discussion on the performance of the 

electrochemical recovery unit is presented in Section 7.5 and examines current efficiencies, power 

consumption, interdependence of operational variables (such as temperature, flow, electrolyte 

concentrations, current density and applied potential), anode and electromembrane performance, 

recovery of sodium salts, water transport, and background concentration closed-loop rinse recycle. 
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7.1 • Effect of Treatment Sequence on Scouring Effluent 

pH 

The intermediate and final characteristics of the treated effluent and the recovered sodium 

hydroxide are presented in Table 7.1. The scouring effluent contained 8 g/I of sodium, 

present mainly as sodium hydroxide and carbonate and was contaminated by organic 

compounds (8 gil COD) and calcium and magnesium compounds (10 to 60 mgli in total). The 

treatment sequence was designed to remove colour and impurities and to recover sodium 

hydroxide from the effluent. The pretreatment stages neutralised the effluent and removed 

approximately 95 % of the COD, all the colour, 80 % of the organic impurities (as TOC), 90 % 

of the calcium compounds, and 85 % of the magnesium compounds. 

In the final stage, the sodium hydroxide was recovered as a pure solution at a concentration 

between 100 and 200 gil. This stream was suitable for reuse in the scouring saturator. The 

depleted effluent contained low concentrations of dissolved solids, and was suitable for 

reuse in the scouring rinse range. 

The cross-flow microfiltration and nanofiltration stages produced two retentates, each 

containing 50 to 60 gil total solids, and together comprising 1 ° to 20 % of the volume of the 

total effluent treated. 

Table 7.1 
Average Composition of Scouring Effluent After Each Stage of 

the Treatment Sequence 

13,5 8,6 8,4 9,0 5,2 

ereCI 
NaOH 

CondJctivity mSlcm 6400 2400 2500 2XJO 
14,0 

ax> 
TS 
TC 
TIC 
TOC 
COD 
NaOH 

~go3 
Na 
Ca 

7.2. 

~ 22,0 22,0 
4,0 7,9 

~ 
0,3 4,3 
3,7 3,6 

~ 
8,3 8,3 

10,0 0 
2,6 1,9 

~ 0 16,1 
8,4 8,2 

mgll 45,0 45,0 
mil 7,0 5,0 

Neutralisation 

al,O 
7,6 5,9 
4,6 5,2 
3,0 0,7 
5,3 0,5 

0 0 
2,0 3,4 

16,5 11,5 
8,8 7,2 

3 2 
2 1 

0,5 
0,4 

0 
0,4 
0,5 

0 
0 
0 
0,3 

2 
1 

170,0 
1,5 

o 
97,0 

The inorganic carbon balance across the system (between the electrochemical cell and the 

absorption column, obtained from the raw data in Appendix 6) indicated that carbon dioxide 

absorption was complete, with no gas loss in the absorbant pH range 8,0 to 14,0. Most 

efficient recovery of sodium salts in the nanofiltration stage was achieved when the pH of the 
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effluent was lowered to between 8,0 and 8,5 during neutralisation (see Appendix 6). In this 

pH range, the predominant inorganic carbon species was the bicarbonate ion (see 

Figure 5.3). The neutralisation process also resulted in the formation of a fine suspension of 

insoluble organic compounds, believed to be waxes, pectins and other similar cotton extracts 

(See Section 2.5.2). 

7.3. Cross-Flow Mlcroflltratlon 

Cross-flow microfiltration removed the suspended, particulate and colloidal matter from the 

neutralised effluent, producing a clear, but coloured, product. This matter included 

saponified waxes and pectins, lint and other insoluble contaminants. Point retentions are 

summarised in Table 7.2. Variable results are explained by changes in effluent compositions 

and microfiltration feed, varying operation of the microfilter unit which affected retention and 

sampling analytical error. During the pilot-plant study, the total reduction in contamination 

averaged 40 % for COD, 10 % for total solids and over 50 % for calcium compounds. 

Although performance varied with operating conditions and procedure, optimum 

performance was obtained when the cross-flow microfiltration unit was operated at an inlet 

pressure of 300 kPa, with a feed velocity of 3,0 to 3,5 mis, and using a limestone (15 J.I.ITl) 

precoat, applied before 'exposure of the tube surface to the effluent at a coverage of 

100 glm2. Under these conditions, calcium retentions were above 90 %, while fluxes 

averaged 50 Vm2h at 20 ·C. Flux and retention performances were poor under non-ideal 

conditions. For example, at feed velocities below 2 mls and pressures below 150 kPa, fluxes 

dropped to 5 Vm2h; while with a poorly applied precoat, retentions of calcium and magnesium 

averaged 35 to 55 %. 

The most effective cleaning solution for the removal of waxy deposits on the surface of the 

cross-flow microfiltration fabric was a solution containing 20 gil sodium hydroxide and 1 gil 

scouring detergent, which was recirculated through the tube for 2 to 3 hours. 

Up to 90 % of the initial feed volume was recovered as filtrate. It was not possible to achieve 

higher recoveries because the pipework of the system limited retentate volumes to a 

minimum of 10 litres. Because of outdoor operation and prevailing climatic conditions, up to 

25 % of the volume of the permeate was lost during each run as a result of evaporation as it 

passed through the tubes. 
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Table 7.2 
Point Retentions for Cross-Flow Mlcroflltratlon (%) 

Experiment TOC TIC COO Na Ca tJg Total TS 
CO2 

1 72 0 35 3 48 0 10 35 
2 33 14 39 0 12 0 2 13 
3 25 25 36 2 28 0 25 7 
4 100 0 91 0 0 - 15 62 
5 67 0 90 0 54 0 16 14 
6 - - - - - - - 45 
7 25 30 70 2 26 62 3 15 
8 28 25 65 4 64 38 15 27 
9 65 28 58 15 77 50 17 28 

10 50 4 - 1 54 40 5 -
11 20 20 35 12 50 15 18 18 
12 12 10 63 0 65 29 5 17 
13 71 31 - 6 86 78 21 26 
14 83 3 - 25 81 63 34 32 
15 78 2 - 5 68 52 5 28 
16 67 25 95 26 62 50 30 40 
17 78 2 - 0 70 82 13 30 
18 - - - 7 70 10 0 4 
19 - - - 7 50 20 15 10 

Averaqe 55 14 61 6 54 35 15 25 
TIC IOtallnor gan IC C ifOOn; H .. IV total organiC ca.roon; ~u cnemlC aI oxygen oemarn ; I::; tola solids 

7.4. Nanoflltratlon 

Appendix 6 contains the experimental data. Control of the pH of the feed to the nanofilter 

was important to ensure that the sodium present was predominantly associated with the 

monovalent bicarbonate species. In the form of sodium bicarbonate, the sodium could 

permeate the membrane and be separated from the effluent contaminants. Since, in the pH 

range 8 to 8,5, a significant portion of the ions in the feed were monovalent, and readily 

permeated through the membrane, there was a minimal osmotic pressure differential across 

the membrane and consequently a high flux could be obtained at a low pressure. Because of 

the pH dependence of the bicarbonate/carbonate ion equilibrium, feed pH was the most 

important factor affecting flux through the membrane. For example, at ambient temperature 

(25 ·C) and at an inlet pressure of 1 MPa, average fluxes varied from 5 Vm2h at pH 9,7 to 

30 Vm2h at pH 8,0. Marginal flux decline occurred during each individual experiment at high 

permeate recoveries. Membrane fluxes dropped after experiment 4, in which the retentate at 

93 % permeate recovery contained particulate matter, causing irreversible physical blockage 

of the flow passages in the membrane structure. 

Nitric acid was used to control the pH of the feed within the range of 8 to 8,5. This was 

necessary, since the disproportionate removal of bicarbonate ions from the feed, relative to 

carbonate ions, caused an increase in the ratio of carbonate and bicarbonate ions remaining, 

and thereby a progressive increase in feed pH. 
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Point retentions during nanofiltration are summarised in Table 7.3 for experiments 1 to 19. 

The total reduction in effluent contaminants during nanofiltration averaged 90 % for COD and 

50 to 70 % for calcium and magnesium compounds. Sodium point retentions were 20 to 

30 %, although it was possible to recover up to 90 % of the sodium in the feed. In addition, 

all residual colour was removed. Supplementary investigations (see Section 8.1) indicate that 

retentions of free ionic species decrease with increasing concentration as a result of 

increased charge shielding of the membrane surface by counter-ions. During the pilot-plant 

trials, retentions of sodium and inorganic carbon species followed this trend. However, 

retentions of organic compounds, calcium and magnesium increased at high permeate 

recoveries. This phenomena is expected for organic compounds, which are retained on a 

size exclusion basis, since concentration increases the portion of non-permeable species in 

the feed. The fact that calcium and magnesium followed the same trend as the organic 

compounds suggests that they are present mostly in a chelated form. 

Table 7.3 
Point Retentions for Nanoflltratlon (%) 

Experiment TOC TIC 000 Na Ca MJ Total TS 
CO2 

1 85 - 96 60 92 95 55 68 
2 0 65 91 32 75 44 20 40 
3 70 72 91 42 91 72 25 53 
4 - 33 n 24 64 42 18 31 
5 85 25 83 25 72 48 30 44 
6 74 45 85 39 55 58 29 49 
7 67 18 90 29 72 63 24 41 
8 70 30 87 35 63 70 32 50 
9 70 47 82 20 61 46 20 29 
10 98 0 99 11 80 85 7 40 
11 48 23 85 30 - 64 35 45 
12 50 40 72 42 - 60 40 44 
13 92 15 - 23 78 68 25 38 
14 15 61 - 23 42 48 15 32 
15 40 10 - 26 60 53 23 31 
16 73 42 91 40 74 53 43 30 
17 - - - - - - - -
18 - - - 12 40 32 28 4 
19 - - - 13 66 68 6 15 

Averaqe 62 35 94 29 70 61 28 38 
tOtal inorganiC carbon; IllV tOtal organiC carbon; lAJU dlemlC:U oxygen oemano; I ~ total TIC solids 

Nanofiltration was carried out to permeate recoveries in excess of 90 %. Recovery was limited 

by the requirements of a minimum liquid level in the feed tank. If it had been physically 

possible to achieve higher permeate recoveries, a greater portion of the sodium would have 

been recovered. 

Membrane cleaning was most effectively achieved using scouring detergent (Kieralon) and 

circulating this through the module for 2 to 3 hours. 
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The nanofiltration component of the pilot trials achieved three purposes: 

1) It provided a mechanism to pretreat and soften the scour effluent to a quality suitable for 

subsequent trials to evaluate the recovery of sodium hydroxide by electrolysis. 

2) It allowed the practical aspects of the technology to be assessed for the purpose of 

removing organic and inorganic impurities from sodium carnonate/bicarbonate solutions. 

3) It provided technical information which could be used in the design and operation of a full­

scale treatment and recovery plant. 

However, the pilot nanofiltration trials were not designed to provide information on the 

detailed mechanism of the chemical transport process and the precise effects of operating 

variables on membrane performance. Thus, the results of these trials should be viewed in 

combination with those from the supplementary investigations relating to the nanofiltration of 

sodium carbonate solutions (Section 8), in which controlled laboratory experiments aimed to 

examine the precise effects of solution chemistry and operating parameters on membrane 

performance. 

7.5. Electrochemical Recovery 

7.5.1. 

The pilot-plant electrochemical recovery stage, being the heart of the process, was designed 

specifically to provide a detailed analysis of all variables affecting the operation and 

performance of the cell and to define the dependencies of membrane and electrode 

performance on these variables. Because of the original nature of the work on the electrolysis 

of pretreated scouring effluents and low concentration carbonate solutions in the presence of 

high levels of impurities, this information could not be deduced from outside sources, but was 

considered critical to the evaluation of the technical and economic viability of the overall 

process. As with nanofiltration, some aspects of the evaluation, including electromembrane 

fouling, were considered more appropriately carried out under controlled laboratory 

conditions. Thus, the results of the pilot-scale tests should be viewed in combination with the 

results of the laboratory experiments discussed in Section 9. 

Current Efficiency 

The current efficiency (Tl) for sodium hydroxide recovery determines the plant size and 

operational costs. The current efficiencies for all the experiments are summarised in 

Table 7.4. 
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Table 7.4 
Summary of Electrolysis Results 

xpenment Anolyte Tnmar Flnar Tnllial FlnaT TnITial Ilnlllal IOtaf 

%\. %\r %\. Anolyte Anolyte Cathogte t;::athogte COat Temp. Faradays 
gJI Na gJlNa gllNa H gllNa H 9V ·C 

Na Gl CO2 Alm2 

~. Jlfa2C?3 ~ 2 1~ lro- 1mJ ~ 16 a:> a:I 71 
nanofiltral9 2 0,3 113 3:X) 1,0 a:> 0 8) 

18 nanofiltral9 2 0,3 122 113 3:X) a; 1,3 65 100 fa 
2carb. Na2COJ 45 3 55 113 1300 18 51 00 5) 84 
2A nanofiltral9 6 0,7 ffi 100 - - 3,8 64 76 8) 
28 nanofiltral9 6 0,7 92 100 - - 3,0 55 100 fa 
3carb. Na2COJ 45 6 ffi 240 - - 5) Eli a:> ED 
3t\ nanofiltral9 12 0,6 121 136 600 24 7~ 00 65 a> 
:B nanofiltral9 12 2 131 139 EXJO 15 6,6 m 65 Q) 
4carb. Na2C0:3+NaHCOJ 3) 5 122 188 123) 18 33 78 63 EB 
4A nanofiltral9 7 0,3 ~ 124 ms 15 7,8 58 55 53 
48 nanofiltral9 7 0,3 100 129 418 3) 8,1 53 40 51 
4C nanofiltral9 7 0,3 107 13) 440 22 6,5 68 3) EB 
5carb. Na2C0:3+NaHCOJ 32 11 92 148 870 16 33 65 5) $ 
&. nanofiltral9 5 0,3 $B 13) 616 19 4,6 E9 ED 51 sa nanofiltral9 4 0,3 g) 110 488 16 3,8 5) 100 61 
5C nanofiltral9 6 0,3 fIl 93 474 21 2,8 82 5) 52 
6carb. Na2C0:3+NaHCOJ 29 13 100 137 1400 22 32 58 ED 84 
7carb. Na2C0:3+NaHCOJ 29 5 5) 153 1168 a; 41 eo 53 5B 
7A nanofiltral9 5 0,4 162 181 ffi4 Z3 5.3 51 ED .s 
7B nanofiltral9 6 0,5 151 166 655 Z3 4,6 68 68 61 
7C nanofiltral9 7 1 111 100 657 Z3 4,9 01 - 5B 
8carb. Na2COJ Zl 16 94 122 1100 22 23 64 ED $ 
eA nanofiltral9 8 3 lED 177 920 22 8,1 52 - S) 
8B nanofiltral9 5 0,2 148 155 652 19 5,1 51 - 44 
8C nanofiltral9 5 0,4 110 124 62) 18 6,9 5) - q 
9carb. Na2COJ 2B 18 104 137 925 22 2S 5) 42 4) 
9A nanofiltral9 8 0,5 172 177 7ZJ 2S 8,3 53 2S S) 
9B nanofiltral9 6 0,3 126 141 €S2 18 7,4 41 5) 41 
10 carbo Na2COJ 2B 9 fIl 143 - - 34 eo 41 -lOA nanofiltral9 8 O~ 101 184 195 a; 8,9 43 72 4) 
108 nanofiltral9 8 0,3 143 148 670 21 8,0 5) 42 S) 
11 carbo Na2COJ 3) 7 104 165 1000 3) 45 62 40 S) 
llA nanofiltral9 7 0,3 148 169 62) • 16 10 58 m S) 
118 nanofiltral9 7 1 153 161 62) 19' 11 42 48 42 llC nanofiltral9 7 0,1 111 131 62) 19 9,4 f9 3) .s 
12A nanofiltral9 7 1 113 123 ax> 3) 12 40 40 33 128 nanofiltral9 6 2 113 113 ax> 19 9,1 43 - S) 
13carb. Na2C0:3+NaHCOJ 31 13 104 132 $a) 18 33 75 50 75 13t\ nanofiltral9 5 0,4 111 118 - 3) 7,0 46 55 4) 
138 nanofiltral9 8 0,4 93 100 62) Z3 9,7 48 - fD 13C nanofiltral9 8 0,7 100 105 750 22 11 55 - 42 14A nanofiltral9 4 0,7 100 111 520 24 6,9 $ - 4) 
148 nanofiltral9 5 0,4 9) 100 62) a; 7,0 43 - 34 14C nanofiltral9 6 1 fIl 102 555 22 7,6 $ ED 4) 
15 carbo Na2COJ 18 0,4 88 117 1000 Z3 Z3 48 44 q 
1&. nanofiltral9 5 0,8 fIl 100 - 2S 5,8 63 62 fD 158 nanofiltral9 5 0,8 70 78 4a:> 2S 5,5 53 70 51 15C nanofiltral9 5 0,7 78 97 - 22 4,3 54 - <C3 16A nanofillral9 4 0,9 00 S5 a:o 24 4,1 S) 57 $ 168 nanofiltral9 5 1 65 84 - Z3 4,4 53 a:> 53 17carb. Na2COJ 21 2 91 112 78) 21 17 S) 43 48 18 carbo Na2COJ 25 0,6 63 8) 7ZJ a; :r7 5) 5) S) leA nanofiltral9 41 a; 62 leak 1045 Z3 46 55 - ED 188 nanofiltral9 48 9 94 00 $a) 19 41 70 50 70 19A nanofiltral9 39 19 56 40 ax> 2S 3) eo 45 77 

Current efficiencies may be calculated from changes in the concentration of cations and 

anions in the anolyte, catholyte and absorption column during electrolysis (see 

Section 5.4.4.6). In theory, current efficiencies calculated by each method should be 

equivalent, although they vary in practice as a result of sampling and analytical error. For 

example, changes of sodium content of the anolyte (as opposed to sodium content of 

catholyte) has been selected as a more accurate indication of sodium transport current 

efficiencies, since range limitations of atomic absorption required that catholyte samples be 
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7.5.2. 

diluted up to 1 000 times prior to analysis. In such cases, small inaccuracies are magnified and 

yield analytical deviations greater than the actual change in concentration being observed. 

Current efficiencies ranged from approximately 40 to 90 % and averaged SO %. Since the 

trials were of an investigative nature, the electrochemical cell was frequently operated under 

non-ideal conditions. Operated under carefully selected and controlled conditions, it is 

suggested that, as a conservative estimate, current efficiencies would be 70 to 80 %. Current 

efficiency is closely related to specific power consumption (see Section 7.5.2). 

Section 5.4.4.S examines the theoretical aspects of current efficiencies and inefficiencies. 

Inefficiencies result primarily from the passage of current through the electromernbrane by 

cations other than sodium (mostly hydrogen) and from the migration of anions, in particular 

hydroxide ions, through the electromembrane from an area of high concentration to one of 

low concentration. The operating parameters affecting cell performance, including current 

efficiencies, are discussed in the Sections below with reference to the pilot-plant results. 

Power Consumption and Cost 

.. Table 7.5 summarises the power consumption and costs (1988) for the production of sodium 

hydroxide for each experiment. The specific power consumption varied from below 4 000 to 

above 10 000 kWMonne of 100 % NaOH, and averaged 6 897 kWMonne. In five of the 56 

electrolysis experiments. specific power consumption exceeded 10 000 kWMonne. Since 

many of the trials were conducted under non-ideal conditions (with phenomena such as 

concentration polarisation, and nonuniform flow and current distribution being a common 

occurrence), it is anticipated that, under controlled operation, average specific power 

consumption may be reduced to as low as 3 500 to 4 000 kWMonne of 100 % NaOH. 

The power costs were calculated assuming an electrical energy cost of RO,05/kWh and 

averaged R345/tonne of 100 % NaOH for the cell stack. Power costs are proportional to 

voltages, which were up to SO % lower in the first cell than in the second cell as a result of 

insufficient anolyte flow (see Section 7.5.3). If it is assumed that sodium hydroxide 

production was similar for both cells, then the average power costs were R230 and R4S0 per 

tonne of 100 % NaOH for the first and second cells respectively. 

In order to minimise power consumption in commercial plants, the following recommendations 

are made: 
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Table 7.S 
Summary of Power Consumptions and Costs for Sodium Hydroxide Recovery 

Txpenmerlf Amp-h Average Total Pow~r Hecovereo -Kecovered s~ecrrlc -Vower--COst 
Voltage' Consumptlo NaOH NaOH ower Rltonne 

V n moles kg Consumption 100% 
kWh kWh/tonne NaOI-f2 

100% NaOH 

1 carbo 421 9,7 4,00 25,5 1,02 4(0) 2X) 

1A 'lJ 18,0 0,49 1,7 0,07 7(0) 300 
18 35 16,0 0,56 2,0 0,00 7(0) 300 
2carb. 1378 10,1 13,90 93,3 3,73 3727 100 
2A 102 12,7 1,3:> 4,9 O,a> 6500 32i 
28 00 13,0 1,04 4,4 0,18 5778 2m 
3carb. 1343 10,0 13,40 87,4 3,50 38<9 191 
~ 193 13,0 2,51 12,9 0,52 4827 241 
:E 171 13,0 2,3:> 11,6 0,46 5(0) 21) 
4carb. r1S1 10,7 10,a> 55,4 2,22 4595 23) 
4A 3:9 12,9 2,70 9,0 0,35 7500 375 
48 225 12,3 2,71 9,0 0,35 7694 3Ef5 
4C 174 12,6 2,19 8,8 0,35 6257 313 
5carb. 973 11 ,6 11,3:> 47,5 1,90 5947 ZJ1 
5b. 123 13,9 1,71 6,3 0,25 6840 342 
58 102 12,5 1,28 3,6 0,14 9143 4Sl 
5C 78 12,0 0,94 4,8 0,19 4947 247 
6carb. a52 11,0 9,37 <9,3 1,17 800} 4CX) 
7carb. 1085 11 ,5 12,&1 53,8 2,15 5814 291 
7A 142 13,9 1,97 5,4 0,22 8955 448 
7B 123 14,0 1,72 6,2 0,25 6615 331 
7C 131 13,7 1,79 6,5 0,26 6885 344 
8carb. 619 11,1 6,87 29,4 1,18 5822 <91 
eA 217 13,3 2,89 9,3 0,37 7811 391 
8B 137 13,7 1,88 5,6 0,22 8545 4Z1 
8C 185 13,9 2,57 6,9 0,28 9179 400 
9carb. 673 12,6 8,55 26,0 1,04 8221 411 
M 222 13,9 3,00 9,6 0,38 8132 4lJl 
98 196 14,5 2,87 9,3 0,37 7757 ~ 
10 caIb. gX) 14,4 13,00 44,1 1,76 7300 3m 
10A 239 . 13,5 , 3,22 14,1 0,56 5750 2m 
108 214 14,7 3,15 8,1 0,32 9844 492 
11 caIb. 1196 12,1 14,50 55,8 2,23 6502 325 
11A 271 13,4 3,63 10,6 0,42 8642 432 
118 339 13,5 3,90 9,0 0,35 10833 542 
11C 252 13,6 3,43 11,1 0,44 77r1S 300 
12A :n! 13,6 4,19 10,7 0,43 9744 487 
128 244 13,7 3,34 7,8 0,31 10714 5J3 
13 caIb. 874 12,4 10,00 43,6 1,74 6a>7 310 
1~ 188 13,6 2,56 6,4 0,26 9846 492 
138 :m 13,5 3,51 9,3 0,37 9400 474 
13C 261 12,1 3,40 9,4 0,38 8947 447 
14A 185 13,0 2,41 9,6 0,38 6342 317 
148 188 14,1 2,65 6,0 0,24 11042 552 
14C a>4 13,7 2,79 9,4 0,38 7342 357 15 caIb. ~ 17,0 10,3:> 23,4 0,94 10957 548 
15b. 155 14,2 2,a> 6,1 0,24 9167 4513 158 147 13,2 1,94 5,8 0,23 8435 422 15C 107 12,0 1,26 4,1 0,16 8(0) 4CX) 
16A 110 13,8 1,52 4,2 0,17 8941 447 168 118 13,6 1,60 4,7 0,19 8421 421 17 caIb. 442 15,4 6,81 17,1 0,68 10015 500 18 caIb. 961 12,0 11,00 37,7 1,51 7814 391 1eA 1225 8,7 10,70 42,0 1,68 6369 318 188 1088 11,4 12,40 52,4 2,10 5905 295 19A 793 12,9 10,20 40,0 1,60 6375 319 

Nota 1 0 tamed by aver3Q1tl I It e overall ceU stack vorlage 
2 based on an electri~ power cost of AO,OfWkWh 

1) The electrochemical unit should operate at higher temperatures. In the pilot-plant trials, 

initial electrolyte temperatures were 15 to 25 ·C, and these were allowed to increase to a 

maximum of 60 ·C during electrolysis. A commercial plant, constructed from suitable 

materials, would incorporate heat exchangers which would supplement heat generated 

during electrolysis to facilitate operation at 80 to 90 ·C. It is anticipated that total power 

consumption for sodium hydroxide production would be decreased by up to 35 % if the 

7-9 



7.5.3. 

average operating temperature was increased from 40 to 80 ·C (see Section 7.5.6). It is 

estimated this would equate to a power consumption as low as 2600 kWMonne of 

100 % NaOH (R150) for the first cell. 

2) Flow and current should be uniformly distributed and maintained at levels which minimise 

concentration polarisation (see Sections 7.5.3 and 7.5.4). 

Flow Distribution 

Sufficient and uniform flow inhibits gas blinding and increases the supply of sodium ions to 

the electromembrane surface, thereby minimising concentration polarisation. Both gas 

blinding and concentration polarisation reduce current efficiencies (and increase power 

requirements), and the occurrence of these phenomena may be inferred from voltage 

measurements. During experiment 12A, the variations in voltage with increasing anolyte and 

catholyte flows were monitored at current densities of both 600 and 1 000 Alrril. The main 

observations are as follows: 

1) The flow of anolyte was the principal factor affecting volt drop. Figure 7.1 shows the 

experimentally determined relationship between anolyte flow (at constant catholyte trow 

of 15 Vmin) and volt drop across each cell, assembled in a series flow configuration, and 

the cell stack for measurements at 1 000 Alrril. Data at 600 Alm2 produced parallel plots, 

but at lower volt drops. The increase in observed volt drop across the cell stack at low 

anolyte flows was almost entirely a result of an equivalent increase across the second cell. 

The volt drop across the first cell remained constant throughout the entire flow range. For 

the pilot plant, anolyte flow had to be maintained above 20 Vmin to minimise the volt drop 

in the second cell, thereby increasing current efficiencies and reducing specific power 

consumption. 

2) Variation in catholyte flow (at constant anolyte flow of 2 Vmin) had minimal effect on cell or 

cell stack voltage. 

During pilot plant trials where both cells were used and assembled in series flow configuration 

(experiments 1 to 16), anolyte and catholyte flows were, for the most, maintained at 13,5 and 

15,3 Vmin respectively. Data in Figure 7.1 suggests that, at these flows, volt drops across the 

second cell were significantly higher than the possible minimum value, resulting in 

comparatively high observed power consumption and low current efficiencies. 
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7.5.4. 

Figure 7.1 
Relationship Between Anolyte Flow Rate and Volt Drop 

Conditions: catholyte flow constant at 15 Vmin, CD 1 000 AJm2, temperature 35 'C 

1 

Anolyte flow (llmin) 19 

Limiting Current DenSities 

The combination of the limiting current density and current efficiency determines the 

electro membrane area requirements for a particular duty. Current density determines the rate 

at which ions are transported through the electromembrane. Below the limiting value for a 

given combination of operating conditions, current is carried almost exclusively by sodium 

ions, with correspondingly high current efficiencies of sodium hydroxide production. If the 

limiting value is exceeded, the deficiency in the supply of cations at the electromembrane 

surface is supplemented by a supply of hydrogen ions, generated by the process of 

concentration polarisation. This phenomenon manifests itseH through pH disturbances in the 

diffusion layer, increased voltages and reduced current efficiencies. 

Using polarisation data for experiment 18B, the limiting current density was determined for 

pretreated scouring ettruents containing 46 to 9 gil Na by noting the points at which the rate 

of increase in voltage was disproportionately higher than the rate of increase in the applied 

current density (Pollution Research Group, 1989). The ratio of the limiting current density and 

the conductivity of the anolyte was determined to be 2,6 x 10-3 AJm2 per mS/cm. Therefore, 

using this ratio, and knowing the anolyte conductivity, the limiting current density can be 

predicted at any temperature by the equation: 

7-11 



7.5.5. 

limiting CD = 2,6 x 1()-3 x L (7.1) 

where L = length in m 

Effects of Anolyte Concentration 

The influence of anolyte concentration on current densities (for a fixed applied potential) was 

determined by examining, for a series of experiments, the current densities which could be 

achieved at a constant overall cell stack voltage of 15 V for anolyte concentrations ranging up 

to 6 gil (Figure 7.2). Below the limiting value, achievable current densities were observed to 

decrease at a rate of approximately 250 NrrIl for every 1 gil decrease in anolyte sodium 

concentration. 

Figure 7.2 
Experimentally Observed Relationship Between Achievable 

Current Density and Anolyte Concentration 

Conditions.: constant overall cell stack volt drop 15 V, temperatures 40 to 50 ·C 

6 • 
'2 • 
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E • . 1 • .:1 2 • • -I ~ • 
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CD • >. - • (5 • • • c: 
<: 0 

0 200 400 600 800 1000 120~ 
Current density (Alm2) 

The pH of the final brine is a function of the degree of depletion of the pretreated effluent 

stream. Figure 7.3 has been plotted from experimental data. At brine concentrations above 

3 gil Na, the evolution of carbon dioxide from the anolyte during electrolysis buffers the pH, 

maintaining the value around 8 to 9. At low sodium concentrations, the buffer capacity is 

reduced and the pH decreases sharply. At low anolyte concentration and pH, the gradients 
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across the electromembrane are increased, encouraging migration of hydroxide ions from the 

catholyte towards the anolyte. 
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Figure 7.3 
Relationship Between the Anolyte Concentration and pH 
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The pilot plant trials were conducted at temperatures between ambient and 60 ·C. The 

construction of sections of the equipment from PVC prevented the use of higher 

temperatures. Temperature has a significant effect on cell volt drop, in particular the volt drop 

through the electrolytes, thereby indirectly influencing limiting current densities, power 

requirements and current efficiencies. 

The total cell volt drop is the sum of the drops through the individual cell components (or the 

decompoSition voltage) and the electromembrane and electrolytes. The experimentally 

determined decomposition voltage for the system was 2,7 V. This is the potential which must 

be applied before any current flows. The average membrane volt drop was 0,3 V. 

USing equation 5.19 to predict the volt drop through the electrolytes, the overall operating 

potential for the system can be determined for any temperature from the equation: 

E = Ea + Eca + 2,7+ 0,3 (7.2) 
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The influence of temperature on electrolyte conductivity is an important aspect when 

considering that, during the electrolysis experiments, the volt drop between the anode and 

the electromembrane consistently accounted for over 70 % of the total observed volt drop. 

The relationships between temperature and electrolyte conductivities are illustrated in 

Figures 5.6 and 5.7. Figure 5.6 illustrates that, as an approximation, the conductivity of the 

anolyte is halved with an increase in temperature from 40 to 80 ·C. Since volt drop is 

proportional to conductivity (equation 5.19), doubling the average operational temperature to 

80 ·C may lower cell stack voltage (and thus power consumption) by as much as 35 %. 

Dimensionally Stable Anode Performance 

These precious metal coated titanium anodes are specifically formulated for low overpotential 

oxygen generation, but prolonged use causes gradual dissolution of the coating, with 

concomitant accumulation of non-conducting oxides in the interfacial layer between the 

titanium substrate and the coating and increased volt drop for a given passage of current. 

Since recoating is costly (£2 500/m2 in 1987) as is increased power consumption, it is 

important to understand the potential degradation of the coating under the applied conditions 

of operation. 

Any deterioration in the performance of the coated anode would be apparent from long term 

observation of cell volt drops at constant applied current. Figure 7.4 shows the initial current 

densities for all experiments at 9,0 V. Note that, in presenting this data, neither the variation 

of initial temperature from 15 to 25 ·C nor the sodium concentrations have been considered. 

There is no noticeable downward trend in initial current densities, and it is suggested that 

deterioration of the anode coating is negligible. This observation was verified by physical 

examination of the electrode surface; atter experiment 17, the anode from the first cell was 

analysed by back scattering techniques to determine the thickness of the coating. This 

analysis was carried out on behalf of Steetley Engineering by the Electricity Generating 

Research Council in the UK. 

Results of this examination indicated that, in most places, little or no degradation of the anode 

surface had occurred. However, loss of precious metal oxides had occurred as a result of 

mechanical abrasion in areas where the anode had been in direct contact with the 

electromernbrane. In these areas, the anode was imprinted with the grid appearance of the 

electromembrane. The Electricity Generating Research Council predicted that an anode 

coating life in excess of four years could be achieved if mechanical abrasion is prevented. 
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Figure 7.4 
Initial Current Density for Each Experiment 

Condttjons: overall cell stack voltage 9 V 

1800 • 

7.5.8. 

Experiment number 

• Nanofiltrale anolyte 

EJ Pure sodium caroonatelbicarbonate anolyte 

During electrolysis, a white precipttate was progressively depositp.d on the surface of the 

coated anode, cathode and conducting plate. Atter experiment H, the cell was operated 

using the scaled electrode and a sodium bicarbonate solution at 1 400 Nm2. The electrodes 

and conducting plates were then sanded and the experiment repeated under identical 

conditions. No obvious differences were observed. It was concluded that the effect of this 

depostt on electrode resistance and volt drop was minimal. 

Electromembrane Performance 

Electromembrane life expectancy is decreased by the aggregation of insoluble salts wtthin 

the structure ; the formation of blisters between the two polymeric layers; and high operational 

temperatures. 

Aggregation of Insoluble Salts 

In the pilot-plant trials, calcium and magnesium levels (approximately 20 and 3 mgll 

respectively) were far in excess of those recommended by the electromembrane 

manufacturers for non-fouling performance (0,5 and 0,1 mg/l respectively). No change in the 

resistance of the electromembrane was observed, despite monitoring to an accuracy of 

0,01 V at intervals throughout each experiment for the duration of the study. However, a 

mass balance of calcium and magnesium across the system indicated that the total amount of 

these ions present in the electrolytes before each experiment was higher than that present at 

the end of each experiment. Furthermore, a white precipitate, which was identified by X-ray 
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diffraction as the aragonite polymorph of calcium carbonate, formed on the anode surface of 

the electromembrane. This precipitate was most heavily deposited in areas which had not 

been in contact with the anode surface, and as a result of non-uniform flow and current 

distribution. It is likely that these areas would have been subjected to high current densities, 

with localised polarisation resulting in zones of high pH at the surface of the 

electromembrane. This effective decrease in available electro membrane area would 

adversely affect current efficiencies, while the zones of high pH would facilitate the 

precipitation of calcium carbonate. 

The electromembrane was descaled (see Section 9.2) by contact with nitric acid, and current 

efficiencies were restored to 100 %. 

Experience from the pilot plant suggests that the design of a commercial plant should give 

appropriate consideration to the control of flow patterns and pressure differentials to prevent 

electro membrane bulging and subsequent contact with electrodes, as well as to the 

development of a programme of regular and effective membrane cleaning cycles. 

Blister Formation 

Blistering is caused by increased internal forces in the electromembrane beyond the strength 

of the interlayer bond. This occurs because the highly selective, low-conducting, polymer on 

the cathode side transports water at a lower rate than the conducting polymer on the anode 

side. The accumulation of water within the electro membrane is dependent on the 

concentration gradient across the electromembrane. At constant catholyte concentration, 

the amount of water transported through the electromembrane, the so-called water transport 

number, increases with decreasing anolyte concentration (see section 7.10). The 

manufacturers recommend operation of the electromembrane at anolyte concentrations 

above 170 gil NaCI (or equivalent concentration of other soluble salts) to prevent blistering. 

Although anolyte concentrations in the current application are far lower, applied current 

densities are also lower, possibly preventing serious water transport differentials between the 

different polymers of the electromembrane. 

Excessive Temperatures 

During the pilot-plant investigation, temperatures were maintained below 60 ·C. This is belcw 

the maximum level (80 ·C) specified for safe operation by the manufacturers of the 

electro membrane . 
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7.5.9. Recovery of Sodium Salts 

Depending on the degree of anolyte depletion, up to 99 % of the sodium ions and inorganic 

carbon species were recovered as sodium hydroxide and carbon dioxide gas. Table 7.6 

summarises the data for each experiment. The calculations have taken into account changes 

in anolyte volume. 

Table 7.6 
Recovery of Sodium and Inorganic Carbon Species from Anolyte 

EXperiment Inlti~.~ass final Recovery of Inlnal Mass Final Mass of Recovery of 
ofNa Mass of Na of Inorganic I: CO:! 

9 Na % Carbon % 
9 Qco, Qco, 

1 carbo 620 33 g; 566 ~ as 
lA 45 7 84 75 10 fIl 
18 58 13 78 102 16 84 
2carb. 22&l 104 g; 1980 184 91 
2A 120 r. 94 176 10 94 
28 144 13 m 166 31 82 
3carb. 22&l 239 m 1725 $3 77 
~ 310 14 g; 400 9 IE 
3B 3)5 33 a3 400 54 8) 
4carb. 1500 225 ffi 1675 ~ 00 
4A 216 8 00 312 8 IE 
4B 216 8 $ 312 19 94 
4C 216 14 94 312 8 IE 
5 carbo 1575 483 m 19:X> 007 52 
fA 153 8 95 204- 34 In 
58 00 8 91 159 aJ fIl 
5C 116 6 g; 106 8 ~ 
6carb. 1425 572 EO 1215 718 41 
7carb. 1440 202 8) 1675 293 S3 
7A 13J 5 $ 173 5 to 
78 148 5 97 195 12 94 
7C 168 18 m 188 19 00 
8carb. 1365 689 5) 1325 1173 13 
eA ~ 77 63 275 124 55 
88 Z33 5 $ 155 7 g:; 
8C 286 27 ffi 228 13 93 
9 carbo 1300 791 43 1310 1003 18 sa. Z34 14 94 342 19 94 
9B 148 7 95 195 9 g:; 
10 carbo 1410 396 72 1180 626 47 
lOA 100 4 93 273 0 100 
lOB 193 6 97 273 6 IE 
11 carbo 1500 282 81 1850 424 78 
llA 252 9 $ 378 0 100 
118 252 44 In 378 59 84 
11C 259 3 m 3a) 0 100 
12A 245 34 84 319 31 00 
128 252 7J 71 352 81 77 
13 carbo 1540 537 65 2320 799 ~ 
13A 159 11 Q3 201 19 00 138 225 10 00 357 18 g:; 
13C Z34 18 ~ 2B8 34 III 
14A 154 22 8) 182 27 8) 
148 150 11 93 162 42 74 14C 2Xl 32 84 224 72 68 15 carbo 549 10 93 ms 3) g:; 
lfA 162 22 ffi 219 ::s m 158 156 22 ffi 216 16 93 15C 100 14 In 122 24 8) 
16A 120 24 00 133 32 77 168 135 27 8) 177 32 82 17 carbo 420 a3 Si 758 ED ~ 18 carbo 876 8 00 1768 18 99 leA 1652 702 58 2168 834 62 188 2068 47 93 2563 255 00 19A 1158 112 00 1575 3J IE 
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7.5.10. Water Transport 

The transport of water from the anolyte to the catholyte during electrolysis dilutes the sodium 

hydroxide and reduces the volume of the anolyte. The water transport number. nw. is a 

function the concentration gradient across the electromembrane. and should be minimised. 

especially at high current densities. to prevent accumulation of water between the polymeric 

layers of the electromembrane. Experimental data from selected experiments have been 

used to calculate the water transport numbers at various stages of electrolysis. which are 

summarised in Table 7.7. Figure 7.5 illustrates that there is an exponential relationship 

between the anolyte sodium concentration and the water transport number. with nw ranging 

from 2 to 35 moles water per mole of sodium. Regression of this curve gives the following 

re lationship: 

nw = 6,5 x 1 G-6C5 + 6,6 x 104 C4 - 2,5 x 1 ()'2C3 + O,4C2 - 3,5C + 17,8 

where C is the anolyte sodium concentration (gil) 

nw is in g water/g sodium 

(7.3) 

Examination of the sodium ratios in Table 7.7 indicates that nw ranges from 3 to 8 moles water 

per mole for sodium ratios above 0,2 (ie, where the sodium concentration in the catholyte is 

less than five times the concentration of sodium in the anolyte). Below sodium ratios of 0,2 

(ie, where the sodium concentration in the catholyte is more than five times the concentration 

of sodium in the anolyte) the water transport number increases rapidly from 8 to 35 moles 

water per mole sodium. 

7.5.11. Background Concentration Closed-Loop Recycle 

The anolyte concentration is one of the most important factors affecting the operation and 

performance of the electrochemical unit, including current density, current efficiency. water 

transport and power consumption. In all cases, performance is adversely effected by low 

sodium concentrations. To improve performance. a system involving the closed-loop recycle 

of rinse water with a background concentration (Figure 7.6) has been considered. In this 

system, a sodium bicarbonate solution is used to rinse cotton fibre after scouring, in place of 

mains water. Only pick-up sodium. say 10 gil. is recovered in the treatment process. 

Experimentally determined results have indicated that the limiting current density can be 

increased substantially, with a corresponding decrease in required electromembrane area for 

a given application. This system is considered in detail in Section 10. 
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Table 7.7 
Water Transport Numbers 

experiment t-araoays Anolyte. vatrolyt~ Na Hauo YOlume _V!ater ~?olum nw 
Concentranon Concentranon anol~te Na Change Change Change mol water 

gllNa gil Na cailio·yte lila I moles moles mol lila 
1 carD. ;'~ ~:'o ~~ g11g 0,6 

~ ~:~ ~'5 1,2 
12,6 80,0 68 0,120 0,6 33 4,7 7,1 
15,7 20,0 74 0,030 1,1 61 5,0 12,2 

2 carbo 2,8 39,0 33 1,200 0,6 33 13,2 2,5 
10,1 33,0 41 9,800 1,3 72 15,2 4,7 
18,0 29,0 52 0,560 0,9 50 9,9 5,1 
29,1 19,0 62 0,310 2,3 128 21,8 5,9 
35,4 18,0 65 0,280 1,6 89 3,5 25,4 
39,4 13,0 76 0,170 0,5 28 9 ,7 2,9 
40,7 13,0 69 0,190 0,2 11 0,0 -
43,S 10,0 67 0 ,150 1,1 61 6,8 9,0 
51,4 3,0 67 0,040 1,6 89 13,5 6,6 

2A 1,7 5,0 53 0,090 2,8 156 1,8 87,0 
3,5 1,0 56 0,020 0,7 39 2,7 14,4 
3,8 0 ,5 59 0,010 0,2 11 0,4 27,S 

3 carbo 11,2 38,0 48 0,790 1,7 94 18,0 5,2 
38,S 16,0 59 0 ,270 5,4 300 50,0 6,0 
50,1 6,0 70 0,090 2,4 133 19,4 6,9 

3A 2,3 8,0 73 0,110 0,3 17 5,2 3,3 
6,8 3,0 78 0,040 1,1 61 5,4 11 ,3 
7,2 0,6 78 0,010 0,2 11 2,3 4,8 

4 carbo 8,5 25,0 80 0,310 0,6 33 11 ,5 2,9 
10,9 20,0 93 0,220 1,9 106 13,8 7,7 
27,9 11,0 104 0,110 2,5 139 17,8 7,8 
35,7 5,0 109 0,050 1,8 100 12,3 8,1 

4B 5,1 4,0 71 0,060 1,4 78 5,0 15,6 
8,1 0,6 75 0,010 0 ,8 45 3,7 12,2 
8,ot 0,3 74 0 ,004 0,6 33 0,3 110,0 

5 carbo 20,S 21,0 75 0,280 2,8 156 25,0 6,2 
26,7 16,0 77 0,210 1,7 94 12,2 7,7 
36,3 11,0 85 0,130 0 ,8 45 10,3 4,4 

6 carbo 17,1 21,0 76 0,280 2,8 156 19,5 8,0 
21,9 20,0 77 0,260 0,5 28 1,8 15,8 
27,7 18,0 79 0,230 11,1 616 13,6 45,3 
31,8 13,0 79 0,160 8,9 494 2,2 225,0 

7 carbo 11,2 23,0 46 0,500 1,2 87 13,6 4,9 
21 ,7 17,0 62 0,270 2,7 150 12,5 12,0 
25,7 14,0 70 0,200 1,1 81 6,7 9,1 
40,S 5,0 88 0,060 3,8 211 18,0 11,7 

7B 3,5 3,0 85 0,040 9,9 550 4,6 120,0 
4,6 0,5 95 0,005 14,7 817 1,6 51 1,0 

8 carbo 13,4 21,0 67 0,310 4,8 266 17,7 15,0 
23,1 16,0 71 0,230 1,6 89 11,7 7,6 

8B 4,4 2,0 87 0.020 1,3 72 4,1 17,6 5,1 0,2 88 0.002 0,6 33 1,5 22,0 
9 carbo 8,5 25,0 61 0,410 2,2 122 8,0 15,3 25,1 18,0 76 0,240 3,6 200 18,0 11,0 
10 carbo 13,9 13,0 60 0,220 3,1 172 35,4 4,9 33,6 9,0 82 0,110 4,3 239 11,3 21 ,2 
11 carbo 14,6 18,0 67 0,270 1,1 61 27,8 2,2 28,S 16,0 81 0,200 4,5 250 6,9 36,2 44,7 7,0 95 0,070 3,6 200 21,1 9,5 
llA 7,9 3,0 98 0,030 4,0 222 10,3 21,8 10,1 0,3 97 0,003 2,0 111 0,3 370,0 
llB 8,3 4,0 91 0,040 3,8 211 5,1 41,4 10.8 1,4 93 0,020 0,9 50 3,9 12,8 
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Experiment t-aradays AnOTyte. 
Concentranon 

gllNa 
12A !I ,a 3,0 

11,5 1,0 

12B 6,9 3,0 
9,1 2,0 

13A 4,6 2,0 
7,0 0,4 

13B 6,9 3,0 
9,7 0,4 

14A 2,3 3,0 
6,9 0,7 

14C 2,3 4,0 
7,6 1,0 

15 carb. 1,8 4,0 
5,8 0,8 

15A 9,5 13,0 
16,5 2,0 

17 carb. 20,1 28,0 
26,4 25,0 
39,3 

18A 
25,0 

11,3 31,0 
20,1 33,0 

19A 29,6 19,0 

Table 7.7 continued 
Water Transport Numbers 

. CathOlyt4;! N~ Hano YOTume 
Concentrabon anol~te Na Change 

gil Nil caiFio~yte lila I 

~~ ~:~1~ 2,5 
1,3 

62 0,050 0,9 
65 0,030 0,6 

68 0,030 1,8 
68 0,006 0,5 

58 0,050 2,1 
61 0,007 1,8 

63 0,050 0,7 
64 0,010 3,1 

52 0,080 1,1 
59 0,020 2,4 

55 0,070 0,7 
59 0.010 2,0 

61 0,210 1,7 
65 0,030 2,2 

62 0,450 8,4 
84 0,300 0,1 

4,4 

72 0,430 1,3 
48 0,670 6,0 
40 0,480 11,9 

_Water ~odlum nw 
Change Change mol water 
moles moles mol lila 

1~~ ~:~ ~g:ri 
50 5,5 9,1 
33 2,3 14,3 

100 4,3 23,3 
28 2,1 13,3 

117 6,0 19,5 
100 3,3 30,3 

39 2,1 18,6 
172 7,5 22,9 

61 2,8 21 ,8 
133 4,5 29,6 

39 2,7 14,4 
111 3,4 32,6 

94 8,1 11,6 
122 9,0 13,6 

467 33,1 14,1 
6 3,7 1,6 

244 5,2 46,9 

72 18,6 3,9 
330 6,1 54,1 
661 20,8 31,8 

Figure 7.5 
Effect of Anolyte Sodium Concentration on Water Transport Numbers, nw 
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Figure 7.6 
Closed-Loop Recycle of Rinse Water with a Background Concentration 
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SECTION 8 

RESULTS AND DISCUSSION OF SUPPLEMENTARY INVESTIGATIONS 
OF NANOFIL TRATION 

This section presents and discusses the results of the supplementary investigations aimed at 

examining more closely, either practically, under controlled laboratory condition, or theoretically, 

certain aspects of nanofiltration. The procedures relating to these investigations are presented in 

Section 6.3. 

The effect on nanofiltration performance of electrolyte characteristics is given in Section 8.1, while 

that of chelating agents is given in Section 8.2. Chemical speciation modelling of nanofiltration is 

given in Section 8.3. A semi-quantitative explanation of nanofiltration performance is given in 

Section 8.4, and Section 8.5 describes the results of transport modelling of nanofiltration. 

8.1 . Effect of Electrolyte Characteristics on Nanofilter Performance 

These investigations aimed to determine the effect of pH and concentration of sodium 

carbonatelbicarbonate solutions on the nanofiltration membrane flux and retention 

performance in three separate experiments. A fourth experiment allowed the retention of 

calcium and magnesium salts to be determined in a sodium carbonate solution at varying pH. 

The procedures and apparatus used for these investigations are described in Sections 6.3.1 

and 6.3.2. Results were used to select the most beneficial conditions under which to operate 

the pilot-plant nanofiltration unit, thereby obtaining maximum sodium and inorganic carbon 

recovery, at elevated fluxes and with high retentions of divalent cations. 

The experimental and analytical results are presented in Appendix 7. Specifically, 

Tables A7-1 to A7-3 in this Appendix give data for experiments 1, 2 and 3 (corresponding to 

1,10 and 30 g/1 Na as sodium carbonate), while Table A7-4 gives data for experiment 4 (10 g/l 

Na as sodium carbonate spiked with 10 mg/l each of Ca and Mg). 

The results of these experiments were the first ever published on the nanofiltration of the 

carbonate system in solution (Simpson et aI, 1987). After publishing these results, further 

studies were undertaken on the same system to provide detailed experimental data to 

supplement speciation modelling and to verify mass transport modelling predictions. The 

results of these further studies are presented in Sections 8.3 and 8.4}. 
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8.1.1. Effect of pH and Concentration of Sodium Salts on Membrane Retention 

As described in Section 5.3, the pH of a solution containing inorganic carbon is critical in 

determining the nature of the components present, and therefore the retention performance 

of the nanofiltration membrane. Figure 8.1 shows the experimentally determined distribution 

of inorganic carbon components between the retentate and permeate for the range of pH 

values examined. Although these results relate specifically to a solution containing 10 gil Na, 

the distribution followed a similar pattern for both the 1 and 30 gil Na solutions. Figure 8.1 

illustrates both the change in predominating component (from carbonate ions to bicarbonate 

ions) as the solution pH is lowered, as well as the relative degree of retention of the two 

carbon components by the membrane; the retention of the carbonate ion by a nanofiltration 

membrane is obviously higher than that of the bicarbonate ion. 

..-. , 

.9 
c: 
0 

~ ... 
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Q) 
0 
c: 
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c: 
0 
'c 
<: 

Figure 8.1 
Distribution of Inorganic Carbon Components Between Nanoflltrate 

Permeate and Feed Over a Range of pH Values 
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Using the analytical results, Figures 8.2 and 8.3 have been plotted to illustrate the influence 

of the pH on membrane retention of sodium ions and inorganic carbon components 

respectively in solutions containing 1, 10 and 30 gil Na. The inorganic carbon components 

have been represented in Figure 8.3 as total inorganic carbon (expressed as total CO2), 

carbonate ions and bicarbonate ions. 

Two trends are apparent: 
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1) The membrane retention of anionic and cationic species at any fixed pH increases with 

decreasing feed concentration. This is because of the increased shielding of negatively 

charged groups on the membrane surface at high cation concentrations, thereby 

decreasing the membrane selectivity and surface-co-ion repelling forces. 

2) At any fixed feed concentration, the membrane retention for total C02 and carbonate 

species increases with increasing pH. This results from the eqUilibrium shift of inorganic 

carbon, from monovalent bicarbonate ions of low charge density at low pH values, to 

divalent carbonate ions of high charge density at high pH values. When carbonate ions 

predominate, there is an increase in surface-co-ion repelling forces, retention of anions, 

and retention of cations, as a result of the requirements of electro neutrality. 

Figure 8.2 
Dependence of Membrane Na Retention on Feed pH and Salt Concentration 
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The practical implications of these relationships are that the nanofiltration membrane may be 

operated as a reverse osmosis membrane or as an ultrafiltration membrane, depending on the 

pH of the sodium carbonate solution. Careful pH control enables retention characteristics and 

permeate characteristics to be selected. At elevated pH values, where the carbonate is the 

predominant anionic component, sodium retentions exceed 90 %. Retentions are more than 

halved at neutral pH values, where the predominant anionic component is bicarbonate. 



Figure 8.3 
Dependence of Membrane Anion Retentions on Feed pH and ~alt Con~entratlon 

(Note anion components presented as total CO2 ; carbonate Ions and bicarbonate IOns) 
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Clearly, in the application of nanofiltration which is currently being considered, maximum 

separation of sodium and inorganic carbon species from impurities is achieved at pH values 

below 8,0, where these ions are separated from the impurities and pass through the 

membrane into the permeate. The pilot-plant trials were carried out in this pH vicinity to 

maximise the desired separation. 

Effect of pH and Concentration of Sodium Salts on Membrane Flux 

Figure 8.4 has been plotted from analytical data and flux measurements. It illustrates the 

relationship between flux and sodium retention (which is pH dependent) for three concentrations 

of sodium carbonate solution (1, 10 and 30 gil Na). At high pH values, where the membrane 

characteristics approached those of reverse osmosis, the high osmotic pressure differential 

created across the membrane caused membrane fluxes to be greatly reduced. As the pH was 

lowered, with a change in the predominant anionic component, fluxes increased with a 

simultaneous loss of retention. A comparison of the curves for the three different concentrations 

indicates that flux decreases with increasing concentration, again a result of increased osmotic 

pressure differential across the membrane. Thus, at high ionic strength and high pH values, 

osmotic pressure differentials become the limiting factor in membrane performance. 

In the application currently under consideration, maximum benefit in terms of flux performance 

can be achieved by operating the nanofiltration stage at minimum acceptable pH values. 



8.1.3. Effect of pH on Membrane Retention of Divalent Ions 

The retentions of divalent cations in a solution of sodium carbonatelbicarbonate were 

determined to be pH dependent, as illustrated in Figure 8.5. The retentions of calcium and 

magnesium parallel those of sodium in solutions of varying pH value. Retentions exceed 

90 % above pH 11, but decrease to below 60 % at pH 7,2. 

Figure 8.4 
Dependence of Membrane Flux on Feed pH and Salt Concentration 
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The ability of nanofiltration to separate sodium salts from potential scale forming cations, even 

at relatively low pH values, has obvious benefits to the current study; calcium and magnesium 

ions may be removed (and concentrated) from solution prior to electrolysis, thereby reducing 

the possibility and/or severity of electromembrane fouling. Although a low pH value is most 

beneficial in terms of increased potential sodium salt recovery and improved membrane 

fluxes, it is least desirable when retention of divalent cations is considered. Therefore, in 

commercial installations, the most cost-effective operating regime will need to be determined. 

s.s 



It is appropriate, at this stage, to examine the comparative rates at which membrane retention 

for sodium and divalent cations falls as the pH of the solution is decreased. Figure 8.6 

indicates the ratio of retention of sodium to calcium and magnesium in the sodium carbonate/ 

bicarbonate solution containing 10 gil Na over the pH range 7,3 to 11,2. At pH values near 

the lower end of the range, the relative permeability of sodium increases at a greater rate than 

that of calcium or magnesium. In the application currently under consideration, maximum 

benefit in terms of separation of calcium and magnesium can be achieved by operating at low 

pH values. 

Figure 8.5 
Dependence of Membrane Retention of Divalent Cations on pH of Sodium 

Carbonate/Bicarbonate Solution (10 g/I Na) 
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8.2. Effect of Chelatlng Agents on Nanofllter Performance 

The experimental and analytical results of the effect of EDT A on the retention of calcium and 

magnesium ions in a sodium carbonate solution containing 10 gil Na are presented in as 

experiment 5 in Table A7-5 of Appendix 7. 

The pronounced effects of the addition of a chelating agent (100 mgll EDTA as tetra-sodium 

salt) on the retentions of divalent cations, particularly at lower pH values, is illustrated in Figure 

8.5. At the lower end of the pH range evaluated, retentions of calcium and magnesium 

increased from 56 and 57 % to 89 and 74 % respectively. The greater improvements in 

calcium retention in the presence of EDTA is explained by considering the stability constants 

of the complexes which form. At 20 ·C, Ca-EDTA has a stability constant of 5 x 101°, while that 

of Mg-EDTA is two orders of magnitude lower (5 x 1()8) (Flaschka, 1964). Since the calcium 

complex is more stable, the calcium is preferentially complexed in solutions containing both 
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calcium and magnesium in similar concentrations. Complexing in such a way improves 

membrane retention performance. Also, comparisons have been done on a mass basis and 

not on a molar basis. 

Figure 8.6 
pH Effect of a Sodium Carbonate/Bicarbonate Solution (10 gil Na) on 

Na:Ca and Na:Mg Retention Ratios 
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8.3 Chemical Speciation Modelling of Nanoflltratlon 

While the series of experiments discussed above aimed to provide practical information on 

the most beneficial operating conditions for separation of solution components by 

nanofiltration, this phase of the investigation aimed to determine, from the overall chemical 

analysis of carbonate solutions, the equilibrium distribution of all dissolved and preCipitated 

chemical species present during nanofiltration. This enhanced understanding of the solution 

chemistry allowed predictions to be made of ion behaviour in the nanofiltrate feed and 

permeate under changing circumstances of concentration, pH and impurity levels, providing 

invaluable information on the bulk chemistry of the system for input into the transport 

modelling exercise (see Section 8.4). Section 6.3.3 describes the methodology and 

approach to chemical speciation modelling. 

Appendix 7 contains detailed results. These include a summary of the concentrations, 

activities and activity coefficients in Tables A7-10 to A7-14 for each species present at a 

range of pH values in sodium carbonate solutions containing concentrations of 1, 10 and 30 
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gil Na; and a condensed version of the MINTEOA2 output files from which Tables A7-10 to 

A7-14 were derived, giving percent distribution of components among species and other 

information. 

A limitation of the procedure used is that MINTEOA2 is most applicable to solutions with ionic 

strengths below 0.7 m. In the current study, the most concentrated solution used (30 gil Na) 

has an ionic strength of approximately 1 m. At this concentration the activity constant 

correlation is not valid and inaccuracies may occur. 

8.3.1 Pure Sodium Carbonate Solutions 

8.3.1.1 Equilibrium Speciation Concentrations 

The principal determinands, or components, present in a pure sodium carbonate solution are 

total sodium and total inorganic carbon (expressed analytically as carbonate and bicarbonate 

ions). In actual solutions, these components speciate into eight individual forms of free ions, 

ion pairs or complex ions, as described in Section 5.3. Figure 8.7 is plotted from speciation 

results and illustrates how the equilibrium concentrations of these eight species in pure 

sodium carbonate solutions containing 1, 10 and 30 gil Na vary with pH. Nitrate ions, present 

as a result of nitric acid addition during pH adjustment, affect the ionic strength, henece 

activity coefficient but do not affect the distribution of the other species in solution, and have 

been excluded from consideration. 

The trends observed are similar for solutions of all concentrations. While the total 

concentrations of the determinands (sodium and inorganic carbon) remain constant at all pH 

values, the distribution pattern of the individual species varies with pH, and all species are 

present throughout the entire pH range. The following complementary relationships exist: 

1) The concentration of sodium existing as free Na+ ions and in the ion pair NaHC03 , 

decreases with increasing pH, as the NaC03- complex ion becomes the dominant 

species. As the solution concentration increases, the proportion of Na bound in the 

monovalent complex ion NaC03 - and the neutral ion pair NaHC03 increases, with a 

corresponding decrease in the proportion existing as free Na+ ions. 



Figure 8.7 
Equilibrium Concentrations of Dominant Species Present In Sodium Carbonate 

Solutions of Varying Strength and pH 
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2) Inorganic carbon, existing primarily in the fonn of the ion pairs H2C03 and NaHC03 , and the 

ion HC03- at low pH values, is present dominantly as the ions HC03- and C03= and the ion 

pair NaC03- at higher pH values. The change in the distribution of the C03= component 

between the C03= ion and the NaC03- complex ion as the concentration of the solution 

increases is interesting. While in the 1 and 10 gil Na solutions, the concentration of 

divalent C03 = ion is higher than that of the NaC03 - complex ion almost throughout the pH 

range, in the 30 gil Na solution, the monovalent complex ion NaC03- is present in higher 

concentrations than the divalent C03= ion. 

3) The concentrations of H+ and OH- ions vary symmetrically in opposite directions and 

cross-over at pH 7 and concentrations of 10-7• 

Clearly, because of the importance of electrostatic interactions between the membrane and 

the charged species in solution in detennining membrane performance during nanofiltration, 

the effect that changing pH has on the charge and nature of the dominant species is of 

considerable interest in this work. At this stage, it is suggested that membrane perfonnance 

may be correlated to the charge on the dominant species, and that discontinuities in 

membrane performance will be observed at those pH values where there is a change in the 

charge of these dominant species. For example, at the pH values at the points of intersection 

of the H2C03 curve and the curves of either C03= or NaC03- (around 7,5 to 8,5 depending on 

concentration), or the point of intersection of the HC03- curve with the C03= curve (around 

9,0 to 10,0 depending on concentration), changes in membrane performance trends may be 

predicted. 

8.3.1.2 Mass Distribution of System Components 

The output file from MINTEQA2 also provides information on the mass distribution of each 

system component between dissolved species at equilibrium. Figure 8.8 is the equilibrium 

composition, showing the mass distribution of inorganic carbon between the dissolved 

species in solutions containing 1, 10 and 30 gil total sodium. At all concentrations, the HC03-

ion is the dominant species in the low pH range and in low concentration solutions, while the 

C03= ion, and then the NaC03- ion complex, dominate at 'high' pH values and in 

concentrated solutions. The pH value at which each species becomes dominant varies with 

concentration, the transition from HC03- to C03= to NaC03- occurring at higher pH values for 

more concentrated solutions. For example, 59 % of the inorganic carbon in a 30 gil Na 

solution is present as NaC03 - at pH 9,6; at the same pH in a 10 gil Na solution. the HC03 - ion 

and NaC03- ions account for 40 and 36 % respectively of the inorganic carbon; while in a 1 gil 

Na solution at pH 9,6. 70 % of the inorganic carbon present is in the form of HC03-. 

8·10 



Figure 8.8 
Equilibrium Composition Showing Mass Distribution Between Dissolved Species of 

Inorganic Carbon Present In Sodium Carbonate Solutions of Varying Strength and pH 

Note: Only species comprising more than 1 % of total species are represented 
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Figure 8.9 provides the analogous mass distribution data for sodium species in sodium 

carbonate solutions containing 1, 10 and 30 gil total sodium. 

Speciation is apparently, then, an important tool for identifying the practical implications of 

solution chemistry on nanofiltration. A knowledge of the precise nature of the species 

present and the distribution of solution components between these species can assist in the 

understanding of the observed mass transport properties of the membrane. The passage of 

ionic species relies on the interaction of the charged groups on the membrane surface with 

aqueous ionic species, and depends on the charge density of the species, their size, 

concentration and their ability to either repel or shield charges on the membrane. Clearly, 

speciation indicates that: 

1) Although predominantly present as the positively-charged free ion, sodium may be 

present bound into neutral or negatively charged species. The free ion, Na+, is a counter­

ion, which shields the charges on the membrane, decreasing its selectivity. Present as 

the ion pair NaHC03, sodium is present as a neutral species and'does not interact 

electrostatically with the membrane surface. Finally, if sodium is present as the NaC03 - ion 

complex, it will exhibit properties of a co-ion, and will be repelled by the membrane. This 

form of sodium may be significant, for example, it accounts for 40 % of total sodium in a 

sodium carbonate solution containing 30 gil Na+ at pH 11,5. 

2) The bicarbonate component may be bound in neutral species, as in the ion pairs H2C~ 

and NaHC03; or negatively charged, as in the free ion HC03-. As with sodium, the species 

present influence the ability of the bicarbonate component to interact electrostatically with 

the membrane surface. 

3) The carbonate component may exhibit a single negative charge, as in the ion complex 

NaC03-; or it may exhibit a double negative charge, as in the species C03=. Since these 

two ions have different size and charge densities, the membrane will exhibit different 

abilities to repel them. Clearly, the free ion species will be retained more effectively by the 

membrane, while the mass transport of the carbonate component in the membrane will 

increase as the proportion of ion complex increases. The proportion of monovalent 

NaC03 - is particularly significant at high pH values in concentrated solutions, for example, 

it accounts for over 80 % of the carbonate component at pH 11,5 in a 30 gil Na solution. 
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Figure 8.9 
Equilibrium Composition Showing Mass Distribution Between Dissolved Species of 

Sodium Present In Sodium Carbonate Solutions of Varying Strength and pH 

Note: Only species comprising more than 1 % of total species are represented 
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Since the overall proportion of divalent anions increases with pH and decreases with 

concentration, it is predicted that, because of electroneutrality requirements, and because of 

the tendency of the nanofiltration membrane to retain divalent anions, the retention of the 

solute should increase with increasing pH and decreasing concentration. 

A comparison between Figures 8.8 and 5.3 (Section 5.3) suggests that, while the simple and 

commonly-used analysis of carbonate solutions presented in Figure 5.3 gives the distribution 

of inorganic carbon between carbonate and bicarbonate components, it does not adequately 

describe the nature, charge or concentration of actual species present. For example, 

Figure 5.3 suggests that up to 100 % of inorganic carbon in alkaline solutions may be 

present as the divalent C03= species. Speciation modelling suggests that, in practice, 

concentrations of the free divalent C03= anion may be far lower because of its association 

with sodium ions in the monovalent ion complex NaC03-. This effect is attenuated at high 

concentrations. Because the transport properties of the nanofiltration membrane depend on 

the charge densities of the anions and cations present in solution, it is important that, for 

modelling purposes, particularly of concentrated solutions, the distinction be made accurately 

between monovalent and divalent species of the carbonate component. 

8.3.1.3 Charge Distribution of Equilibrium Species 

Figure 8.10 has been plotted to illustrate the distribution of charge between neutral, anionic and 

cationic species in the three sodium carbonate solutions at varying pH. Knowledge of such a 

distribution is important in understanding the function of nanofiltration systems, since the 

membrane interacts differently, and therefore performance alters, with species of different 

charge and charge density. As predicted from a knowledge of carbonate chemistry, while the 

concentration of monovalent cations remains relatively constant at all pH values in all solutions, 

the concentration of monovalent anions decreases with increasing pH, while the concentration 

of divalent anions increases. Figure 8.10 also clearly shows that the proportion of species 

present both as monovalent cations and as divalent anions decreases in solutions of high 

concentrations and pH relative to monovalent anions. 

The transfer of negative charge from monovalent species to divalent species at increasing pH 

values is primarily responsible for the observed decrease in the total concentration of all species 

present. This decrease in total species is reflected in the colligative properties of the solution. 

For example, the osmotic pressure of the solution increases as the pH value is decreased, and 

this has practical implications in pressure-driven membrane proceSSing. These implications are 

discussed in Section 8.5. 
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Figure 8.10 
Distribution of Total Charge In Sodium Carbonate Solutions of Varying Strength and pH 
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8.3.2 Impure Sodium Carbonate Solutions 

The presence of the free ions Ca++ and Mg++ in the nanofiltration permeate cause severe 

scaling of the electromembrane in the subsequent electrolysis stage and shorten its useful 

life. Therefore, maximum removal of these divalent cations is essential during nanofiltration. 

The removal efficiency depends on a number of factors, including the concentration and pH 

of the solution, as well as on the presence of organic complexing agents. To assist in 

understanding the performance of the nanofiltration membrane in impure solutions, 

speciation modelling was used to predict: the characteristics of calcium and magnesium 

species in a sodium carbonate solution containing 10 gil Na, and varying in pH; and the effect 

of low concentrations of EDTA on the distribution of the calcium and magnesium components 

between free ions and other species. While the behaviour of EDT A resembles that of 

complexing agents used in the scouring process, these investigations provide a qualitative 

indication only of the behaviour of complexing agents in scouring effluent, since this effluent 

comprises an array of synthetic and natural organic materials which have varying degrees of 

influence on the solution chemistry with respect to free calcium and magnesium ions. 

To simulate pretreated scouring effluent, speciation was carried out on a hypothetical sodium 

carbonate solution containing 10 gil Na and 10 mgll each of calcium and magnesium. The 

effect of complexing agents on the concentration of the free ions Ca++ and Mg++ was then 

investigated by the addition of 100 mgll of EDTA (tetra-sodium salt) to the speciation model. 

The bulk chemistry of the system, as determined by speciation, resembles that of the pure 

sodium carbonate solution containing 10 gil and discussed in Section 8.3.1. The analysis in 

this Section concentrates on the species containing calcium, magnesium and EDT A, which 

together account for less than 0,2 % of all species present, but which determine the fouling 

potential of the solution to electromembranes. 
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8.3.2.1 Equilibrium Species Concentration 

MINTEQA2 was initially applied to the case where precipitation was not allowed to occur. 

Tables A7-13 and A7-14 in Appendix 7 summarise the concentrations, activities and activity 

coefficients for the solutions with calcium and magnesium, and with calcium, magnesium and 

EDTA respectively. 

In the absence of EDTA, the speciation model predicts the presence of eight Ca- and Mg­

containing dissolved species at equilibrium. This is in addition to the eight species present in 

a pure sodium carbonate solution, the nitrates present as a result of pH adjustment with nitric 

acid, and the chlorides present as a result of the addition of calcium chloride. Figure 8.11 

gives the equilibrium concentration of each of the Ca- and Mg-containing species throughout 

the pH range 7,2 to 11,0. 

Similar trends are observed for both calcium and magnesium. All species are either neutral or 

positively charged. Free ionic species and the monovalent bicarbonate ion complex 

predominate at low pH values, but the neutral carbonate ion pair predominates at high pH 

values. These trends parallel those of the inorganic carbon species in a pure sodium 

carbonate solution. 

In the presence of EDTA, the speCiation model predicts the occurrence of 11 EDTA­

containing species at equilibrium. These species occur in addition to the 18 species 

described above in the sodium carbonate solution containing only calcium and magnesium, 

and include six EDT A species in different valence states, one Na-containing complex, two Ca­

containing complexes and two Mg-containing complexes. Figure 8.12 is analogous to 

Figure 8.11, but accou nts for EDT A. 
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Figure 8.11 
EquJllbrlum Concentration of Ca- and Mg-Contalnlng Species In a Sodium 

Carbonate Solution Containing 10 gil Nat and at Different pH Values 
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Speciation modelling of the EDT A solution indicates that: 

1) While Mg and Ca complex with EDTA in two forms (with EDTA and with HEDTA), the 

Ca-EDTA and Mg-EDTA complexes are the dominant species over the entire pH range. 

Thermodynamic considerations indicate that Ca-HEDTA and Mg-HEDTA are most 

concentrated in low pH solutions, where HC03- is the dominant inorganic carbon 

component. However, even at these low pH values, the concentration of Ca and Mg 

bound in the HEDTA complex is only 0,1 % of that bound in the EDTA complex. 
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2) The concentrations of Ca-EDTA and Mg-EDTA are almost constant throughout the entire 

pH range, while the concentrations of Ca-HEDTA, Mg-HEDTA, CaHC03 and MgHC03 

decrease significantly at high pH values. 

3) Speciation predicts Ca-EDT A to be the predominant Ca-containing species throughout 

the pH range, whereas, for Mg, MgC03 predominates at pH values above 9, while the 

free ion Mg++ predominates at pH values below 9. It is suggested that this tendency for 

non-complexed Mg to predominate at all pH values can be used to explain the lower 

retentions observed for Mg than for Ca in EDTA solutions at all pH levels in Figure 8.5. 

This phenomenon is discussed further in Section 8.4. 

4) The strong complexing tendency of EDTA is illustrated. EDTA exists predominantly as 

Ca-EDTA and Mg-EDTA complexes throughout the pH range. The higher 

concentrations of Ca-EDTA are explained by the higher stability of the Ca-EDTA 

complex. Concentrations of other EDTA species are almost insignificant, accounting for, 

at most, 0,1 % (pH 7,2) of total EDTA present. 

5) All Ca and Mg species in the EDT A solution are either bound in neutral species, or in 

mono- and divalent cations: 

8.3.2.2 Equilibrium Mass Distribution 

In the absence of EDT A, Ca and Mg each exist at equilibrium as the free divalent ions, Ca++ or 

Mg++, or are bound into one neutral ion pair, CaC03 or MgC03, or two single-charged 

positive ion complexes, CaHC03+ and CaOH+, or MgHC03+ and MgOH+. The mass 

distribution of each of these species over the pH range is shown in Figure 8.13. The species 

CaOH+ and MgOH+ do not comprise more than 1 % of the total species present and are not 

represented on Figure 8.13. The trends observed for Ca and Mg are similar except that the 

proportion of Ca bound up in the neutral species CaC03 is greater than the proportion of Mg 

bound up as MgC03 throughout the pH range. Similarly, the proportions of Mg bound up as 

MgHC03+ and Mg++ are greater than those of Ca bound up as CaHC03+ and Ca++. 
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Figure 8.12 
Equilibrium Concentration of Ca- and Mg-Contalnlng Species In a Sodium Carbonate 

Solution Containing 10 gil Na and 100 mg/l EDTA, and at Different pH Values 
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Figure 8.13 
Mass Distribution of Ca and Mg Between the Species at Equilibrium In a Sodium 

Carbonate Solution Containing 10 gIl Na 
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Figure 8 .14 is the analogous diagram for the system containing EDT A. It illustrates the 

predicted mass distribution of EDTA between the EDTA-containing species at equilibrium. as 

well as the distribution of Ca and Mg. The difference in the affinities of Ca and Mg to 

complexation with EDT A is striking: 
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Figure 8.14 
Mass Distribution of EDTA, Ca and Mg Between the Species at Equilibrium In a 

Sodium Carbonate Solution Containing 10 gil Na 
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1) Whereas the proportion of Ca complexed as Ca-EDT A is above 93 % over the entire pH 

range, increasing slightly at lower pH values, the proportion of Mg complexed as Mg-EDTA 

increases slightly with pH to reach a maximum of 25 %. 

2) The proportion of free Mg++ ions is significantly higher than the proportion of free Ca++ 

ions at all pH values, being highest (50 % of total Mg) at pH 7,2. 

3) While the Ca-EDTA is the dominant Ca species throughout the pH range, Mg++ (at low pH 

values) and MgC03 (at high pH values) are the predominant Mg species. 

4) At any pH, the amount of EDTA bound with Ca is more than double that bound with Mg. 

This results from the greater thermodynamic stability of the Ca-EDT A complex. 

Whether the dominant mechanism for membrane transport relies on electrostatic forces or 

size exclusion factors, the predicted differences in the behaviour of Ca and Mg in EDT A 

solutions should manifest itself in observed differences in the transport of these components 

through nanofiltration membranes. Correlations between theoretical and experimental 

observations are discussed further in Section 8.4. 

8.3.2.3 Saturated Solids and Precipitation 

The discussion above relates to the speciation modelling case in which precipitation is not 

allowed to occur. However, the output data from MINTEQA2 suggests that it is 

thermodynamically possible for precipitation of selected Ca- and Mg-containing minerals to 

occur. These minerals are those for which the saturation index is exceeded. The condensed 

versions of MINTEQA2 output for experiments 4 and 5 in Appendix 7 list these minerals for 

each given pH. For example, minerals such as brucite and dolomite are predicted to 

precipitate at low pH values from sodium carbonate solutions not containing EDT A, while at 

high pH values it is thermodynamically possible for minerals such as aragonite, artinite, 

brucite, calcite, dolomite, huntite, hydromagnesite and magnesite to precipitate from the 

same solution. 

The presence of EDT A is predicted to influence precipitation. For example, in the EDT A­

containing solution, it is not thermodynamically possible for any minerals to precipitate at low 

pH values, whereas at higher pH values the saturation indices for possible precipitation are 

less positive. 
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Because the precipitation of minerals can change the concentration of dissolved species in 

solution, and because the precipitation of one mineral can alter the saturation indices of other 

minerals, MINTEOA2 was rerun for the case where precipitation was allowed to occur. 

Condensed versions of the output from experiments 4 and 5, where precipitation is allowed 

to occur, are included in Appendix 7. 

Where the sodium carbonate solution contains no EDTA, thermodynamic data suggests that 

dolomite will precipitate at low pH values, and dolomite and magnesite will precipitate at high 

pH values. Furthermore, it suggests that at pH 7,2, 45 % of the Ca component and 27 % of 

the Mg component will be present as dolomite (not dissolved) and that at pH 11,3, over 98 % 

of both Ca and Mg will be precipitated. 

Again, the presence of EDTA is predicted to influence saturation indices. No precipitation of 

Ca- and Mg containing minerals is thermodynamically possible in solutions containing EDTA 

and at pH 7,2. In the same solution at pH 11,3, only magnesite is predicted to precipitate, and 

76 % of Mg is bound in this mineral. 

These predictions correlate well with those of Butler (1982), who studies carbon dioxide 

equilibria. He predicts that qualitatively, solutions with a high Na:hardness cation ratio will tend 

to produce carbonate minerals with only Na, or a high ratio of Na:hardness cation. But he 

acknowledges that equilibria are not always reached and quantitative predictions are not 

easily made. 

For further correlation of theoretical speciation results with experimental derived nanofiltration 

results, the possible precipitation of minerals from the nanofiHration solutions has been 

ignored. This was considered appropriate since: 

1) MINETOA2 is based on thermodynamic data, and does not consider kinetic probability in 

predicting precipitation. While it is kinetically feasible for some minerals to precipitate, 

other minerals will not precipitate. This complicates the practical situation. 

2) During experiments 4 and 5, 10 mg/l each of Ca and Mg components were added to the 

nanofiltration feed. No precipitation or solution turbidity was observed during the trials, 

and analytical results indicated that the total dissolved components in the nanofiltrate feed 

over the entire pH range was constant, and equal to the initial concentration added. 

Experimental results suggest, therefore, that kinetic and thermodynamic equilibrium were 

not reached before the nanofiltration experiments were completed. 



8.4. Semi-Quantitative Explanation of Nanofiltration Performance 

Although the experimental method used in experiments 6 to 8 resembled that used in 

experiments 1 to 3 (discussed in Section 8.1), experiments 6 to 8 aimed to provide detailed 

experimental results from which correlations could be developed and explained by chemical 

speciation or mass transport theory. Therefore, experiments 6, 7 and 8 involved the 

nanofiltration of sodium carbonate solutions containing 1, 10 and 30 g/I Na respectively and at 

pH values corresponding to the pH values at which speciation modelling had been 

undertaken. These experiments were supplemented by experiment 9 (10 g/I Na as sodium 

carbonate at pH 9,6), which aimed to deduce the dependence of membrane performance on 

feed velocities and applied pressure. The experimental results are summarised in 

Tables A7-6 to A7-9 for experiments 6 to 9 respectively; Table A7-15 summarises predicted 

and experimentally observed osmotic pressures. 

While the basic relationships between retention, flux, concentration and pH observed and 

discussed in Section 8.1 are equally applicable here to experiments 6 to 8, the discussion 

below presents a more theoretical analysis of the experimental results. It atter,lpts to explain 

trends in water and solute fluxes against the operating conditions of pressure and flow, and 

by consideration of the predicted chemical species at equilibrium. For experiments 6 to 8 

respectively, Tables A7-16 to A7-18 (Appendix 7) present calculated values of various 

parameters which have been used in the current analysis. Table 8.1 summarises this data, 

listing the water and solute fluxes (for Na and inorganic carbon components) at each pH, feed 

and permeate pH value and effective driving force (pressure). 
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8.4.1. 

Table 8.1 
Summary of Calculated Flux, pH and Effective Pressure Values 

For Experiments 6, 7 and 8 

Experiment pH Effective Jw JNa JIC 
Driving Force (1/m2h) (moVm2h) (moVm2h) 

Feed Perm (kPa) 
No.6 
1 gil Na 11,0 10,9 1184 55,6 0,02 0,07 

10,4 10,1 1 191 58,4 0,39 0,12 
10,0 9,7 1212 69,8 0,89 0,23 

9,4 9,2 1216 70,9 1,44 0,32 
8,9 8,8 1227 70,9 1,68 0,38 
8,1 8,2 1243 62,2 1,73 0,43 
6,9 7,1 1239 49,1 1,41 0,31 

No.7 
10gllNa 11,3 11,5 476 17,3 1,54 0,74 

10,6 10,0 569 25,S 3,10 1,07 
9,6 9,0 787 34,9 7,74 2,52 
9,0 8,5 889 40,9 12,98 3,92 
8,3 8,1 939 41,1 14,56 4,66 
7,2 7,4 946 41,4 13,67 4,57 

No.8 
30 gil Na 11,5 - - - - -

10,6 10,4 211 3,4 2,79 1,26 
9,6 9,2 293 9,0 7,61 3,19 
9,1 8,6 572 16,7 15,92 6,26 
8,5 8,2 517 25,S 25,36 8,55 
7,9 7,9 485 27,8 29,31 9,32 

Osmotic Pressure Variations 

Since the osmotic pressure of a solution, or more precisely the osmotic pressure difference of 

a solution across a membrane, is a key variable in the consideration of its treatment using 

membrane separation processes, and for explaining membrane performance, this parameter 

has been predicted (Table A7-15, Appendix 7) from equilibrium speCiation data using the 

method described by Brouckaert et a/ (1994) (see Section 5.4.3.3). Figure 8.15 indicates the 

good correlation between experimental and predicted trends osmotic pressures at each feed 

sample pH for each of the three sodium carbonate solutions. 

For all concentrations of carbonate solutions, osmotic pressures are observed to decrease 

with increasing pH. This is in accordance with the predicted decrease in the concentration of 

total species at high pH (see Figure 8.10), which in tum manifests itself by a change in the 

colligative properties of the solutions. 

The experimentally determined osmotic pressures for the feed and permeate samples has 

been used to calculate effective pressures, presented in Table 8.1, using the equation: 

Effective membrane pressure (kPa) = ilP - .d1l' (8.1) 
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where ~P = transmembrane (or applied) pressure in kPa 

M = osmotic pressure difference across membrane (kPa) 

Effective pressure is the driving force for water flux across the membrane and is a function of 

solute flux. 

8.4.2. 

Figure 8.15 
Correlation Between Predicted and Experimental Osmotic Pressures 

In Sodium Carbonate Solutions of Varying Strength and pH 
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Concentration Polarisation 

The flux/pressure measurements taken in experiment 9 aimed to indicate whether the effects 

of concentration polarisation, or the concentration gradient of solute near the membrane 

surface, were Significant. 

The results shown in Figure 8.16 indicate that for a feed concentration of 10 gil Na, and for 

the three feed velocities investigated, the water flux through the membrane is proportional to 

the effective pressure. This indicates that it is likely that concentration polarisation is of minor 

importance under the experimental conditions employed. Note that experiments €, 7 and 8 

were operated within the range presented in Figure 8.16, using constant applied pressures 

and velocities of 1 300 kPa and 1 010 ml/min respectively. 
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Figure 8.16 
Water Flux as a Function of Effective Pressure for Three Different Feed Velocities 
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Because the results suggest that concentration polarisation is sma", it has been assumed in 

the subsequent qualitative analysis of the system, that the concentration of any solute in the 

bulk feed (C'-so/) is equal to the concentration of that solute at the membrane-feed interface 

(Ci-soO. This allows mass transport across the membrane to be described for any solute, 

provided that the concentrations of the solute are known in the feed and permeate. 

Typica"y, increasing cross-flow velocities past the membrane, and decreasing operating 

pressures, reduce concentration polarisation and result in higher separation and higher 

solute flux. 

Determination of Water Permeability Constant, A 

The water penneability parameter, A, has been calculated from experimental data using 

equation 5.28 and plotted in Figure 8.17 against solution pH for the three sodium carbonate 

solutions at different concentration. 

Under ideal conditions, A is a constant for anyone membrane system at constant temperature 

and independent of solution concentration and speciation. Figure 8.17 suggests that, in the 

present case, A is dependent both on solution pH and solution concentration. Typica"y, any 

changes in A are indicative of the occurrence of fouling, compaction or concentration 

polarisation. Clearly, fouling or compaction is not occurring, since water penneability does not 

follow a consistent downward trend throughout each experiment (from high pH to low pH) and 

from experiment to experiment (from low concentration to high concentration). It is possible 
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that concentration polarisation is occurring, but this phenomenon has not been predicted to 

occur under the prevailing conditions of feed velocity and pressure (see Section 8.4.2). 

Furthermore, the trends in A follow the Jwtrends (Figure 8.18) rather closely, except that Jw 

decreases steadily with increasing concentration, while A apparently does not. 

Figure 8.17 
Variability of Water Permeability Parameter, A, with pH and Concentration 

of Sodium Carbonate Solutions Containing 1, 10 and 30 gil Na 
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Given the properties of the nanofiltration membrane and the nature of the feed solution, it is 

postulated that the non-uniformity of A with pH results from the occurrence of one or both of 

the following phenomena: 

1) Changes in the membrane chemistry, and therefore charge, with pH. Discussions with Dr 

Peter Sehn, of the Dow Membrane Technical Engineering Division in Germany (1994) 

confirm that the carboxylic acid groups on the membrane surface function as a weak cation 

exchange resin, the degree of negative charge, and therefore transport characteristics 

and permeability, being dependent on pH. 

2) A secondary effect is the influence of pH on the geometry of the polymer comprising the 

membrane surface, which undergoes coiling or elongation under different conditions of 

pH. These physical or structural changes in turn alter the repulsion forces within the 

polymeric structure causing changes in the water permeability of the membrane. 

The observed disparity in the trends of A and Jwat increasing solution concentration 

suggests that concentration polarisation may be having an effect in high concentration 

solutions. If this is the case then the osmotic pressure difference used in calculating A is tco 

small (since it was based on feed concentration, which exceeds the concentration at the 

membrane surface), and the difference depends on the speciation at a given salt 
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concentration. However. the major effect between the different feed concentrations is feed 

osmotic pressure. In other words. the correction based on feed osmotic pressure is adequate 

to compensate for the differences in salt concentration. but not for the difference in 

speciation at a given salt concentration. 

It is proposed therefore. that the apparent variations in A result from a complex arrangement of 

speciation. concentration polarisation. osmotic pressure and membrane polymer structure. 

Water Flux Dependence on Solution CharacterIstics 

Figure 8.18 indicates the observed variation of water fluxes with solution pH and 

concentration. As noted above in Section 8.4.3. trends in Jw parallel those of A. except in 

solutions of high concentrations and low pH. Obvious discontinuities in the observed trends 

occur at two pH values in the 1 and 30 gil Na solutions and at one pH value in the 10 gtl Na 

solution. The pH values at which these discontinuities occur are listed in Table 8.2. 

If the predominant influence on Jwwas the osmotic pressure difference across the 

membrane. then. at constant applied pressure. it would be expected that Jwwould increase 

proportionally with tm over the entire pH range from acidic to basic: However. trends in Jware 

not consistent with tm. and do not increase with decreasing pH over the whole pH range. It is 

proposed. therefore. that the effects of solution chemistry and speciation are the most 

important factors in determining the water flux for a particular solution concentration and pH. 

Figure 8.18 
Variation of Water Fluxes with pH In Sodium Carbonate Solutions 

Containing 1, 10 and 30 g/l Na 
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In order to test this proposal, the observed discontinuities in Jw have been considered in the light of 

speciation theory. In this respect, Table 8.2 also lists observations regarding speciation at each of the 

pH values where discontinuities in Jwoccur (these observations are based on Figure 8.7). 

Table 8.2 
Water Fluxes: Correlation of Discontinuities In Water Flux with Speciation Trends 

Concentration Discontinuity in Speciation Trends 
(gil Na) Jw 

1 gtl Na pH 10 to 10,4 point of cross-over of HC03- and C03= 

pH 8,8 point of cross-over of NaHC03 and NaC03-

10 QlI Na pH 9 point of cross-over of NaHC03 and NaC03-

30 gtl Na pH 9,6 point of cross-over of HC03- and C03= 

pH 8,5 point of cross-over of NaHC03 and NaC~-

Analysis of Table 8.2 shows a clear correlation between observed discontinuities in Jwand 

speciation trends, and this correlation is consistent for all concentrations. Discontinuities in Jw 

occur at the cross-over point where two curves intersect (Figure 8.7), and when the species 

represented by these two curves have different charges. For example, in the solution 
, 

containing 1 gil Na, a sharp discontinuity in water flux is observed at around pH 10, where the 

divalent anion C03= replaces the monovalent anion as the dominant anionic species (or vice 

versa) . Furthermore, as the divalent (monovalent) anion becomes the dominant species, that 

is at pH values higher (lower) than the pH of intersection, the water flux decreases (increases). 

This is consistent with membrane-solute interaction theory - retention of anions (and therefore 

cations) by the membrane increases with charge on the anions, resulting in increased osmotic 

pressure differences across the membrane, lower driving forces and lower water fluxes. 

A similar discontinuity in Jw is observed at pH 9,6 in the solution containing 30 gil Na. Again it 

is proposed that this results from the increasing importance of divalent C03= in the system, 

compared to monovalent HC03- . Although no corresponding discontinuity was observed in 

the 10 gil Na solution, it is proposed that Jw should have increased more rapidly below pH 9,6, 

and that the fact that this increase was not observed was a result of inaccuracies in the physical 

measurement of fluxes. 

Speciation data for each solution, also strongly suggests that the discontinuity in Jwat pH 8,8; 

9; and 8,5 for the 1; 10 and 30 gil Na solutions respectively can be related to the points at 

which the concentrations of the neutral species NaHC03 equals that of the monovalent an~;m 

pair, NaC03-. Flux trends are consistent with the theory that, while neutral species pass freely­

through the membrane, there is a tendency for negative species to be retained, and this in 
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turn leads to higher osmotic pressure differences and lower water fluxes at pH values below 

the point of cross-over of the NaC03- and NaHC03 curves. 

Solute Flux Dependence on Solution CharacterIstics 

The retention level of a solute expresses the solute flux, and can vary widely depending on 

the operational parameters and the chemical interactions or surface forces that occur between 

the solvent, solute and membrane. The retention and solute flux should be considered in the 

context of the chemistry and the test conditions for nanofiltration. 

Figure 8.19 indicates the observed trends in permeate concentration (Na and inorganic 

carbon components) with pH and solution concentration. While permeate concentration 

increases with decreasing pH for both components in all solutions, the relative increase is 

highest in low concentration solutions. ConSidering speciation data, and specifically total 

charge in sodium carbonate solutions at varying pH and concentration (Figure 8.10), it is 

suggested that the relatively sharp decrease in permeate concentration at elevated pH values 

in low concentration solutions (1 gil Na) results from the larger portion of species existing as 

divalent anions in these solutions, than in more concentrated solutions at equivalent pH 

values. This relatively high proportion of divalent anions increases retention and osmotic 

pressure gradient, resulting in reduced flux of solute (and water, although water flux 

decreases at a slower rate). 

FIgure 8.19 
VarIation In Permeate Na and IC ConcentratIons wIth pH and Concentration of 

SodIum Carbonate Solutions 
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Although the trends in permeate concentration are interesting, a more appropriate method of 

examining solute transfer is to consider normalised solute flux variations with pH and solution 

concentration. In a single salt solution, in the absence of concentration polarisation (where the 

concentration in the bulk feed equals the concentration at the membrane interface), the solute 

fluxes are expected to be directly dependent on the concentration gradient across the 

membrane (see equation 5.29). Figure 8.20 indicates the relationship between normalised 

solute fluxes and solution pH and concentration. (Because of the analytical limitations in 

measuring actual species, this evaluation focuses rather on the two principal solution 

components.) Again inconsistent trends are observed. Particularly the peak in the Na fluxes is 

dramatic for the 1 and 10 gil Na solutions. The pH values at which discontinuities occur in JNa 

are listed in Table 8.3. 

Figure 8.20 
Variation In Solute Fluxes with pH and Concentration of Sodium Carbonate Solutions 
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Table 8.3 
Solute Fluxes: Correlation of Discontinuities In Water Flux with Speciation Trends 

Concentration Discontinuity in Speciation Trends 
(gil Na) JNa 

1 gil Na pH 10 to 10,4 point of cross-over of HC03 - and NaC03-

r----
pH 8,2 point of cross·~)Ver of H2C03 and NaC03-

10 gil Na pH 9,6 point of cross-over of HC03- and NaC~-
pH 8,3 point of cross-over of H2C03 and NaC03-

30 q!I Na oH 9 5 point of cross-over of HC03 - and NaC03-
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Table 8.3 also lists points of cross-over which occur at pH values corresponding to 

discontinuities in JNa. It is proposed tt)at the discontinuities observed at higher pH values 

result from a change in the predominant monovalent anion, from HC03- at pH values below 

the point of cross-over to NaC03- at pH values above this point. This is consistent with the 

observation that at pH values above this point of cross-over, the rate of decrease in the ratio 

JNclCf -Cp falls off, implying that JNa is increasing at a faster rate than the concentration 

gradient. This can be explained by assuming that negative charge is transported across the 

membrane predominantly by the NaC03- ion complex at higher pH values, and by HC03- ions 

8.4.6. 

at lower pH values. 

The discontinuities of JNa at pH values of 8,2 and 8,3 in the 1 and 10 gil Na solutions 

respectively, correspond to the points: 

1) Of cross-over of H2C03 and NaC~-

2) Near which the curves of NaHC03 and NaC03~ intersect 

3) At which the concentration of the predominant monovalent anionic species, HC03- starts 

to decline - and is replaced in solution by the NaC03 - ion complex. 

At pH values below these points of cross-over, where NaHC03 and H2C03 predominate over 

NaC03-, the ratio of JNclCf -Cp falls off steeply, implying that JNa is decreasing fast relative to 

the concentration gradient. Based on these observations, it is predicted that an analogous 

peak in tile ratio will occur at in the 30 gil Na solution at pH 7,5 - which is outside the range of 

pH in the current experimental investigation. 

Note that throughout the pH and concentration ranges under consideration, the dominant Na 

species is the Na+ ion. However, the concentration of this ion in solution remains relatively 

constant throughout the pH excursion, and does not influence the membrane performance; 

instead performance is determined by variations in the less concentrated species. 

pH Variation Across the Membrane 

Figure 8.21 has been plotted to show the trends in feed and permeate pH for different wat€:r 

fluxes. The observed variation in the pH values of the feed and permeate is consistent for 

solutions of all concentrations investigated: 
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Figure 8.21 
Relationship Between Feed and Permeate pH Values for Different Water Fluxes In 

Sodium Carbonate Solutions of Varying Concentration 
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1) At high feed pH values, the difference in the pH 01 the feed and permeate is small, and in 

the case of the 10 gil Na solution, is actually negative ie the permeate pH is higher than 

the feed pH. 

2) The pH of the permeate is significantly lower than that of the feed for mid-range pH values. 

3) The gap between permeate pH and feed pH closes again at lower pH values, and in the 

1 g/1 Na solution shows a reverse trend ie the permeate pH is higher than that of the feed. 

In all cases, the observed difference in pH between the feed and the permeate results 

primarily from preferential transport of certain species through the membrane, and the 

redistribution of these species in the permeate to attain equilibrium. The direction and 

magnitude of redistribution determines the direction and magnitude of pH changes. 

To examine, in more detail, the variation of acidity between the feed and the permeate, the 

difference in hydrogen ion concentrations in the two streams has been compared for each 

sample set in each of the three experiments. Table 8.4 summarises these results, while 

Figure 8.22 illustrates the dramatic effect of feed pH on the hydrogen ion concentration 

gradient across the membrane, irrespective of concentration, and particularly in solutions of 

low pH. 
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Table 8.4 
Gradient In Hydrogen Ion Concentration Across the Membrane During Nanoflltratlon 

of Sodium Carbonate Solutions at Varying pH and Concentration 

Experiment 6 Experiment 7 Experiment 8 
1 q!l Na 1O'a!I Na 30'Q!\ Na 
Feed pH [W]p - [WJt Feed pH [W]o - [W]f Feed pH [W]o - [W]f 

11,0 2,6E-12 11,3 -2,OE-12 10,6 1,SE-11 
10,4 4,OE-11 10,6 7,SE-11 9,6 3,8E-10 
10,0 1,OE-10 9,6 7,SE-10 9,1 1,7E-09 

9,4 2,3E-10 9,0 2,2E-09 8,5 3,2E-09 
8,9 3,3E-10 8,3 2,9E-09 7,9 0 
8,1 -2,OE-09 7,2 -6,OE-07 
6,9 -5,OE-08 

Figure 8.22 
Gradient In Hydrogen Ion Concentration Across the Membrane During Nanoflltratlon 

of Sodium Carbonate Solutions at Varying pH and Concentration 
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An examination of the trends predicted by speciation modelling has been undertaken to 

understand the influence of solution chemistry on the pH profiles of the feed and permeate 

streams. 

8.4.7. 

On decreasing the pH of the feed solutions from their maximum value, there is a consistent 

upward trend in the magnitude of the hydrogen ion gradient across the membrane, and 

furthermore, this gradient is positive initially (permeate {H+} > feed {H+}). The positive 

gradient results because of the retention of divalent C03= anions by the membrane and the 

preferential passage of monovalent NaC03- and HC03- anions through the membrane. To 

address the imbalance in the permeate, these anions redistribute themselves, with the 

formation of C03= anions and the release of hydrogen ions. The slope (rate of increase in the 

magnitude of the gradient) changes slightly at pH values of approximately 10,0; 9,7 and 9,6 

for the 1; 10 and 30 gil Na solutions respectively. Using Figure 8.7, these pH values may be 

correlated with the intersection of the HC03- and C03= equilibrium curves. At pH values 

above the point of cross-over, C03= anions predominate, and solute fluxes are low; although 

redistribution of species occurs in the permeate, overall concentrations of species are low, as 

are effects of redistribution on the hydrogen ion concentration. As the relative concentration 

of HC03- anions increase, solute fluxes increase and redistribution of species within the 

permeate results in the release of increasing amounts of hydrogen ions. 

The dramatic change in the magnitude and direction of the hydrogen ion concentration 

gradient at pH values of approximately 8,6; 8,3 and 8,5 for the 1; 10 and 30 gil Na solutions 

respectively may be correlated to points of cross-over of the NaC03- anion and the NaHC03 

ion pair in an environment where the HC03- anion predominates. It is proposed that the 

magnitude of the change results mainly from the high solute fluxes at lower pH values; and 

the fact that redistribution in a relatively concentrated solution has a more pronounced effect 

on hydrogen ion concentrations. The direction of the change is such that the hydrogen ion 

concentration in the permeate is lower than that in the feed; this implies that the shift in the 

equilibrium of the transported species is in a direction which consumes hydrogen ions. In 

turn, this would indicate that, at low concentrations, the transport of monovalent species 

predominates over the transport of neutral ion pairs (NaHC03 and H2C03), and that the 

rebalance of eqUilibrium involves the formation of these neutral species in the pemleate. 

Impure Sodium Carbonate Solutions 

Speciation theory has been used to examine, in a qualitative way, the observed performanca 

of the nanofiltration membrane during experiments 4 and 5, in which sodium carbonate 
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solutions (10 gil Na), contaminated with magnesium and calcium salts (10 mgI1 Ca and 

10 mg/l Mg). were nanofiltered and the effect of the complexing agent EDT A (100 mgll as 

tetra-sodium salt) on hardness ion retentions was evaluated. 

The empirical results are discussed in Sections 8.1.3 and 8.2 and summarised in Figure 8.5. 

The retention of hardness ions was observed to be pH dependent, varying from below 60 % 

at neutral pH to 90 % at pH 11. In the absence of EDT A, Ca retentions were marginally lower 

than magnesium retentions throughout the pH range. The addition of EDTA had a dramatic 

effect in Ca retention, increasing it above Mg retention to around 90 % throughout the pH 

range. Mg retentions also improved throughout the pH range, but to a lesser degree (ranging 

from 74 % at neutral pH to above 90 % at pH 11). 

Section 8.3.2 describes the results of chemical speciation modelling of Ca, Mg and EDTA 

species in a sodium carbonate solution (10 gil Na). 

8.4.7.1 Solutions Without EDTA Complexation 

In the absence of EDT A, all Ca and Mg species are neutral pr positively charged. Therefore, 

they either do not interact significantly with the nanofiltration membrane, or they interact 

positively with it, that is, they are adsorbed by the membrane. Because the principal objective 

of using this technique is to separate the hardness ions from the solution, this feature 

(tendency of the species to be pass freely through, or be adsorbed by, the membrane) is 

counterproductive, since it reduces the ability of the membrane to retain species containing 

hardness ions. 

The nature of the Ca and Mg species present at different pH values, parallels that of the 

inorganiC carbon species, as illustrated in Figure 8.11. That is to say, at high pH values, the 

neutral species CaC03 and MgC03 predominate, while at lower pH values (say below 9), the 

divalent Ca++ and Mg++ species predominate, together with high concentrations of CaHC03-

and MgHC03-. Thus, the observed trend of decreasing retention with decreasing pH can be 

explained by consideration of the solution chemistry. Figure 8.13 illustrates the distribution of 

Ca and Mg between various speCies at equilibrium over the pH range under consideration. At 

lower pH values, there is a prevalence of divalent cations, which are adsorbed by the 

membrane. In addition, at lower pH values, the predominant species are smaller than at high 

pH values. These two aspects (membrane adsorption and size) account for the reduced 

retention at lower pH values. At increasing pH values, the predominant species become larger 

and neutral, and their passage through the membrane is not facilitated by positive membrane-
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solute interactions and, in fact, may be further hindered by size exclusion. Therefore, solute 

flux is reduced and retentions are increased. 

Speciation modelling can be used to explain the fact that, in the absence of EDT A, observed 

Ca retentions are slightly lower than observed Mg retentions throughout the pH range. If it is 

assumed that ion permeability is mainly a function of size and charge on the species, 

speciation modelling projects that Ca retentions will be lower than Mg retentions throughout 

the pH range, since the proportion of Mg existing as cationic species is higher throughout this 

range than the proportion of Ca existing as cationic species (Figure 8.13). 

8.4.7.2 Solutions With EDT A Complexation 

In the presence of EDT A, speciation modelling predicts a difference in the relative distribution 

of Ca and Mg between species in solution over the pH range under consideration. This 

difference can explain the observed disparity between the performance of the nanofiltration 

membrane towards Ca and Mg species in solutions which contain EDT A, as well as the 

inconsistency between the trends in retention of each component with pH. 

Figure 8.12 and especially Figure 8.14 illustrate the strong complexing tendency of Ca and 

EDT A to form the very stable Ca-EDTA complex, which predominates at all pH values, and 

which accounts for over 95 % of the Ca present in solution. By contrast the Mg-EDTA 

complex is less stable, and does not predominate at any pH. Instead, Mg++ ions predominate 

at low pH values and MgC03 predominates at high pH levels. Throughout the pH range, the 

proportion of Ca bound up in EDTA complexes is more than double that of Mg bound up in 

analogous complexes. Since EDTA complexes are excluded from permeating the membrane 

because of size and steric conSiderations, Ca species will exhibit a far greater tendency to be 

retained than will Mg species. 

While Ca retention in the presence of EDT A does not show much variation with pH, Mg 

retention is pH dependent. This is explained by the fact that the distribution of Ca between 

species remains relatively constant throughout the pH range (and is almost exclusively Ca­

EDT A) , while Mg is distributed between at least four Mg-containing species over this range 

(see Figure 8.14). These species are either divalent cations, monovalent cations or neutral 

species, and their equilibrium distribution at anyone pH determines the permeability of Mg 

through the membrane. For example, at low pH values, where Mg++ predominates, retention 

is lowest, while retention is highest where the neutral species MgC03 and Mg-EDTA 

predominate. 
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8.5. Transport Modelling of Nanofiltration 

The membrane transport model, PERMSEP, was run for sodium carbonate solutions containing 1; 

10 and 30 gIl Na. The complete results are presented in a separate publication (Brouckaert, in 

press), and the input and output data is in Appendix 7. The graphical results for the 10 gIl Na 

solution are presented in Figures 8.23 to 8.30. 

The major observations are as follows: 

1) For experiment 9 (10 gIl Na; pH 9,6; variable feed pressures and flow rates), very good 

correlations were obtained for the effects of feed pressure on permeate flux (Figure 8.23), 

total carbonate concentration (Figure 8.24) and total hydrogen ion concentration 

(Figure 2.25). However, for the relationship between sodium concentration and pressure, the 

model predicted a monotonic decrease of sodium concentration with pressure, whereas the 

experimental results showed a minimum concentration (Figure 8.26) . 

2) For experiment 7 (10 gIl Na; variable pH; constant feed pressure and flow), predicted 
\ . 

permeate fluxes were in good agreement with experimental data (Figure 8.27), as are the 

predicted concentrations of total carbonates, hydrogen ions and sodium (Figures 8.28, 8.29 

and 8.30). 

3) For experiment 7, the initial feed was 10 gIl sodium carbonate at a pH of 11,2, and the pH 

was reduced by the addition of nitric acid. Similar trends are predicted of nitrate 

concentration, bicarbonate concentration and Na+ ion and the total sodium concentration as 

a function of pH (Figures 8.28, 8.29 and 8.30). The nitrate component does not speciate 

significantly into any species other than nitrate ions, and at lower pH values is the major 

anion. Furthermore, of common anions, nitrate ions are least retained by a nanofiltration 

membrane (Section 5.3.4.2). The passage of a cation is enhanced by the presence of 

permeable (small size and charge density) anions. In order to maintain electroneutrality, the 

passage of nitrate ions enhances the permeation of sodium ions. On the other hand, if the 

solution were acidified with sulphuric acid, it is predicted that sodium permeation would haVE: 

been reduced. The greater influence of nitrate ions than bicarbonate ions on sodium 

transport at lower pH values, was not predicted in the semi-quantitative work discussed in 

Section 8.4, since for this work, the nitrate component, being non-speciating, was excluded 

from consideration. However, PERMSEP modelling data indicates that the nitrate ion has 

major influence on sodium permeation and cannot be excluded if accurate predictions are to 

be made. 
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Figure 8.23 
Predicted Permeate Flux as a function of Feed Pressure and Flow Rate 

(Nanofiltration Experiment 9) 

Note: The continuous line represents the PERMSEP prediction, whereas the points are the measurements 
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Figure 8.24 
Predicted Permeate Total Carbonate Concentration as a Function of Feed Pressure 

and Flow Rate (Nanofiltration Experiment 9) 

Note: The continuous line represents the PERMSEP prediction, whereas the points are the measurements 
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Figure 8.25 
Predicted Permeate Total Hydrogen Ion Concentration as a Function of Feed 

Pressure and Flow Rate (Nanofiltration Experiment 9) 

Note: The continuous line represents the PERMSEP prediction, whereas the points are the measurements 
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Figure 8.26 
Predicted Permeate Total Sodium Concentration as a Function of Feed Pressure 

and Flow Rate (Nanofiltration Experiment 9) 

Note: The continuous line represents the PERMSEP prediction, whereas the points are the measurements 
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Figure 8.27 
Predicted Permeate Flux as a Function of Feed pH (Nanofiltration Experiment 7) 

Note: The continuous line represents the PERMSEP prediction, whereas the points are the measurements 
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Figure 8.28 
Predicted Permeating Concentrations of Total and Individual Carbonate Species as 

a Function of Feed pH (Nanofiltration Experiment 7) 

Note: The continuous line represents the PERMSEP prediction, whereas the points are the measurements 
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Figure 8.29 
Predicted Permeating Concentrations of Total and Individual Hydrogen Ion Species 

as a Function of Feed pH (Nanofiltration Experiment 7) 

Note: The continuous line represents the PERMSEP prediction, whereas the points are the measurements 
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Figure 8.30 · 

12 

Predicted Permeating Concentrations of Nitrate, and Total and Individual Sodium 
Species as a Function of Feed pH (Nanofiltration Experiment 7) 

Note: The continuous line represents the PERMSEP prediction, whereas the points are the measurements 
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SECTION 9 

RESULTS AND DISCUSSION OF SUPPLEMENTARY 
INVESTIGATIONS OF ELECTROLYSIS 

This section presents and discusses the results of the supplementary investigations aimed at 

examining more closely, either practically under controlled laboratory conditions or theoretically, 

certain aspects of electrochemical recovery. 

Electromembrane fouling is covered in Section 9.1, electromembrane cleaning in Section 9.2 and 

other electrode materials in Section 9.3. The procedures relating to these investigations are 

presented in Section 6.4. 

9.1 . Electromembrane Fouling 

9.1.1. 

These laboratory experiments aimed to examine, under controlled conditions, the potential 

for divalent cations present in the pretreated effluent to foul the electromembrane, causing 

temporary or permanent loss of performance, and to understand the mechanism whereby 

insoluble compounds of these cations are deposited on the electromembrane surface. The 

experimental apparatus and procedures are detailed in Section 6.4.1. The experimental and 

analytical results are presented in Appendix S (Tables AS-1 to AS-4) for the four batches of 

pretreated scouring effluent which were electrolysed during the laboratory trials. The first 

three batches were electro lysed consecutively. The fourth batch was electrolysed after the 

electro membrane had been examined and treated to remove fouling agents, thereby 

restoring performance. The current discussion of the results examines the effects of long 

term exposure of the electromembrane on its area-resistance; the relationship between the 

area-resistance and concentration of hardness ions in the anolyte; current efficiencies; scale 

characteristics and restoration of electromembrane performance. 

Electromembrane Area-Resistance 

An increase in the electromembrane area-resistance, Rmem, may be an indication that fouling 

or scaling of the electromembrane has occurred. Rmem is calculated from the equation: 

Emem 
Rmem= CD (9.1) 

where Emem is the volt drop across the electromembrane, which is calculated from equations 

derived in Appendix S using experimentally determined volt drops between the platinum 
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probes positioned on either side of the electromembrane. In carrying out these calculations, 

the effect of variations in electrolyte concentration and temperature were considered, since 

both these parameters influence conductivity and resistance. Conductivity corrections are 

presented in Appendix 8, together with the derivation of equations used to calculate 

electromembrane area-resistance. 

9.1.2. 

Tables A8-5 to AS-8 in Appendix 8 give the calculated figures for Rmem for batches 1 to 4 

respectively. These results are summarised in Figure 9.1, which illustrates the relationship 

between the electromembrane area-resistance and the total current passed during each 

batch. For each batch of effluent, there is an increase in electromembrane area-resistance 

with increasing passage of current. Such an increase could be indicative of electromembrane 

fouling, or could result from decreasing anolyte concentration. Figure 9.2 shows such an 

effect, with Rmem increasing with decreasing sodium concentration in the anolyte. Although 

some increase will result from lower anolyte concentrations, progressive fouling is indicated 

by the fact that the electromembrane area-resistance did not return to its initial level when a 

new batch of effluent was introduced. In fact, the electromembrane area-resistance at the 

start of batches 1, 2 and 3 increased from 1,7 to 3,0 to 5,9 ohmS/1 000 m2 respectively. The 

effects of cleaning the electromembrane between batches 3 and 4, which gave rise to 

Significant improvement in performance, are discussed in a later section. 

Effect of Hardness-Ion Concentration on Area-Resistance 

In considering the economic viability of the treatment sequence, one of the criteria for 

success is a long electromembrane life, with minimal, or at least controlled and reversible, 

fouling and scaling. The manufacturers of Nafion 324 electromembrane recommend upper 

limit concentrations of 0,1 mg/I Mg and 0,5 mg/I Ca for non-fouling performance (based 

mainly on the assumption that the precipitation of hydroxides of divalent cations is the primary 

area of concern). The magnesium and calcium concentrations of the pretreated effluent 

significantly exceed these recommended values. In fact, the average concentrations of 

magnesium and calcium present were 6 and 13 mg/I respectively. The fate of these divalent 

cations during electrolysis has been examined; using recorded electrolyte concentration and 

volume data, the total amount of calcium and magnesium present in the anolyte during each 

batch has been calculated and monitored over the course of electrolysis. These calculations 

are detailed in Table A8-9 in Appendix 8 and plotted in Figures 9.3 and 9.4 for magnesium 

and calcium respectively. The relatively small decrease in the total amounts of magnesium in 

the anolyte during batch 1 (and particularly during the initial stages) would suggest that 

magnesium loss was not the main cause of increased electromembrane area-resistance. 

likewise, the total amount of calcium stayed relatively constant for the first four days. As the 
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experiment progressed, total amounts of magnesium and calcium present in the anolyte 

decreased substantially, by 15 and 50 % respectively with a total passage of 16,4 F. 

However, there was no parallel increase in calcium and magnesium in the catholyte, indicating 

presumably that these cations are leaving the anolyte and entering the electromembrane 

structure. Therefore, it is suggested that the increase in area-resistance during the initial 

stage of batch 1 was mainly a result of the decrease in the conductivity of the anolyte as the 

sodium concentration fell from 9,06 gil to 5,7 gil, and that the increase from day 4 resulted 

from a combination of both electromembrane fouling and decreasing anolyte concentration. 

This suggestion is confirmed in Figure 9.5, where for a period of four days current efficiencies 

for sodium transport were 100 %. Further substantiating evidence for this suggestion is 

obtained from similar studies carried out using sodium chloride anolytes (Pollution Research 

Group, 1989). 

These studies showed that, at low anolyte concentrations (6 to 12 gil Na), fouling by 

precipitation of divalent metal hydroxides is accelerated and pronounced, compared to that 

observed in solutions of higher electrolyte concentration. Examination of Figures 9.3 and 9.4 

indicates that, compared to batch 1, the loss of magnesium and calcium from theoanolyte in 

batches 2, 3 and 4 was accelerated. Over the course of batch 2 (33,5 F), total calcium and 

magnesium loss was 67 and 69 % respectively, while during batch 3 (49 F) total loss was 74 % 

for each cation. During electrolysis of the second batch, a white crust became visible on the 

cathode side of the electromembrane, which also developed a bulge towards the cathode, 

redUCing the distance between the cathode and electromembrane. This reduced distance 

has been considered in all calculations. The formation of this crust and the concurrent loss of 

calcium, and to a lesser extent, magnesium from the electrolytes suggested that the 

preCipitation of insoluble salts was the most likely cause of the observed loss in 

electromembrane performance (see Section 9.1.3). Total loss of calcium and magnesium 

during batch 4, after the electro membrane had been treated, was 52 and 59 % respectively 

for a passage of 35 F of current. During electrolysis of this batCh, visible growth of the white 

crust continued, this time on the anode side of the electro membrane. The formation of this 

crust is discussed in more detail in Section 9.1.5. 
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Figure 9.1 
Dependence of Membrane Area-Resistance on Current Passed 
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Figure 9.2 
Dependence of Membrane Area-Resistance on Anolyte Sodium Concentration 
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Figure 9.3 
Relationship Between Membrane Area-Resistance and Total Magnesium 
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Figure 9.4 
Relationship Between Membrane Area-Resistance and Total Calcium 
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Table 9.1 presents a mass balance for calcium and magnesium cations for the four batches. In 

each case there was a loss of calcium and magnesium from the anolyte, which was not 

balanced by an equivalent gain in the catholyte. For the first three batches, 0,8 g of calcium 

and 0,3 g of magnesium were lost from the electrolytes, presumably accumulating in the 

electromembrane structure or on the electromembrane surface. 

Table 9.1 
Mass Balance For DIvalent Cations 

Batch Anolyte Volume Total Calcium Total Magnesium 
(Q (rng) (mg) 

inttial final lost inttial final lost 

1 40 initially 200 80 
34 finally 88 112 68 12 

2 40 initially 520 240 
24,7 finally 173 347 74 146 

3 40 initially 520 260 
17,3 finally 137 383 69 191 

4 40 initially 372 140 
28,5 finally 180 172 57 83 

It is appropriate at this stage to refer again to the similar study carried out on sodium chloride 

anolytes, both pure solutions, as well as scouring effluent which had been neutralised with 

chlorine gas (in place of carbon dioxide) and pretreated by both microfiltration and 

nanofiltration (Pollution Research Group, 1989). The results of this study indicated that 

fouling by calcium and magnesium cations present in pure sodium chloride solutions was 

severe: electromembrane area-resistance increased by 300 % (from 2 x 10.3 to 5 x10·3 Qm2) 

during the passage of only 3 F of electricity when 15 mgli of calcium and 5 mgll of magnesium 

were added to an anolyte containing 13 gil Na. It is assumed that the fouling resulted from the 

preCipitation of insoluble hydroxides on or within the electromembrane structure. Fouling 

could not be controlled by the addition of chelating agents, including EDT A, borax and citric 

acid, to either the anolyte or the catholyte. By comparison, however, pretreated scouring 

effluent containing 17 gil Na (as NaCI), 6 mgII Ca and 8 mg/l Mg showed no tendency to foul, 

even at depletion to below 5 gil Na after the passage of 7 F of electricity. Electromembrane 

area-resistances remained below 2,5 x 10-3 Qm2, loss of divalent cations from the anolyte was 

negligible, and no visible deposit formed on the electromembrane surface. It was suggested 

that the divalent cations present during scouring were incorporated into strongly bonded 

organo-metallic complexes that are not destroyed during pH adjustment or pretreatment, and 

these species prevent migration and preCipitation of these cations in the electromembrane 

structure during electrolysis. 
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A comparison of the results of electrolysis of chlorinated and carbonated scouring effluent 

indicates that divalent cations present in carbonated effluent have greater tendency to 

increase electromembrane area-resistance than those in chlorinated scouring effluent. The 

difference clearly relates to the nature of the anion in the anolyte, and the difference in 

solubilities of the carbonate and hydroxide salts. For example, calcium hydroxide is between 

30 and 100 times more soluble in hot and cold water respectively than calcite or aragonite 

polymorphs of calcium carbonate (Weast, 1987). and therefore less likely to precipitate in 

solutions of low calcium concentration. By contrast, the reverse is true for magnesium, 

although interestingly enough magnesium hydroxides were not identified as contributing 

significantly, if at all, to the scale. Section 9.1.5 examines divalent ion deposition more 

closely. 

9.1.3. Current Efficiencies 
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The efficiency of electrolysis was measured by comparing the observed change in the 

number of moles of sodium ions in the anolyte, with the theoretical change that should occur 

if all the current was used to transport sodium ions. Current efficiency data for the four 

batches is calculated in Table A8-10 in Appendix 8, and summarised in Figure 9.5. 

Figure 9.5 
Incremental Change In Current Efficiencies 
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Clearly electromembrane performance deteriorates during each batch and from one batch to 

the next. Incremental current efficiencies during batch 1 drop from 100 % at the start to 83 % 

after the passage of 16,4 F of current. For batches 2 and 3, current efficiencies range from 95 
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and 77 % respectively to 66 and 52 % after the passage of 33 and 49 F of electricity. The 

overall trend is a decrease in current efficiencies. Treatment of the electromembrane after 

batch 3 (see Section 9.1.4) to remove visible scale restored current efficiencies to 100 %, 

although continued electrolysis caused a further decline in current efficiencies to the levels 

observed before treatment. The phenomena responsible for reduced current efficiencies are 

discussed in Section 5.4.4.6, and include the passage of current by cations other than 

sodium; back-migration of hydroxide ions from the catholyte; and concentration polarisation 

(water splitting) at the electro membrane surface. Furthermore, in areas of the 

9.1.4. 

electro membrane where precipitants build up, shielding occurs with consequent loss of 

electromembrane area available for sodium migration. 

If water polarisation or back-migration are wholly responsible for decreased current 

efficiencies, then renewal of the anolyte should result in restoration of electromembrane 

perfonnance. This effect is seen only partially in Figure 9.5, where current efficiencies 

improved from 83 to 95 % between batches 1 and 2, and 66 to 77 % between batches 2 and 

3. Furthermore, if water polarisation is responsible for reduced current efficiencies, redUCing 

current densities to levels below the limiting value should result in improved current 

efficiencies. This was the case during batch 2 (after 38 days). However, during batch 3, 

reduction of current density had no effect on current efficiency. This, together with the 

overall decrease of current efficiencies from batch 1 to 3, suggests that electromembrane 

fouling was becoming increasingly the major controlling factor in cell performance. 

Restoration of Cell Performance 

After 135 days of almost continuous operation, and electrolysis of 120 I of pretreated 

scouring effluent, the current efficiency was 52 % and the experiment was stopped. As a 

result of loss in current efficiency; an imbalance in the total calcium and magnesium distributed 

between the electrolytes; and a bulging and encrusted electromembrane surface on the 

cathode side, it was concluded that considerable fouling or scaling of the electrornembrane 

had occurred. An attempt was made to restore the performance of the electromembrane by 

removing the crust by circulating de ionised water through the cell. 

Analytical data of the deionised water circulating through the catholyte compartment indicated 

that there was an increase in sodium concentration from 2 to over 700 mg/I , probably as a 

result of contamination by sodium hydroxide remaining in the equipment. Results for 

hardness ions were inconclusive: calcium and magnesium each increased frol11 zero to 2 mall - , 
a total increase of 10 mg for each cation (far lower than the amount which was lost from the 

anolyte without trace to the catholyte). The grey-white crust on the cathode side of tth'~ 
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electromembrane fell away during cleaning and was collected and analysed by X-ray diffraction 

(see Section 9.1.5). 

Subsequent to electromembrane treatment, and to evaluate the effectiveness of the 

cleaning procedure, the fourth batch of effluent was electrolysed. The analytical results and 

calculations of electromembrane area-resistance, divalent cation loss and current efficiencies 

have already been referred to in Appendix 8. Figures 9.1 to 9.4 illustrate that the relationship 

between electromembrane area-resistance and cation concentrations for the duration of 

batch 4 parallels those for batches 1, 2 and 3. A mass balance calculation (Table 9.1) indicates 

that the discrepancy between anolyte loss of divalent cations and catholyte gain was 

approximately 0,2 g of calcium and 0,08 g of magnesium. This is less than that lost for batch 2, 

where the total amount of electricity passed was similar. 

At the start of the batch, immediately following electro membrane treatment, current 

efficiencies were measured to be 100 %. However, subsequent decline was more rapid than 

any decline encountered during the electrolysis of preceding batches for equivalent passage 

of current. After day 10 of batch 4, a white crust became visible on the electromembrane, this 

time on the anolyte surface. The formation of this crust coincided with a sharp decline in the 

current efficiencies, from 72 % on day 1 ° to 57 % on day 13 (Figure 9.5). It is possible that: 

1) Partial damage occurred to the electro membrane structure, either by the acid wash, or the 

growth of calcite within the polymer; 

2) Seed nuclei of calcium carbonate may have remained within the electromembrane 

structure after cleaning, faCilitating rapid regrowth of crystals; 

3) Ineffective or partial cleaning could initially restore current efficiencies to 100 %, as long as 

the limiting current density was not exceeded in any part of the electromembrane. It is 

also conceivable that migrating sodium ions pass through the areas of electro membrane 

which exhibit least resistance. As the limiting current density is approached, scale 

formation on the electromembrane surface is accelerated, and current efficiencies 

decline. 

Even in the fouled state, the electromembrane continues, at least in the short term, to exhibit 

the ability to recover sodium hydroxide from pretreated scouring effluent, albeit at current 

efficiencies as low as 50 %. 
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9.1.5. Scale Characterisation and Mechanism of Deposition 

The X-ray diffractograms of the scales formed, first on the catholyte surface of the 

electromembrane and subsequently on the anolyte surface, showed 20 major peaks 

indicating a crystalline structure which was identified as calcite (calcium carbonate). 

The formation of calcite on the catholyte surface of the electro membrane suggests that 

calcium ions passed through the electromembrane structure before precipitating as 

carbonate. The presence of carbonate ions in the catholyte is explained by one of two 

mechanisms: migration of carbonate (or bicarbonate) ions from the anolyte under a 

concentration gradient (but against the direction of the current flow and through a cation­

selective barrier); or, more likely, absorption of carbon dioxide into the catholyte from the 

atmosphere during circulation. The electromembrane surface would provide a high energy 

interface where nucleation could occur easily, with subsequent growth being controlled by 

the diffusion of calcium ions through the electromembrane. The highly alkaline nature of the 

catholyte would ensure that the calcite remained as a solid which accumulated on the cathode 

surface. 

The formation of calcite on the anolyte side of the electromembrane is only likely to occur 

when the pH of the anolyte in the diffusion layer is alkaline. High pH values in this layer are 

only possible if concentration polarisation gives rise to water splitting at the electromembrane 

surface, or if hydroxide ions migrate from the catholyte to the anolyte under a high 

concentration gradient (because of interruption of power supply). In this case, since the 

diffusion of carbonate and calcium ions through the electromembrane are not the rate-limiting 

step, the growth of calcium carbonate would be expected to be more rapid than in the case 

where conditions are such that the growth of the precipitate occurs on the catholyte surface 

of the electromembrane. 

The ability of calcite to form on either side of the electro membrane suggests that its formation 

is controlled by the interaction of a number of variables such as current density, and the 

tendency for concentration polarisation or back-migration of carbonate or hydroxide ions. 

It is suggested that scaling, in the form of surface, and partly-reversible, precipitation of 

carbonates, rather than fouling, in the form of the irreversible internal precipitation of 

hydroxides, is the predominant phenomenon. Hydroxide fouling is the primary, and most 

widely investigated, factor of concern in conventional chlor-alkali processes. The laboratory 

results indicate that carbonate scaling is accelerated during electrolysis with anolytes of low 
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concentrations, and when concentration polarisation occurs at the electromembrane surface, 

causing localised areas of high pH. Bicarbonate ions in the vicinity of the electro membrane 

are transformed into carbonate ions, which have the ability to precipitate with divalent cations 

on the electromembrane surface. 

The results of a more thorough investigation into electro membrane cleaning techniques are 

presented in the following Section. 

9.2. Electromembrane Cleaning 

This investigation aimed specifically to evaluate a range of nitric acid treatment cleaning 

techniques for their ability to rejuvenate the electromembrane removed from the pilot-plant 

electrochemical unit. A description of the procedures and apparatus used is given in 

Section 6.4.2. The first experiment involved electrolysis to obtain reference performance 

data for virgin electromembrane and scaled electromembrane. The subsequent three 

experiments examined the effectiveness of acid soaking, acid electrolysis, and a combination 

of the two techniques respectively. These experiments consisted of a series of stages in 

which the electromembrane was first treated, followed by performance testing. 

Appendix 9 presents the experimental data and calculations as follows: 

1) Tables A9-1 to A9-7 give the physical and analytical data for all cleaning stages; 

2) Tables A9-8 to A9-14 give the physical and analytical data for the reference runs and 

performance tests; 

3) Tables A9-15 to A9-22 give the calculations for the current efficiencies for the reference 

runs and performance tests. Volume changes resulting for evaporative losses, 

electrolytic water transport, and sampling have been taken into account for these 

calculations. 

Table 9.2 summarises the results for each experiment, presenting data for both the total 

amounts of calcium and magnesium removed from the electromembrane by the three 

techniques of cleaning, and current efficiencies for the change in ionic concentrations in the 

anolyte (Na and total CO2) and the catholyte (Na and OH) during performance testing. 
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Table 9.2 
Summary of Cleaning and Performance Results 

Experiment Cleaning Technique Divalent Ion Current Efficiencies 
Removal (%) 
(mg/cm21 

aClOsoaK aCId electrolysIS ca Mg an~ ~ ~~yte Na ca~~ 

1,1-scaled - - - - 0 4 0 0 
1,2-virgin - - - - 76 - 76 -
2.1 - pH 1,5 3,5 0,3 - - - -

62 Alm2.20 h 
240 Alm2'21 h 

2.2 - - - - 45 50 65 70 
2.3 - pH 1,8 6,0 1,8 - - - - . 

50 Alm2-8,6 h 
2.4 - - - - 72 65 51 39 

3.1 pH 1,5-72 h - 5,3 1,7 - - - -
3.2 - - - - 65 60 70 60 
3.3 pH 0,5-72 h - 6,3 2,1 - - - -
3.4 - - - - 95 98 85 80 
3.5 ~H 1,3-47h - 8,2 1,5 - - - -
4.1 pH 1,5-72 h pH2 5,8 1,71 - - - -

(from 3.1) 62 Alm2.16 h 
4.2 - - - - 40 40 33 45 
4.3 pH 0,5-72 h pH 1,3 7,0 2,15 - - - -

(from 3,3) 62 Alm2-6,7 h 
pH 1,3-16 h 

\ 

4.4 - - - - 73 65 60 n 

9.2.1. Scale Characterisation 

During the pilot-plant trials, no obvious increase in electromembrane resistance was 

observed. However, current efficiencies for sodium hydroxide production decreased 

progressively, while a balance over the process indicated that the amount of divalent cations 

lost from the anolyte was considerably higher than that gained by the catholyte, indicating 

their accumulation either in the electromembrane structure or on its surface. Furthermore, a 

visible white scale had fonned on the anode surface of the electromembrane. Using X-ray 

diffraction techniques, this scale was identified as aragonite, a polymorph of calcium 

carbonate. Aragonite has a crystalline structure different from that of calcite, which was 

formed in the fouling tests discussed in Section 9.1. 

Current efficiency data reported in Table 9.2 indicate that, under the test conditions, 

perfonnance of the electromembrane was almost wholly impaired (to below 4 %) by the 

presence of the aragonite scale (Experiment 1.1). Under similar conditions, virgin 

electromembrane exhibits current efficiencies for sodium hydroxide production of 76 %. The 

severe effect that scale deposition has on cell performance emphaSises the need to develop 
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9.2.2. 

a rapid and effective technique for controlling scale accumulation during electrolysis, if the 

process is to be economically viable. 

Comparison of Effectiveness of Cleaning Techniques 

The effectiveness of each cleaning technique is measured by the degree to which cell 

performance is restored after cleaning, as well as the rate and extent to which scale is 

chemically removed from the electro membrane structure by the cleaning procedure. 

Restoration of performance 

Current efficiency data in Table 9.2 indicates that, in terms of restoration of performance: 

1) Acid soaking produced the best results. Data suggests that the degree of rejuvenation 

depends on the acid strength. For equal time periods, soaking at pH 0,5 restored sodium 

current efficiencies to approximately 90 %, while at pH 1,5 they were restored to 

approximately 68 %. 

2) Acid electrolysis at pH 1,5 and 1,9 was only partially effective in restoring performance. 

Current efficiencies for sodium transfer after electrolytic cleaning were 55 to 60 %. 

3) Acid electrolysis, subsequent to acid soaking, served only to lower performance 

restoration by as much as 25 to 30 % below that obtained by acid soaking alone. 

Results suggest that partial damage may occur to the electromembrane structure if relatively 

harsh (electrolysis) cleaning procedures are applied. This suggestion is supported by the fact 

that restoration of performance appears to be inversely proportional to the period of 

electrolysis. 

Extent of Removal of Scale 

Table 9.2 presents, for each cleaning technique, data for the approximate mass of calcium and 

magnesium removed per unit area (crn2) of electromembrane. Although the scale deposition 

on the original section of electromembrane was not wholly uniform, it is assumed that this 

nonuniformity would present only minor variations in the total amount of scale present at the 

start of any cleaning experiment. The average loading of removable scale on the 

electromembrane surface varied between 4 to 8 mg/crn2 for calcium and 1 to 2 mg/crn2 for 

magnesium. Using measurements of electro membrane mass loss resulting from cleaning, as 

well as analytical results indicating divalent ion removal, the total loading of the 

electro membrane was approximately equivalent to half the mass of the electromembrane itself. 
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Data suggest that, on average, acid soaking removes more scale from the electro membrane 

than electrolysis. Furthermore, in cases where the electromembrane was cleaned by a 

combination of soaking and electrolysis, up to 99,6 % of the scale removed was removed 

during acid cleaning, while up to 4 % was removed during electrolysis. 

Rate of Scale Removal 

The rate of scale removal has been calculated during experiments 2.3 (acid electrolysis); 3.5 

(acid soaking); and 4.3 (acid soaking and acid electrolysis) in Tables A9-23 to A9-25 in 

Appendix 9, and illustrated in Figures 9.6 and 9.7. 

Figure 9.6 
Rate of Calcium Removal For Three Acid Cleaning Techniques 
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50 

1) The major portion of the removable scale is released into the acid cleaning solution during 

the first 3 to 5 h of treatment, regardless of the technique used. 

2) Acid electrolysis appears to remove scale at a greater rate initially than acid soaking. If the 

mechanism of acid cleaning involves a reduction of the pH inside the electromembrane 

structure, thereby dissolving foreign salts impregnated therein, then it is suggested that 

acid electrolysis produces an acid environment within the electromembrane at a faster rate 

than acid soaking. 
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9.2.3. 

Figure 9.7 
Rate of Magnesium Removal For Three Cleaning Techniques 
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Obviously the preferred option for scale control is to eliminate the cause, rather than to treat 

the result. Prevention of scale formation during normal cell operation has been discussed in 

other sections of this report, and is examined briefly below. 

Control By Prevention 

Since the aragonite deposit occurred on the anolyte surface of the electro membrane during 

pilot-plant trials, and since aragonite is a salt containing the anion predominant in the anolyte 

(carbonate) and not that predominant in the catholyte (hydroxide), it is concluded that 

precipitation of calcium (and to a lesser extent magnesium) was induced in the anolyte, in the 

vicinity of the electromembrane, and not as a result of conditions encountered by migrating 

calcium ions during or after transportation through the electro membrane towards the 

catholyte. This deposition in the anolyte is only possible where the diffusion layer in the 

vicinity of the anolyte surface of the electromembrane is alkaline, as a result of either back­

migration of hydroxide ions from the catholyte or polarisation of water in the vicinity of the 

electromembrane. 

The electromembrane has been shown to be non-fouling and non-scaling during long-term 

fouling tests for scouring effluent which has been pretreated by chlorination and not 

carbonation (see Section 9.1.2). Therefore, it is suggested that, if carbonate species are 
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eliminated in the vicinity of the electromembrane surface, then a non-fouling performance, or 

at least a situation of slow and controllable scale growth, may be approached. In practice, 

three prinCipal mechanisms exist for preventing the presence of carbonate ions in the vicinity 

of the electromembrane. 

1) Maintaining operational current densities below the limiting value minimises concentration 

polarisation at the electromembrane surface, thereby preventing the formation of 

hydroxide ions in the diffusion layer. 

2) Careful selection of electrolyte flow and cell design characteristics promotes turbulence at 

the electromembrane surface, thereby ensuring an adequate supply of sodium ions to 

the diffusion layer. 

3) Operation of the process at lowest acceptable sodium hydroxide concentrations, reduces 

the pH gradient across the electromembrane, thereby minimising back diffusion of 

hydroxide ions. 

Note that manufacturer information on Nafion 324 suggests that, in conventional chlor-alkali 

cells, where the pH values on either side of the electromembrane are 2 and 14, hydroxide 

back-migration is minimal if the sodium hydroxide concentration is m~intained below 20 %. In 

the present application, the pH values on either side of the electromembrane are 8 and 14, 

while a sodium hydroxide concentration of 10 to 15 % is acceptable for reuse in scouring. 

Therefore, it is unlikely that back-migration is the predominant source of alkalinity in the vicinity 

of the anolyte surface of the electromembrane. This fact is substantiated by the results of the 

fouling tests on prechlorinated effluent referred to above, in which, had back-migration been 

a prevalent phenomenon, it is likely that insoluble hydroxide precipitates would have 

accumulated on the surface, or within, the electromembrane. Membrane area-resistance data 

suggested that no such accumulation occurred. It is suggested, therefore, that 

concentration polarisation is the main cause of scale deposition, and that careful selection of 

operating variables and cell deSign will significantly limit scale deposition. 

Control By Routjne Cleanjng 

In the practical situation it is unlikely that scale growth can be prevented altogether. 

Furthermore, the electrolyte characteristics (carbonatelbicarbonate anolyte and hydroxide 

catholyte) will promote scale deposition and not removal. Therefore, consistent performance 

and prolonged electromembrane life can be achieved only by the implementation of a regular 

and effective cleaning cycle, in which the electromembrane is contacted with a solution of 

sufficiently low pH to dissolve insoluble divalent species. In the absence of regular cleaning 
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cycles, it is suggested that scale formation will continue until the electro membrane surface is 

physically blocked and current efficiencies are reduced to virtually zero. 

Although acid soaking is a more time-consuming technique than acid electrolysis, it is the 

preferred and recommended descaling method for electromembrane rejuvenation. The 

conditions and frequency of routine cleaning will need to be determined empirically for each 

individual situation. Conditions should be selected which ensure both uniformity and 

completeness of scale removal over the electromembrane surface. Rapid regrowth of scale 

will be facilitated if seed nuclei of calcium carbonate remain within the electromembrane 

structure. The time and acidity requirements for effective scale removal in the current 

investigations are considered to be an extreme example of cleaning conditions, since the 

electromembrane used had not been cleaned during its use, was heavily scaled and its 

performance had been severely inhibited. 

9.3. Other Electrodes 

9.3.1. 

Pilot-plant and laboratory tests aimed to determine the suitability of stainless steel and nickel 

metal, in place of coated titanium (DSA), for anode applications in the electrochemical cell. 

Although coated titanium is an ideal electrode material, its life is limited by passivation 

preceded by a gradual dissolution of the precious metal oxide coating. Recoating costs are in 

excess of £2 500/m2 (1987). DSA electrodes were originally developed to withstand the 

extreme oxidising and corroding conditions of chloride ions and chlorine gas in chlor-alkali 

applications. Newer variations are specifically formulated for low overpotential oxygen 

generation. However, for the current oxy-alkali application, it would be cost-effective if other 

materials were found to be suitable for performing the function of water oxidation at low 

overpotential. Since the most significant volt drop in the system occurs across the anolyte, 

because of its low conductivity, small increases in anode overpotential could be tolerated 

without significantly influencing power requirement. The other materials should also exhibit 

resistance to corrosion, because if the depleted brine solution is contaminated with heavy 

metals it would not be suitable for reuse in rinsing. Furthermore, there should be no formation 

of non-conducting oxide layers; the metal should be available at lower costs; and it should 

have a similar life expectancy as coated anodes, without the necessity for recoating. 

Stainless Steel Anodes 

Data for the operation of the pilot-plant cell using stainless steel anodes is presented in 

Table A8-1. The experiment was discontinued after 1,75 hours (4,5 F) because corrosion of 

the anode had resulted in discoloration of the anolyte. However, results indicate that sodium 
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9.3.2. 

current efficiencies were 65 %, and comparable with those obtained using coated anodes. 

Furthermore, the total operating voltages were 0,3 V lower for the stainless steel electrode 

under comparable conditions of temperature, current and electrolyte concentration. 

It is possible to predict the ohmic losses in the stainless steel anode as follows. The overall 

volt drop in the system was 5,5 V for a current density of 1 400 Alm2, and an anolyte 

containing 9 to 13 gil of Na at 50 ·C and pH 8,5. The volt drop measured between the anode 

and electromembrane was 2,3 V. Using equation 5.18, the volt drop through the anolyte is 

calculated to be 2,0 V, indicating that the anode volt drop is 0,3 V. Using this voltage, and 

knowing the pH of the anolyte, predictions of metal stability may be made from phase­

equilibrium diagrams (Pourbaix, 1966). 

Figure 9.8 is the potential-pH diagram for iron in water at 25·C (Pourbaix, 1966). The 

electrode potentials given are relative to the standard calomel electrode (E = +0,25 V). The 

diagram shows that oxidation of iron metal may give rise to a variety of different products. The 

exact nature of the products depends on the pH and electrode potential, but they include 

soluble products (Fe2+; Fe3+; HFe02-) and insoluble products (Fe(OHh; Fe304; Fe203)' 

There are two areas on the diagrams where corrosion is possible, an area where it is 

impossible, and an area where passivation may occur. Figure 9.9 shows the theoretical 

conditions of pH and potential which may result in corrosion, immunity or passivation. 

Under the experimental potential-pH conditions (pH 8,5 and 0,3 V), theory predicts that iron is 

passivated if the solution is at 25 ·C. However, in practice, temperatures were 50 ·C and 

electrolysis resulted in anode corrosion with the formation of a brown precipitate. The 

potential-pH diagrams suggest that if the pH could be increased and the cell operated at 

higher voltages (current densities) iron would not corrode. 

Therefore, although iron exhibits low oxygen overpotentials, it is unsuitable as a coated 

titanium substitute under the required electrolysis conditions because of its tendency to 

corrode. 

Nickel Anodes 

Data for the operation of the pilot-plant cell using nickel anodes is presented in Appendix 10, 

Tables A 10-2 to A 10-8. Tables A 10-9 and A 10-1 0 present data for the laboratory 

experiments. Tables 9.3 and 9.4 summarise the current efficiencies achieved for the pilot­

plant and laboratory tests respectively. 
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Figure 9.8 
Potential-pH Equilibrium Diagram for the System Iron-Water, at 25 ·C 
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Figure 9.9 
Theoretical Conditions for Corrosion, Immunity and Passivation of Iron 
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Tablg 9.3 
Summary of Results of Pilot-Plant Tests Using Nickel Anodes 

. ml~lal . r mal . Inmal . ,mltlal Initial _",-urrem _~.urrem Comment 
Anolyte Anolyte Catholyte Voltage CD Efficienc Efficiency 
gil Na gil Na gil Na V Aim2 y , .".~ 

"" La 

'J7 19 If) 4,3 2CXX> 70 - ~ green ppt formed at pH 6,9 
lack ppt formed at pH 6,2 

2) 19 107 4,6 2CXX> 9S 74 ~ green ppt formed at pH 8 
2) 12 172 5,7 2CXX> 79 75 lack ppt formed at pH 7,3 

16 9 110 7,1 2CXX> 33 58 ~ green ppt formed at pH 7,8 
21 10 135 12,3 8:X) 49 51 lack ppt formed at pH 7,6 
15 9 100 15,8 000 31 EO 

Table 9.4 
Summary of Results of Laboratory Tests Using Nickel Anodes 

t-araaay . Ano~e An~~re Anolyte _l;urrent .l;urrem Comment 
Mass loss Ni gain Efficienc Efficiency 

mg mg (%~a) (%Cl-i) 

0,0 - 9,6 - - --
1,4 1'70 9,1 75 00 00 black ppt formed in the in anolyte 
2,3 500 8,6 318 75 100 
3,7 963 8,6 ~ 70 82 
5,3 2S36 8,7 672 52 62 

Note tnat 1119 nlCKet preapltate se1IJeCl U1 ,me anO!yte tank, In!" Ibtbng homogeneous samptU1g. lOIS expJalllS tne ClSCrepancy 
between anode mass loss and ano/yte nickel gain. 
1 ppt indicates precipitate 

During the pilot-plant trials it is apparent that current efficiencies for sodium hydroxide 

production decreased from experiment 19B through to experiment 21 C, concomitant with 

the progressive solution of the nickel anode and the deposition of nickel carbonate and nickel 

oxide on the electromembrane surface. Similarly in the laboratory trials, current efficiencies for 

sodium hydroxide production decreased progressively to 52 % during the tinal stages of the 

experiment. Furthermore, in the pilot-plant trials, the initial current density which could be 
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achieved with applied voltage decreased steadily, indicating increased resistance in the 

system. In fact, the resistance was observed to increase more than ten-fold, from 43 m.Q 

(4,3 V/100 A) at the start of experiment 19B to 527 mil (15,8 V/30 A) at the start of 

experiment 21 C. This increased resistance was attributed to the accumulation of non­

conducting deposits on the nickel anode surface and high resistance deposits on the 

electromembrane. Finally, the severity of the effects of corrosion on the cost of sodium 

hydroxide recovery are seen by comparing the specific power consumption of experiment 

19B with that of experiment 21 C. 

Assuming average operating conditions, the specific power consumption increased from 

4861 kWhltonne 100 % NaOH in experiment 19B to 16 217 kWMonne 100 % NaOH in 

experiment 21 C. At a cost of RO,OS/kWh, this equates to an increase in power costs from 

R243 to R811 for each tonne of sodium hydroxide recovered. 

Figure 9.10 is the theoretical potential-pH equilibrium diagram for the nickel-water system 

(Pourbaix, 1966). Nickel may be considered to be slightly noble, in that its domain of 

thermodynamic stability has a small zone in common with that of water. The corrosion 

resistance of nickel depends on the combination of oxidising conditions and pH to which it is 

subjected. The conditions of corrosion, passivation and immunity of nickel are shown in 

Figure 9.11. Nickel is not expected to corrode in neutral or alkaline solutions free from air, nor 

in alkaline conditions in the presence of air. However, corrosion is possible in neutral and acid 

conditions in the presence of air. 

In the pilot-plant trials, the anolyte pH value decreased in the range 9 to about 6, with 

corrosion being observed to accelerate at pH values below 8. The pale green deposit formed 

initially was identified as nickel carbonate, while the black preCipitate was identified as a 

combination of nickel metal powder and nickel oxide. The formation of these depoSits 

suggests that the potential-pH combination to which the anode was exposed during the trials 

fell into the corrosion zone. The laboratory trials were carried out to evaluate the relationship 

between the rate of corrosion and the pH of the anolyte for a given range of potential. Figure 

9.12 shows this relationship. As electrolysis proceeded, and pH of the anolyte decreased, 

the rate of corrosion increased to 0,9 g Ni per Faraday of electricity passed at pH 8,6. The 

black nickel oxide precipitated at higher pH values during the laboratory trials than during the 

pilot-plant trials. This results from the differences in applied potential during the two studies. 

Figure 9.11 suggests that if electrolysis was carried out at higher oxidising potentials, 

conditions of passivation may be observed in which corrosion is prevented or controlled. In 

practice, however, to maintain the current density below the limiting value, the maximum 

potential which can be applied is restricted and falls within the corrosion zone. 
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The pilot and laboratory trials indicate that, although nickel metal may be stable in sodium 

carbonate/bicarbonate solutions under certain conditions of pH and applied potential, under 

those conditions observed experimentally, rapid dissolution occurs, followed by precipitation 

and deposition. The effect of this deposition on cell performance and power consumption is 

so severe that nickel must be considered an unsuitable material for the present application. 

Figure 9.10 
Potential-pH Equilibrium Diagram for the System Nlcl<el-Water, 
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Figure 9.11 
Theoretical Conditions for Corrosion, Immunity and Passivation of Nickel 

In Chloride-Free Solutions 
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SECTION 10 

DESIGN OF A PLANT FOR THE ELECTROCHEMICAL RECOVERY OF 
STRONG SCOURING EFFLUENTS 

The pilot-plant and supplementary investigations have demonstrated the technical feasibility of the 

four stage treatment sequence of neutralisation, cross-flow microfiltration, nanofiltration and 

electrochemical recovery to produce reusable water and sodium hydroxide from scouring effluent. 

The current section examines the technical and economical aspects of one specific design example. 

Since the treatment sequence under consideration is a closed-loop recycle system, it must be 

integrated into the factory operations. Thus a factory considering the implementation of such a 

programme must first develop an overall chemical, water and effluent management strategy as 

outlined in Section 3, specifically Section 3.1.2. 

The design example is outlined in Section 10.1, general design considerations are outlined in 

Section 10.2, the deSign basis is defined in Section 10.3. The specifications of the batch 

neutralisation, cross-flow microfiltration, nanofiltration, and electrochemical recovery units in Sections 

10.4 to 10.7. The synopsis of the design is in Section 10.8 and is followed by the economic 

evaluation in Section 10.9. 

10.1. Design Example 

A mill processing 30 to 40 million metres per annum of woven cotton and polyester/cotton is 

considered. The scouring operation is described in Section 4.3.1. Scouring is achieved 

continuously in an open-width Vaporloc machine, using an impregnation solution containing 

50 gil sodium hydroxide and a sodium hydroxide reinforcement factor of four. The cloth 

speed is 50 mlmin and the average cloth mass is assumed to be 260 gIIinear m. The four­

bowl counter-current rinSing range produces an effluent at 100 ·C. One high-expression 

roller (0,5 Vkg cloth) is installed after the final rinsing bowl, while the moisture content after the 

other nip rollers averages 0,8 Vkg cloth. Following analysis of the rinsing range variables using 

washing theory, recommendations were made (Section 4.3.6) to improve the performance of 

the rinSing process. The recommended modifications amount to savings of n % of water 

intake to this machine, reducing the annual consumption from 38000 m3 to approximately 

8000 rn3. They also result in an annual savings of approximately 80 tonnes of 100 % sodium 

hydroxide, as well as savings in heat energy. Table 10.1 compares the washing variables of 

the existing process, the existing process at reduced water flow, and the recommended 

process. At the expense of a small loss in washing efficiency, the effluent loading may be 

significantly decreased. 
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The design example assumes the operation of the rinsing range under the recommended 

conditions. 

Table 10.1 
ComparIson of RInsIng Processes 

Rinsing Variable Units Existing Existing Recommended 
Process Process Process 

Reduced Flow 

specific water consumption l/kg cloth 6,5 1,5 1,5 
number of high-expression 1 1 2 
nips 
rinsing efficiency % 99,8 96,7 95,7 
effluent concentration g/l Na 3,4 12,4 9,2 
cloth chemical loading g Nalkg cloth 0,1 0,8 0,6 
effluent chemicalloadinq q Nalkq cloth 22,9 22,2 13,8 

10.2. General ConsIderations 

The design details of a treatment plant are specific to each factory and depend on the 

following factors: 

1) Characteristics of the scouring process and the cloth; 

2) Rinsing efficiency and water use; 

3) Purity of the rinse water; 

4) Efficacy of the individual stages of the treatment sequence. 

The electro membrane area requirement of the electrochemical unit depends on the 

concentration of the anolyte, which may be increased by changing the process 

configurations. Although configurations using evaporation and reverse osmosis have been 

considered (Pollution Research Group, 1990), this dissertation examines the closed-loop 

recycle of rinse water with a background concentration (Figure 7.6). Where a background 

concentration is employed, two options for making up the sodium short-fall exist: sodium may 

be added to the washing section as sodium bicarbonate; or to the scouring section as sodium 

hydroxide. The selected option will be dependent on the relative economics of each, and will 

in turn determine the degree of depletion of the effluent in the electrochemical unit. The 

design example assumes the case where sodium hydroxide is added to scouring, and 

electrochemical depletion is achieved to the extent where the final effluent stream contains 

an equivalent amount of sodium to yield a rinse water of the selected background 

concentration after additional make-up of water. Such a system would result in increased loss 

of sodium salts by drag-out on the cloth after rinsing. The implications of producing a washed 

cloth with a high sodium loading must be assessed on the basis that the effluent from 

subsequent wet processes would contain proportionately higher amounts of sodium. The 
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chemical nature of any effluents produced elsewhere in the factory should not be altered to 

such an extent that their present manner of discharge becomes unacceptable. 

The design factors requiring consideration relate to textile processing, pretreatment 

requirements, scaling prevention, membrane selection and module arrangement. These are 

discussed below. 

10.2.1. Textile Processing Considerations 

Consideration should be given to the compatibility of the materials of construction of the 

plant, particularly the valves, seals and pump components, with the nature of the effluent. 

Furthermore, all nanofiltration and electrochemical membranes have pH and temperature 

limits, operation outside of which may permanently damage the membranes. Generally, 

chemicals such as solvents, chlorine and other oxidising agents, which may cause membrane 

damage, are not used in the scouring process under consideration. However, particular 

attention should be paid to the presence the following materials: 

1) Polymeric substances; 

2) Textile auxiliaries and detergents, especially cationic and non-ionic types which may 

cause membrane fouling; 

3) Sizing chemicals which, if not properly removed before scouring, will result in the 

formation of a viscous scouring effluent, resistant to pumping and prone to cause 

blockages of equipment. 

10.2.2. Pretreatm.ent Requirements 

To facilitate the smooth operation of the treatment plant, certain aspects require 

consideration. 

1) Screening is essential to remove fibre and gross solids to avoid pumping problems and 

blockage of the neutralisation unit. 

2) Flow-balancing is required to avoid wide fluctuations in the flow, temperature and 

concentration of scouring effluent entering the treatment plant. Storage requirements 

depend on the production of scoured fabric, and generally two to six hours is adequate, 

although additional facility may be required during periods of plant maintenance. 
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3) The characteristics of the effluent must be controlled in compliance with membrane 

specifications. It is recommended that the following chemical analysis be carried out to 

characterise the scouring effluent: temperature; total dissolved solids; suspended solids 

(>0,45 (.1m); sodium; calcium; magnesium; iron; detergent; pH; chlorides; sulphate; silica; 

carbonate; hydroxide; solvents; and organic materials which may be incompatible with 

selected membranes. 

4) Colloidal and suspended solids should be removed prior to treatment by nanofiltration. 

10.2.3. 

The degree of pretreatment depends on the type of nanofiltration module being used. 

For example, hollow fine fibre modules require extensive filtration to remove all solids 

greater than 1 to 2 (.1m. Spiral modules require filtration to between 5 and 10 Il"', whereas 

plate and frame or tubular modules require minimal filtration to 100 and 500 (.1m 

respectively. 

Scaling Prevention 

Sparingly soluble compounds, such as carbonates, hydroxides and sulphates of calcium, 

magnesium, iron and aluminium, in the absence of chelation, will form scale on the 

nanofiltration and electrochemical membranes. The precipitation of these species is a 

complex function of composition, pH, temperature and the nature of chelating agents which 

may be present. It is recommended that computer and laboratory techniques, such a.s 

speciation and X-ray diffraction be undertaken to assess the different pretreatment methods 

(Buckley et ai, 1987). 

10.2.4. Membrane Selection and Module Arrangement 

The basis on which the cross-flow microfiltration precoat, the nanofiltration membrane and the 

electromembrane are chosen depends on various factors including: 

1) Rejection and flux characteristics; 

2) Robustness; 

3) Compatibility with scouring chemicals and textile auxiliaries; 

4) Temperature; 

5) Water recovery; 

6) Fouling and cleaning; 

7) Concentration of electrolytes (electromembrane only). 
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10.3. Design Basis 

The overall design basis is summarised in Table 10.2, with special reference to Figure 10.1. 

Standard membranes are available and have been assumed in the design where necessary. 

The standard sizes chosen are as follows: 

1) Cross-flow microfiltration tubes, each 25 mm in diameter and assembled in a curtain 

arrangement containing 31 tubes in parallel (surface area = 2,43 m2/linear m). 

2) Spiral nanofiltration elements, each 100 mm in diameter and 1 000 mm in length 

(approximate membrane area = 6,5 m2). Elements of 62 mm; 150 mm and 200 mm 

diameter are also available (approximate membrane areas are 2; 13 and 26 m2 

respectively) . 

3) Electrochemical stack of individual cells in a plate and frame arrangement, each cell 

containing 1 m2 of membrane area. 

Table 10.2 
Design Data for Treatment Sequence 

Determinand Units Design 
Value 

Scouring yariables 
average cloth mass gl1inear m 260 
cloth speed mlmin 50 

kglh 780 
production time hid 20 

dla 340 
moisture content of cloth into rinsing range I/kg cloth 0,5 
moisture content of rinsed cloth l!kg cloth 0,5 
saturator concentration gil NaOH 50 
rinsing parameter 0,15 
specific water use l!kj, cloth 1,5 
total rinse water flow mlh 1,17 

m3/d 24 
background rinse water concentration gl1 Na 5 
washing efficiency % 79 
Effluent variables 
total dissolved solids gil 25 
chemical oxygen demand gil 12 
calcium mgll 45 
magnesium mgl1 8 
sodium gil 12,6 
sodium mass loading g!kg cloth 18,9 
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Auxiliary requirements for the treatment plant would include: 

1) A pump sump within the factory; 

2) Pipeline and valves for transfer from the factory; 

3) Coarse screening to remove dirt. lint and gross suspended solids; 

4) Steam. electrical and water supplies; 

5) Suitable housing facilities; 

6) Emergency effluent handling facilities in case of breakdown; 

7) Drains. 

Figure 10.1 
Mass Balance Basis for Recovery Process Using Background Sodium Concentration 
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10.4. Specification of Batch Neutralisation Unit 

10.4.1. Equipment 

Table 10.3 provides a detailed list of equipment and Figure 10.2 is a schematic of the 

neutralisation unit. The residence time is controlled by a flow control valve. A pH controller on 

the return line controls the bleed from the system to the crOSS-flow microfilter and prevents 
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over-neutralisation, at which stage carbon dioxide is no longer absorbed. Control 

instrumentation for temperatures and tank levels are required. In addition, sampling ports 

should be provided. 

The carbon dioxide for neutralisation is evolved in the electrochemical unit, which operates in 

a batch mode and hence the rate of neutralisation depends on the operation of the 

electrochemical unit. The effluent storage and sump facilities should provide approximately 6 

to 12 h storage to provide for minor breakdowns and maintenance. The feed tank to the 

absorption column must accommodate the batch requirements of the treatment system. 

Table 10.3 
Batch Neutralisation Equipment Requirements 

Effluent transfer and storage 
piping and valves for transfer to absorption tank 
feed tank 
product storage tank 
transfer piping and valves from reticulation tank to column 
transfer piping for oxygen and carbon dioxide from electrochemical unit to packed bed 
transfer piping for make-up gases from waste flue gas emissions 
transfer piping to cross-flow microfiltration unit 

Packed bed absorber 
packed column 
dispersed liquid inlet facilities and off-gas vent at the top 
gas inlet facilities at the base 

Pumps 
pump for effluent transfer from the factory 
low-pressure pump for reticulation through packed bed 
low-pressure pump for transfer to cross-flow microfiltration unit 

Controls 
flow and pressure measurement 
pH control during batch carbonation 
pump motors, starters and interlocks 
level sensors and lOW-level alarm 
malfunction control interlocks 
interlock with electrochemical unit 

Ancillaries 
heat exchanger on effluent feed line to cool effluent to 35 ·C 
suitable break tank between electrochemical cell and absorption t2nk 
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To cross-flow 
mlaoflltratlon 

10.4.2. 

Figure 10.2 
Schematic of Batch Neutralisation Unit 

Feed tank ~-------. 

Feedrecyde 

Packed 
column 

Scouring effluent 

--.- Off-gas vent 

...... ,.-.r---- Gas from electrochemical 
unit and "ue gas source 

,..-----, Neutralised 
Product bleed 
storage 14~';';;"'--'--Ipi· controller~ __ .... 

tank 

Sizing 

Carbon dioxide undergoes 'hydrolysis in sodium hydroxide to form various soluble ions_ 

Because efficient transfer occurs, specially designed gas transfer facilities and off-gas 

systems are not necessary. With proper mixing and adequate dispersion, complete 

absorption is achieved and minimum retention time within the vessel is required. The oxygen 

associated with the carbon dioxide is vented. 

The pressure drop in the absorber should be taken into account in the sizing of the unit to 

avoid excessive pressure in the electrochemical cell. 

For the design basis in Table 10.2, approximately 19 kg of sodium hydroxide (474 mol) must 

be neutralised per hour in 1,17 m3 of effluent. An equivalent amount of 474 moVh of carbon 

dioxide is required to transform the sodium hydroxide into sodium bicarbonate. For start-up 

purposes, and to compensate for losses in inorganic carbon from the system, supplementary 

carbon dioxide must be provided. The flue gas from liquid petroleum gas-fired equipment is a 

clean and convenient source of carbon dioxide. 
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10.5. Specification of Batch Cross-Flow Mlcroflltratlon Unit 

10.5.1. Equipment 

Table 10.4 provides a detailed list of equipment and Figure 10.3 is a diagram of the cross-flow 

microfiltration unit. The neutralised effluent is not corrosive to most materials of construction, 

but should be in the temperature range of 30 to 40 ·C. 

Table 10.4 
Batch Cross-Flow Mlcroflltratlon Equipment Requirements 

Effluent transfer and storage 
two feed tanks 
retentate storage tank 
product storage tank 
precoat slurry and cleaning chemicals recirculation and storage tanks 
transfer piping and valves for effluent transfer from neutralisation 
transfer piping and valves for feed reticulation in cross-flow microfilter 
transfer piping and valves for final retentate storage and disposal 
transfer piping and valves for product to nanofiltration unit 
transfer piping for flue gas addition to the system 

Cross-flow mjcrofittratjon modules 
tubular curtains and assemblies 
module racks/hangers 
piping and valves for feed, final retentate and permeate 
collection tray for permeate 

Pumps 
high-pressure pump for reticulation through modules, precoating and 
cleaning 
pump for transfer of retentate and product 
flow and pressure measurement, indication and control of all streams 

Controls 
penneate flow measurement 
feed recycle flow controller 
pH control of feed to ensure maintenance of desired equilibrium 
pump motors, starters and interlocks 
high- and low-pressure alarms 
low-flow alann 
permeate turbidity measurement and high alarm 
malfunction and alarm control interlocks 
control panel 

Ancillarjes 
sampling ports 
on-line cooling of recycled streams to maintain feed temperatures of 35 ·C 
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Figure 10.3 
Schematic of Batch Cross-Flow Microflltratlon Unit 
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Pumping duties for the tubular membranes are 500 to 600 kPa. Detrimental effects of pump 

vibration on the system must be considered. The process control system is dependent on 

the module type and pump. In general, the process is required to produce a predetermined 

water recovery in a batch mode. The pump may be: 

1) Multi-stage or high-speed centrifugal, for which the normal control arrangement is a flow 

valve or a back pressure valve on the reject line; 

2) Positive displacement, for which the discharge flow is not a function of the discharge 

pressure, and the control system is a flow controller on the reject line (to alter the system 

pressure to compensate for changes in flux) and a high-pressure alarm or a pressure relief 

valve on the pump discharge (to protect the cross-flow microfiltration module). 

Effluent, product and retentate storage of the duration of a batch is necessary to provide for 

microfilter cleaning, minor breakdowns and maintenance. 
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10.5.2. Sizing 

Although several types of microfilter are available, good results were obtained during the pilot­

plant investigation using a woven tubular polyester unit. These are considered in this design. 

The pressure limitation of the tubular system is 600 kPa and a design pressure drop of 

400 kPa has been used. During pilot-plant investigation, tube velocities in the range 2,5 to 

3 mls gave good fluxes on a limestone (15 ~m) precoated tube. Fouling by solids on the 

tube was minimal. 

Table 10.5 gives the specifications for the current design, as well as a summary of the design 

calculations and performance. The pressure droplvelocity correlation for water, assuming an 

absolute roughness factor of 0,5 mm and 25 mm diameter tubes is: 

DP= 0,93 V2L (10.1) 

where DP = pressure drop measured in kPa at ambient temperature 

L = length in m 

V = velocity in mls 

For a limestone precoat, experimental results (Pollution Research Group, 1989) suggest that 

at constant velocity, the flux is independent of pressure above values of 250 kPa, while at 

constant pressure, flux is proportional to velocity. 

The membrane area of a 25 mm diameter tube is 0,0785 m2 per m of linear length. The 

allowable length per parallel pass, is calculated from pressure drop considerations, for a 

velocity of 2,5 mis, as: 

L = (0,93 kPa.s2/m3) (2,5 m/s)2 = 69 m 
400 kPa 

(10.2) 

and for 3,0 mis, as: 

400 kPa 
L (0,93 kPa.s2/m3) (3,0 m/s)2 = 48 m (10.3) 

The velocity will drop down the length of the tube because of permeation of liquid through 

the tube. 
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The pressure drop depends on various factors including temperature and solids 

concentration. For the design example, a linear length of tube is assumed to be 60 m, which 

will provide for an exit velocity of 2,5 mls. Table 10.5 summarises the design calculations. 

Since the water recovery of each length is a function of inlet velocity and the production rate, 

the water recovery will increase at higher production rate and lower inlet velocity. 

10.5.3. Design Configuration 

Possible design configurations include batch concentration, continuous feed and bleed, and 

series taper. For the present application, the batch concentration configuration is described 

(Figure 10.3). This is the simplest configuration, but requires at least two batch storage tanks. 

The number of parallel tubes, at 60 m per pass, required for a total tube length of 331 m is six. 

The pump flow for an inlet tube velocity of 3 mls and for 6 passes is 32 rn3/h. The water 

recovery is set by the difference in tank levels at the start and end of each batch. The 

retentate is discharged on completion of the batch. 

10.5.4. Overall Performance 

The overall performance of the cross-flow microfiltration unit is presented in Table 10.5. 

1 0.6. Specification of Batch Nanoflltratlon Unit 

10.6.1. Equipment 

Table 10.6 provides a detailed list of equipment and Figure 10.4 is a diagram of the 

nanofiltration unit. The feed to the nanofilter is neither abrasive nor corrosive to most 

materials of construction. The comments made in Section 10.5.1 regarding pumps, control 

systems and storage for cross-flow rnicrofiltration apply also to nanofiltration. Pressure 

pumping duties are approximately 1,6 MPa for nanofiltration membranes. The temperature of 

the effluent will be maintained at 35 'C by a cooling system on the recycle line. During the 

course of the concentration process, the pH of the feed will increase, necessitating acid 

addition (flue gas or nitric acid). 
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Table 10.5 
Cross-Flow Mlcroflltratlon: Design Specifications, Calculations and Performance 

Parameter Units Calculation Basis Value 
Q~~igO ~j;2~~ifi~S!liQO~ 
Feed flow m3/day 24 

m3Jh 1,17 
l!kg cloth 1,5 

Feed Na concentration g/l 12,6 
Tube diameter rrm 25 
Tube velocity m/s 2,5 - 3,0 
Design flux IIm2h 45 
Temperature ·C 35 

Feed COD g/I 12 
Feed Ca mg/l 45 
Feed Mg mg/l 8 
COD rejection % 40 
Ca rejection % 90 
Mg rejection % 40 
Na rejection % 0 
Q~~igO Qsl~!.!IS!liQ[J~ 
Membrane area m2 flow x flux 26 
Total tube length m membrane area x 0,0785 m2/m 331 
Tube length/pass m calculated in text 60 
Production rate/pass I/h length/pass x flux x 0,0785 m2/m 212 
Flow in/pass m3Jh given 5,3 
Flow out/pass m3Jh flow in - production rate 5,1 
VVater recovery/pass % 100 x (pro~uction rate - flow in)lflow in 4 
E!ild!mlJac~liI 
VVater recovery % 90 95 98 

Product flow m3/day 21 ,06 22,23 22,93 
Product COD g/I 8,1 10,0 10,6 
Product Ca mg/I 10,0 12,0 15,0 
Product Mg mg/l 5,4 6,3 7,1 
Product Na g/I 12,6 12,6 12,6 

Reject flow m3/day 2,34 1,17 0,47 
Reject COD g/I 47 50 78 
Reject Ca mg/I 360 610 1445 
Reject Mg mg/l 31 40 50 
Relect Na g/I 12,6 12.6 12,6 -
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Table 10.6 
Batch Nanoflltratlon Equipment Requirements 

Effluent transfer and storage 
feed tank 
retentate storage tank 
product storage tank 
cleaning chemicals recirculation and storage tank 
transfer piping and valves for effluent transfer from cross-flow microfiltration 
transfer piping and valves for feed reticulation in nanofilter 
transfer piping and valves for final retentate storage and disposal 
transfer piping and valves for product to electrochemical unit 
transfer piping for flue gas addition to the system 

Nanofiltratjon modules 
cartridge filters and associated pressure controller and control interlock 
membrane elements and assemblies 
module housings and racks 
piping and valves for feed, final retentate and permeate 

Pumps 
high-pressure pump for reticulation of feed and cleaning solution through 
modules 
pump for transfer of retentate and product 
flow and pressure measurement, indication and control of all str&n.ms 

Controls 
permeate flow measurement 
feed recycle flow controller 
pH control of feed to ensure maintenance of desired equilibrium 
pump motors, starters and interlocks 
high- and low-pressure alarms 
low-flux alarm 
permeate colour measurement and high alarm 
malfunction and alarm control interlocks 
control panel 

Ancillaries 
sampling ports 
on-line coolina of recycled streams to maintain feed temperatures of 35 ·C -
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Figure 10.4 
Schematic of Batch Nanoflltratlon Unit 
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Although various membrane configurations are available, the design method for the 

nanofiltration unit is outlined using spiral-wrap membranes as the module type. The design 

specification is given in Table 10.7, together with data on predicted performance. A cross­

flow microfiltration water recovery of 95 % is assumed for the calculations. 

The relationship between membrane flux, J, and the major operating variables is: 

J = A (P - LlJr) (10A) 

where A = the membrane permeability and is a product of the design membrane 

permeability (Vm2h.MPa) and the-temperature correction factor (1,03(T·25 'C)) 

P = the pressure differential across the membrane in MPa 

.11r = the osmotic pressure differential across the membrane in MPa 

If the pressure of the permeate is assumed to be zero, then P equals the average of the inlet 

and outlet pressures of each element. 
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Table 10.7 
Nanoflltratlon: Design Specifications, Calculations and Performance 

Parameter Units Value 

D!i!::iigc SIl!i!~iti~aliQc::i 
Feed flow m3/day 22,2 

m3/h 1,11 
II1<g cloth 1,43 

Feed Na concentration gIl 12,6 

Feed pH 8 
Membrane element area ~ 6,5 
Design flux Vm2h 43 
Pressure MPa 1,6 
Temperature ·C 35 

Feed COD gIl 10,0 
Feed Ca mg/l 12,0 
Feed Mg mg/l 6,3 
Feed Na gIl 12,6 
COD rejection % 97 
Ca rejection % 80 
Mg rejection % 70 
Na rejection % 15 

D!i!::iigC Qal~ulalillc::i 
Membrane area ~ 26 

Performance 
Water recovery % 90 95 98 

Product flow m3/day 20,00 21,12 21,79 
Product COD gIl , 0,6 0,8 0,1 
Product Ca mg/l 9,7 11,0 11,9 
Product Mg mg/l 4,0 5,1 6,4 
Product Na g/l 2,8 3,5 4,3 

Reject flow m3/day 2,23 1,11 0,44 
Reject COD gIl 94 185 500 
Reject Ca mg/l 39 43 44 
Reject Mg mg/l 83 143 288 
Reiect Na g/l 38 60 105 

The concentration of ionised species in the feed is an important flux design parameter in any 

membrane process because of its relationship with osmotic pressure. The major ions pres,ent 

during nanofiltration will be sodium and bicarbonate which are not rejected by the 

nanofiltration membrane. The osmotic pressure differential across the membrane will be a 

function of the osmotic pressure of the rejected organic ions and the divalent ions. This will 

be minimal and flux decline as a result of increased osmotic pressure differentials will be 

significant. 

The maximum achievable water recovery is a function of the applied pressure and the osmotic 

pressure differential across the membrane, which is in turn a function of the rejection 

characteristics of the membrane for the ionised species. Since most of the ionised species 

permeate the nanofiltration membrane in the present application, high water recoveries can 

be achieved. 
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For the design example, the inlet pressure is below the maximum pressure of the membrane 

to accommodate flux decline during the life-time of the membrane. In the pilot-plant 

investigation, the membrane permeability of the nanofilter feed at pH 8 was 20 Vm2h.MPa at 

25 ·C. These values are specific to the membrane used and to the feed pH. Other 

membranes and different feed pH values will result in different permeability characteristics. 

The membrane area requirements are calculated to be 26 m2 in Table 10.7. The 100 mm 

diameter and 1 000 mm long spiral wrap elements have approximately 6,5 m2 of membrane 

area each. Thus four membrane elements of these dimensions are required. 

10.6.3. DesIgn Configuration 

Spiral modules are normally configured as a staged series-taper plant, as illustrated in 

Figure 10.5. The modules are arranged to achieve approximately 50 % water recovery per 

stage. Thus the membrane area per stage is reduced successively by 50 % and this provides 

for the flow to each stage, in relation to the number of parallel modules per stage, to remain 

constant. The basic configuration for a three-stage taper plant is 4/2/1, giving a,oproximately 

50; 25 and 12,5 % of the overall water recovery in the three stages respectively. The first 

stage consists of four parallel modules, the second two and the third one. 

Figure 10.5 
Basic Configuration of Spiral Elements Showing Flows In Arbitrary Units 

Stage 1 Stage 2 

Composite permeate 
87.5 
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Each membrane element has a recommended minimum and maximum flow rate. For example, 

the 100 mm diameter membrane element has a feed rate specification of 0,03 to 

0,04 m3/h . ..n2. The design feed flow is 1,1 m3/h and four spiral elements are required. A 3/1 

configuration is the closest to the basic configuration described above. The flow to each 

element in the first stage is 0,37 m3/h, which is within the manufacturer's specification. The 

minimum flow to the second stage is 0,2 m3/h. Therefore, the maximum water recovery which 

can be achieved in the first stage is 82 %. Alternatively, the membranes may be arranged in 

four parallel sets with a flow rate of 0,28 m3/h to each element. 

10.6.4. Overall Performance 

The composite permeate quality is a function of membrane rejection and water recovery 

(equation 5.9). The membrane rejection is a function of: 

1) pH. Variations in pH shift the equilibrium position of the inorganic carbon species, 

thereby changing the membrane rejection. 

2) Concentration . . Rejections of organic molecules and chelated cations can increase at 

high water recoveries as a result of the removal of most of the permeable fraction during 

initial concentration. 

3) Temperature. Equilibrium positions, and therefore membrane rejections, are a function of 

temperature. 

4) Fou/ants. The accumulation of fouling materials in the vicinity of the membrane surface 

alters the chemical nature of the rejection surface. 

Assuming a 95 % water recovery during cross-flow microfiltration, the overall performance of 

the nanofilter is predicted in Table 10.7. 

1 0.7. Specification of Electrochemical Recovery UnIt 

10.7.1. Equipment 

Electrochemical cell stacks, in a plate-and-frame construction, are supplied by a number of 

manufacturers according to their own design and mayor may not include ancillary pumps, 

tanks, piping and power source. When selecting equipment, particular attention should be 

given to the following aspects: 
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1) Mass transport effects which relate to different aspects of cell performance, including the 

uniformity of current density over the electrode surface and the limiting current density. 

2) Fluid mechanics of the pipework between the cells, and between the cell stack and other 

units to minimise pumping costs. 

3) Distributor design, such that the fluid enters each cell with minimal creation of dead zones 

and that flow becomes uniform as quickly as possible. 

4) The relative positions of the anode and cathode, which determines the uniformity of 

potential distribution. 

5) The electrode geometry which, together with the local concentration of electroactive 

species, determines the current distribution. Electrodes may be constructed with slits or 

louvers, and from expanded metal or metal sheets in a way which minimises the adhesion 

of gas bubbles to the surface. 

6) The availability of a high-voltage direct current which is transmitted around the cell stack 

with minimum energy loss. 

7) The inclusion of switches which permit individual cells to be isolated for maintenance 

without disturbing the rest of the stack. 

8) The arrangement of cells in a way which ensures that the plant is electrically and 

chemically safe. 

9) The choice of electrical connection, monopolar or bipolar. In a monopolar cell, there is an 

external electrical contact to each electrode and the cell voltage is applied between each 

cathode and anode in parallel. For bipolar connection, there are two external electrical 

contacts to the two end electrodes. Table 10.8 compares the two configurations (Motani 

and Saka, 1980). Where bipolar cells are used, shunt current, or current leaks, should be 

minimised by installing insulating barriers in the electrolyte flow passage. 

Table 10.8 
Characteristics of Bipolar Cells In Comparison With Monopolar Cells 

on Ibons 0 e ectnClt;' 
Cell-to-cell current distribution 
Bus bars 
Number of nozzles 
Current leaks 
Capacit;' of electrolyser 
Floor area of eleclrolyser 
Assembly and disassembly of electrolyser 
Electric resistance of coroductor 
Swi1dl required 
Preventi asket leaks 

more 
easy 10 enlarge 
small 
simple 
small 
high voltage DC circuit breaker 
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e current, CHI vo tage 
not uniform 
between electrolysers and between cells 
less 
less 
not easy 10 enlarge 
large . 
comphcated 
large 
low v~ge, large current bypass switch 
com heated 

Source: Motani and Saka, 1980 



Table 10.9 gives a detailed list of equipment requirements and Figure 10.6 is a schematic of 

the batch electrochemical recovery unit. 

Table 10.9 
Batch Electrochemical Unit Specifications 

Electrolyte transfer and storage 
feed tanks 
NaOH make-up, storage and batch reticulation tanks 
depleted brine storage tank 
concentrated NaOH storage tank 
flushing solution tank 
transfer piping for effluent from nanofiltration 
transfer piping for effluent, NaOH and flushing solution in the electrochemical unit 
transfer piping to liquid product storage (brine and NaOH) and to factory for reuse 
transfer piping for carbon dioxide and oxygen gas stream to neutralisation unit 
transfer piping for hydrogen gas release 

Electrochemical cell stack 
stack frames and gasket assemblies 
anode, cathode and membrane elements and assemblies 
electrolyte flow and pressure controllers 
piping and valves for electrolytes and flushing solutions 
gas-liquid separation facilities 
electrical connection points for application of potential 

Electrical power supply 
rectified power facilities sized according to output required 
ripple prevention facilities, such as tap change, for control on primary side of rectifier 
battery operated invertor pack for background voltage back-up during power failure 
electrical output measurement and recording 
electrical programming to correlate current output to effluent concentration 
constant voltage operation facilities 

Pumps 
low-pressure pumps for circulation of electrolytes and flushing solutions 
pumps for transfer of NaOH and depleted brine to storage and factory 
flow and pressure measurement, indication and control of all streams 

Control 
permeate flow measurement 
electrolyte flow controllers 
electrolyte concentration and density controller, with alarms 
pump motors, starters and interfocks 
high-pressure alarm 
low-flow alarm 
electrical input control with high alarm 
malfunction and alarm control interlocks 
electrolyte temperature control with high alarm 
control panel 

Ancillaries 
sampling ports 
cooling/heating of electrolytes to maintain temperatures at maximum stable limit of the 
materials of cell construction 
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Figure 10.6 
Schematic of Batch Electrochemical Unit 

C02and~ ~ 4-----------, 
neutralisation unit 

Feedfrom ~ 
nanofiltration I T 

Effluent tank 

Water for 
reuse .--'-tII~ 

Aushing 
solution 

~ _________ -p H2 

NaOHtank 

i'e--...L---t~ NaOH for reuse 

To cell To cell 
stack alack 

To cell 
stack : r---.., 

Materials of construction must be resistant to the electrolytes. The effluent is not corrosive or 

abrasive to most materials. However, particular attention should be given to components 

which come in contact with sodium hydroxide. Rubber components, such as gaskets, may be 

susceptible to caustic deterioration or embrittlement. The valves and flow meters on the 

sodium hydroxide line should be carefully selected to function in conditions where solid 

material may cause blockages. Materials suitable for tanks, piping and cell frames include 

polypropylene, polyvinyl chloride, poly(vinylidine fluoride) and stainless steel. The former two 

materials are cheapest, but operational temperatures are restricted to 60 ·C. The tank used 

for storing the flushing and cleaning solutions should be resistant to nitric acid. 

The anodes should be constructed from a non-corroding material, stable in the electrolysis 

environment. They should possess a low overpotential for oxygen generation, with a high 

current efficiency for water oxidation. Typical materials include titanium substrate, coated with 

precious metal oxides. Nickel and stainless steel are not suitable for the application. The 

cathode should be stable under reducing conditions and in the presence of sodium 

hydroxide. Suitable materials include nickel and stainless or mild steel. 
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The electro membrane should be stable in sodium hydroxide and selective to the transport of 

cations in the applicable concentration range. 

Electrolyte transfer pumps should perform high-flow, low-pressure duty. The flow rate of the 

sodium hydroxide in the catholyte compartment should be slightly higher than that of the 

effluent in the anolyte compartment to maintain a pressure gradient across the membrane. 

A cooling system is required to control the temperature of the electrolytes below a maximum 

limit, dependent on the materials of construction of the unit. If stainless steel is used, the 

maximum temperature will depend on the electromembrane tolerance. High temperature 

operation is desirable to increase electro membrane swelling, but temperatures should be 

controlled to prevent boiling within the structure. 

Effluent and dilute sodium hydroxide storage of 6 to 12 h duration is necessary to provide for 

electromembrane cleaning, min9r breakdowns and maintenance. Depleted brine and 

concentrated sodium hydroxide storage of approximately 12 h are required to allow for factory 

scheduling. No gas storage facilities need to be provideci if the neutralisation unit is operated 

simultaneously. If the neutralisation unit is shut down, the anolyte gases. must be vented to 

the atmosphere, provided that flue gas is available when the unit becomes operational. 

Although various electric current and flow configurations are possible, the design example 

uses a plate and frame arrangement of individual cells in a cell stack, in which the electrolyte 

flow to each cell is in parallel and the electric current is in series (bipolar). For this combination, 

high-flow pumps and a rectifier with a high-voltage, low-current output are required. 

Table 10.10 gives the design speCifications and operating characteristics of the 

electrochemical unit. The optimum operating parameters for a given duty are a function of the 

design of the stack. The specifications in Table 10.10 give typical conditions based on the 

pilot-plant results, assuming: 

1) A 95 % water recovery in both filtration stages, or a 90 % overall water recovery in 

pretreatment; 

2) A background rinse water concentration of 5 gil Na; 

3) The rinsing variables specified in Table 10.2. 

10-22 



Table 10.10 
Electrochemical Unit Specifications and Operating Characteristics 

Parameter Units Value 

Q!iI~igll SI2!i1~tli~ruiQIl~ 
Feed flow m'J/day 20,4 

m'J/h 1,02 
I/kg cloth 1,3 

Feed Na concentration gIl 11,1 

NaOH concentration gIl 150 -200 

Temperature ·C 60 

Individual cell area ~ 1 
Electromembrane-electrode ga~ mm 2 

QI2!i1[Sllillg ~bSl[Slg!il[i~li~li 
Anolyte conductivity mSim 3000 -5 700 
Umiting current density Alm2 777 -1489 
Average anolyte volt drop V 0,52 
Average catholyte conductivity mS/m 82000 

Average catholyte volt drop V 0,03 
Average cell potential V 3,6 
Electrical requirements A.s/kg cloth 13,9 . 

Recovered NaOH mass glkg cloth (N6) 9,0 
Depleted brine flow I/kg cloth (l7) 1,28 
Depleted brine concentration gil (C7) 5,86 

Area ~ 9,3 
Power kWhllonne NaOH 3169 

10.7.2. Sizing 

The electrochemical unit is sized according to its predicted performance under defined 

conditions. Assuming a steady state scouring operation, the performance of the 

electrochemical unit is a function of many inter-related variables including the: 

1) Composition and flow of the effluent feed, which in tum depends on the rejection and 

water recovery of the filtration stages; 

2) Degree of sodium depletion, which depends on both the selected background 

concentration of sodium in the wash water and the sodium losses from the system; 

3) Operating characteristics of the unit including the current density, current efficiency, 

temperature and voltage which are all related to each other and to the effluent 

characteristics. 

10.8. Synopsis of Design Specifications and Performance 

The design example is presented for the case in which the background sodium concentration 

in the rinse water is 5 g/l and the anolyte is depleted to a sodium concentration of 5,9 gil. A 

spread sheet (Appendix 11) was used to compile and example worksheet (Table 10.11) for 
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the extension of the calculations to include a range of background concentrations, and to 

illustrate the effect that changing background concentration has on the following parameters: 

1) Effluent characteristics. The effluent and cloth characteristics are a function of rinse water 

concentration and flow. Figures 4.17 and 4.18 show the effect of rinse water 

concentration (in the range 0 to 6 gil) on effluent concentration, and effluent and cloth 

mass loading. 

2) Electromembrane area requirements. The duty per unit area of electro membrane 

increases as the final sodium concentration of the depleted brine is increased. 

Figure 10.7, plotted from data in Table 10.11, illustrates this relationship. 

3) Sodium hydroxide make-up requirements. Sodium losses from the system occur as drag­

out in the rinsing process, and retentates from cross-flow microfiltration and nanofiltration. 

These losses must be balanced by an equivalent input of sodium hydroxide to the 

impregnator. Although elevated background sodium concentrations are advantageous in 

terms of the operation of the electrochemical cell, sodium loss from the system (and 

therefore make-up requirements) increases substantially as the background 

concentration in the rinse water increases. Figure 10.8 illustrates this relationship. 

Table 10.11 contains an annex which presents a further extension of the design 

calculations to cover a range of temperatures between 40 and 100 ·C for a background 

concentration of 5 gil Na. Figure 10.9 illustrates the relationship between temperature 

and total electromembrane area requirements. 

10.9. Economic Evaluation 

Cost estimation of treatment plant is complicated by the variability of the scouring process and 

effluent composition, and the extent of treatment required. Additional variables include site 

development costs, exchange rates for imported components, inflation rates and the range of 

suitable, but different, materials of construction. Cost estimates have been prepared, but are 

presented for guidance purposes only, to serve as an indication of the cost-effectiveness of 

the treatment sequence. Table 10.12 presents the cost basis for chemicals and utilities 

(1987). The design parameters are those specified in Table 10.2. 
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Table 10.11 
Design Example: Process Data on a Dry Fabric Mass Basis, Variable Rinse Water 
Concentration 

Design Parameter Units 
0 

~~rouno .von~ntrabOn. (SYI !'Ia) 
1 2 3 4 5 

Moisture content of cloth Into range Vkg cloth 0,5 
Na cone. of moisture on cloth into range ~Na 28,8 
Moisture amtent of doth out of ran~e g cloth 0,5 
Na cone. of moisture on cloth out 0 range ra Na 1,3 2,2 3,2 4,1 5,1 6,0 
Average cloth mass g/m 0,3 
Cloth speed mIh 3000 
Up-time of scouring range hid 20,0 
I real men! !'Ian! vanaOles 

Cross-flow microfiltration water recovery % 95,0 
Nanofiltration water r8CCJVery % 95,0 
Nanofiltration ft0int Na rejection % 15,0 
Cell current e ficiency % 75,0 
Cell temperature ·C 60,0 
Cell water transport number gig 8,1 
Cell electrolyte le~th m 0,002 
Cell catholyte co uctivity Slm 82,0 
Cell decomposition+polansation+membrane voltage V 3,0 
Up-time of treatment plant hid 20,0 
Klnse water and I::muenr lJr 
Na conc. in total rinse water gil Na 0,0 1,0 2,0 3,0 4,0 5,0 
Total rinse water flow Vkg cloth 1,5 1,5 1,5 1,5 1,5 1,5 
Effluent flow Vkg cloth 1,5 1,5 1,5 1,5 1,5 1.5 
Na conc. in effluent gil Na 9,2 9 ,9 10.5 11,9 11 ,9 12,6 
Mass I:lalance ;alCl 
Rinse range: Mass Na in on cloth glkg cloth 14,4 14,4 14,4 14,4 14,4 14,4 

Mass Na out on cloth glkg cloth 0,6 1,1 1,6 2,1 2,5 3,0 
Mass Na in effluent ~kg cloth 13,8 14,8 15,8 16,8 17,8 18,9 

Cross-flow microfiltration: Retentate now 9 cloth 0,1 0,1 0,1 0,1 0,1 0,1 
Na cone. in retentate gil Na 9,2 9,9 10,5 11,2 11,9 12,6 
Mass Na in retentate glkg cloth 0,7 0,7 0,8 0,8 0,9 0,9 
Permeate now Vkg cloth 1,4 1,4 1,4 1,4 1,4 1,4 
Na cone. in permeate gil Na 9,2 9,9 10,5 11 ,2 11,9 12,6 
Mass Na in permeate ~k9 cloth 13,1 14,0 15,0 16,0 16,9 17,9 

Nanofiltration: Retentate flow 9 cloth 0,1 0,1 0,1 0,1 0,1 0,1 
Na conc. in retentate gil Na 14,4 15,4 16,5 17,6 18,6 19,7 
Mass Na in retentate glkg cloth 1,0 1,1 1,2 1,3 1,3 1,4 
Permeate now Vkg cloth 1,35 1,35 1,35 1,35 1,35 1,35 
Na conc. in permeate gil Na 8,9 9,6 10,2 10,9 11 ,5 12,2 
Mass Na in permeate glkg cloth 12,0 12,9 13,8 14,7 15,6 16,5 

Electrochemical cell : Mass Na recovered ~k9 cloth 12,0 11,4 10,8 10,2 9,6 9,0 
R8CCJVered NaOH 9 cloth 0,1 0,1 0,1 0,1 0,1 0,1 
Recovered NaOH conc. gil Na 123,5 123,5 123,5 123,5 123,5 123,5 
Depleted brine flow glk~ cloth 1,3 1,3 1,3 1,3 1,3 1,3 
Na cone. depleted brine gil a 0,0 1,2 2,4 3,5 4,7 5,9 
Na mass depleted brine glkg cloth 0,0 1,5 3,0 4,5 6,0 7 ,5 

Make-up Na as NaOH ~kg cloth 2,3 2,9 3,5 4 ,2 4 ,8 5,4 
Make-up water 9 cloth 0,2 0,2 0,2 0,2 0,2 0,2 
N:I 

Na loss from drag-out % 4,3 7,7 11 ,0 4 ,3 17,6 21,0 
Na loss in cross-flow microfiltration retentate % 4,8 5,1 5,5 5,8 6,2 6,6 
Na loss in nanofiltration retentate % 7,1 7,7 8,2 8,7 9,2 9 ,8 
Na loss from system % 16,3 20,4 24,7 28,9 33,1 37,3 
Savings on existing Na make-up glkg cloth 12,0 11,4 10,8 10,2 9,6 9,0 

% 83,7 79,6 75,3 70,8 67,0 62,7 
water osses 
Water loss from system % 16,3 15,9 15,6 15,3 14,9 14,6 
Savings on existing water make-up Vkg cloth 1,3 1,3 1,3 1,3 1,3 1,3 

% 84,0 84,3 84,7 84,7 85,0 85,3 
unH Joeranna 

Maximum anolyte conductivity Slm 4,4 4,7 4,9 5,2 5,5 5,7 
Minimum anolyte conductivity Slm 0,0 0,6 1,2 1,8 2,4 3,0 
Maximum limiting current density Alm2 1 137 1 211 1 283 1353 1422 1 489 
Minimum limiting current density 

Alm2 -13 158 322 480 631 777 
Average limiting current density 

Alm2 562 685 802 917 1027 1 133 
Minimum anol~te volt drop 0,5 0,5 0 ,5 0,5 0,5 0,5 
Maximum ano yte volt drop V 0,5 0,5 0,5 0 ,5 0,5 0,5 V Average anolyte volt drop 

V 
0,5 0,5 0,5 0 ,5 0,5 0,5 

Average catholyte volt drop 0,0 0,0 0,0 0,0 0,0 0,0 
Average cell potential V 3,5 3,5 3,5 3,5 3 ,5 3,5 ElectrICal requirements V 0,7 0,7 0,6 0,6 0,6 0,5 Flkg cloth 

A rements 
Specific area requirements m2lkg cloth 0.002 0,001 0 ,001 0,001 0,001 0,001 Total area requirements m2 25,0 19,5 15,7 13,0 10,9 9,3 
Power requirements for NaOH production kWhltNaOH 3157 3159 3162 3165 3167 3169 
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7,0 

6,0 
1,5 
1,5 

13,3 

14,4 
3,5 

19,9 
0,1 

13,3 
1,0 
1,4 

13,3 
18,9 
0,1 

20,8 
1,5 

1,35 
1,9 

17,4 
8,4 
0,1 

123,5 
1,3 
7,0 
9,0 
6,0 
0,2 

24,3 
6,9 

10,3 
41,S 
8,4 

58,S 

14,3 
1,3 

86,0 

6,0 
3,5 

1 555 
916 

1236 
0 ,5 
0,5 
0,5 
0,0 
3 ,6 
0,5 

0,001 
7,9 

3171 



Annexe to Table 10.11 

Data calculated for background rinse water Na concentration of S gil. 

ueslgn parameter Vn l1S 
40 

lemperature (~6 
60 8 · 100 

Inil 

Cell temperature ·C 40,0 60,0 80,0 100,0 
Average catholyte conductivity S/m 55,0 82,0 100,0 130,0 
Maximum anolyte conductivity S/m 4,3 5,7 7;1. 8,8 
Minimum anolyte conductivity S/m 2,3 3,0 3,8 4,7 
Maximum limiting current density Alm2 1 128 1489 1863 2277 
Minimum limiting current density Alm 2 592 777 978 1222 
Average limiting current density Alm2 860 1 133 1421 175O 
Minimum ano~te volt drop V 0,5 0,5 0,5 0,5 
Maximum an yte volt drop V 0,5 0,5 0,5 0 ,5 
Average anolyte volt drop V 0,5 0,5 0,5 0 ,5 
Average catholyte volt drop V 0,0 0,0 0,0 0,0 
Average cell potential V 3,6 3,5 3,5 3,5 
ElectrICal requirements F/kg cloth 0,5 0,5 0,5 0,5 

Iinil rea ana power 
Specific area requirements m2/kg cloth 0,001 0,001 0.000 0,000 
Total area requirements m2 12,2 9,3 7,4 6,0 
Power requirements for NaOH production kWhltonne NaOH 3172 3169 3170 3169 

Figure 10.7 
Design Example: Dependence of Electromembrane Area Requirements 

on Rinse Water Concentration (at 60 ·C) 
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Table 10.12 
Typical Costs of Chemicals and Utilities 

ChemicaVUtility Cost (1987) 

electricity RO,OSlkWh 
water RO,80/m3 

effluent discharge RO,SO/m3 

heat energy R1 ,OO/m3 (20 to 100 ·C) 
sodium hydroxide R800/tonne 100 % NaOH 
limestone RO.14/ko 
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Figure 10.8 
Design Example: Dependence of Sodium Losses on Rinse Water Concentration 
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Figure 10.9 
Design Example: Dependence of Electromembrane Area 

Requirements on Temperature 
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Capital Cost Estimate 

Scouring Equipment Modifications 

10 

The capital cost for the installation of additional high-expression nip rollers or vacuum 

extractors is RSO 000 to R80 000 per unit (1988). A minimum of two such devices is 

recommended. the first placed after the impregnator to minimise chemical drag-out. and the 

second placed atter the wash range to minimise impurity and moisture drag-out. It is also 
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recommended that a third device, installed before the impregnator, would be advantageous 

in minimising dilution of the padding solution. 

Effluent Treatment Plant 

The capital cost of the treatment plant depends on various factors as follows: 

1) Effluent characteristics. For a given chemical loading, a low-volume, high-concentration 

effluent is desirable when considering plant size. 

2) Degree of recovery of chemicals and water. 

3) Means employed for elevating the anolyte sodium concentration in the electrochemical 

cell. Options include recycling a rinse water which is only partially depleted, or using a 

concentration technique, such as reverse osmosis or evaporation. 

4) Materials of plant construction. 

Cost estimates of the equipment for the design example (Table 10.2) are summarised in 

Table 10.13. It is assumed that existing effluent drainage equipment, such as sumps, pumps 

and pipework, is used. 

10.9.2. Operating Costs 

A simplistiC analysis of the main operating costs is given in Table 10.14. Finance costs and 

taxation have not been taken into account. 
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Table 10.13 
Capital Cost Estimation (1988) 

Equipment Basis Cost 
R 

Storage tanks 
R1000/m3 

8 hour storage of raw effluent 9600 
2 hour storage after neutralisation R1000/m3 2400 
2 hour storage after cross-flow microfiltration R1000/m3 2400 
2 hour storage after nanofiltration R1000/m3 2400 
8 hour depleted brine storage R1000/m3 9000 
8 hour sodium hydroxide storage R1000/m3 1000 

Neutralisation unit 
pipe work, pumps, valves, absorption 

15000 column, heat exchanger 

Q[Q~~-!IQW mi~[Q!ill[aliQo !.Iott 
pipework, pumps, valves, controllers, 

R2000/m2 52000 manifolds, filter media 

NanQfillraliQO !.Iott 
pipework, pumps, valves, controllers, 

R2 000/m2 52000 
membranes and membrane holders 

Elect[Qchemjcal uott 
DC power supply, pumps, pipework, valves, R4000() fm2 300 000 
controllers, electrochemical cell stack 

S~!.IdD9 ma~bio~ mQd~i~aliQO~ 
high-expression nip after impregnator R50000/unit 100 000 
high-expression nip after wash 

Total 545 800 

10.9.3. Savings 

Table 10.15 summarises the potential savings, based in the cost of utilities given in 

Table 10.12. The nett savings are calculated as the difference between the total savings and 

the total operating costs, and amount to R84870 (1988). Ignoring tax and capital charge 

considerations, the pay-back time in years, defined as the total capital costs divided by the 

nett savings is 6,4 years. 
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Table 10.14 
Operating Costs Estimation (1988) 

Cost Item Basis Total 
Annual 

Chemicals 
limestone 

Electricity 
pumping, mixing, etc 0,24 kWhlm3 

cross-flow microfiltration 2,2 kWhlm3 

nanofiltration 2,5 kWhlm3 

electrochemical unit 3 200 kWMonne 

Operation 
Plant 2 % of capital 

Maintenance 
absorption column 2% of capital 
evaporator 2 %of capital 
cross-flow microfilter 2 % of capital 
nanofilter 2 % of capital 
electrochemical cell 2 % of capital 

Egl.!ipm~[Jl [~pl5!~~!!l~[Jl 
cross·flow microfilter (3 year) R50/m2.a 
nanofilter (3 year) R150/m2.a 
electromembrane (2 year) RSOO/m2.a 
anode (5 year) R2000/m2.a 

Total 

Table 10.15 
Potential Savings (1988) 

Savings Item Basis 

increased nip-expression after 8,5 9 NaA<g cloth 
impregnator R1/m3 

heat R080/m3 

water RO,50/m3 

effluent discharge R800ltonne 
sodium hydroxide 

Total 
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Cost 
R 

80 

430 
800 
830 

11700 

11 000 

300 
-

1040 
1040 
6000 

1300 
1275 
6000 

12000 

57170 

Total Annual 
Savings 

R 

70960 
6000 
4800 
3000 

57200 

141960 



SECTION 11 

CONCLUSIONS AND RECOMMENDATIONS 

The major conclusions of the current work are as follows: 

1) A broad and multifaceted approach has been successfully applied to solve a real and pressing 

problem of industrial interest - the development of a commercially viable. legally acceptable. 

technically feasible and environmentally sound treatment and recovery process for sodium 

hydroxide scouring effluents from the textile industry. Since these requirements can not be met 

by any conventional approach. process or operation. the solution had to involve the careful and 

systematic integration of a series of processing and treatment sub-solutions. which individually 

do not resolve the problem. but which together combine into a workable and acceptable 

solution. 

2) Careful and controlled release of textile waste waters is essential to prevent degradation of the 

environment by non-biodegradable and mineral components. Waste waters from the scouring of 

cotton and cotton blends using hot. concentrated sodium hydroxide. have been identified as 

the most intractable of all effluents from the Tex~ile Industry. The characteristics of these 

effluents are site-specific. and vary with process parameters. such as water flow. impregnator 

concentration. rinser deSign and cloth type. Typically they contribute approximately 25 % of the 

volume and chemical load of the factory effluent. They are alkaline. containing up to 20 gil NaOH. 

have high concentrations of organic materials (up to 20 gil COD). and contain divalent metal 

impurities. including calcium and magnesium. at levels typically below 100 mg/I in total. To 

comply with legal and environmental requirements. these effluents cannot be released directly 

into receiving water courses. 

3) Overall management of the scouring process is essential to reduce the impact associated with 

the disposal of the effluents. and ~e.~au~~ of escalatirl9 costs of purchasing new chemicals and 

disposing of waste chemicals. The most acceptable overall management system comprises the 

use of two approaches: waste prevention and minimisation by process-oriented modifications; 

and waste recycle. treatment and disposal using end-of-line controls. Clearty the latter approach 

cannot be carried out in isolation. The best practicable solution involves the integration of both 

approaches. in a way which allows waste handling to be preceded by the comprehensive and 

effective implementation of a waste minimisation programme. Integration is critical to the success 

of a treatment process. since the nature of the effluent to be treated. and ultimately its treatability. 

is dependent on the processing variables. 
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4) The practical application of selected process-oriented waste minimisation considerations can 

significantly influence scour effluent characteristics and chemical, water and heat consumption. 

Chemical and water balances over the scouring process, and over the total textile operation, can 

identify major losses and areas of priority which require attention. Application of rinsing theory to 

the scouring process allows the most favourable rinsing parameters to be selected and enables 

rinsing performance and effluent characteristics to be predicted. For example, one case study 

undertaken indicated that a 77 % savings in water use could be achieved with a reduction in 

rinsing efficiency of 4,1 %, from 99,8 to 95,7 %, no deterioration in final cloth quality, and a 

decrease in effluent loading (sodium hydroxide loss) from 22,9 to 13,8 g Na/kg cloth. Annual 

sodium hydroxide savings were predicted to be 80 tonnes of 100 % NaOH, while effluent 

volumes were reduced from 38000 m3 to 8 000 m3. 

5) While several recycle or treatment technologies are reported in the literature, no commercial 

installations are known to exist and no researchers have been able to formulate, develop and 

implement an effective solution, even on a reduced scale. The high sodium ion concentration 

makes it impossible to treat scouring effluents by conventional processes. The prinCipal 

methods of handling strong sodium hydroxide scouring effluents include neutralisation prior to 

disposal to land, water courses, marine environments, or solar evaporation dams. These are 

considered to be short-term solutions. 

6) The pilot-plant and supplementary investigations demonstrated the technical feasibility of a four 

stage treatment sequence of neutralisation, cross-flow microfiltration, nanofiltration and 

electrochemical recovery to remove colour and impurities, and produce reusable sodium 

hydroxide and rinse water. The innovation of the process lies not only in the novel way in which 

four now-commercially available techniques are adapted and applied, but also in the unique way 

in which they are combined. The chemistry of the individual processes is inter-related, and each 

stage uses simple adaptations of standard equipment, sometimes operated under non-standard 

conditions, to achieve the desired recovery and treatment. Since the sequence is a closed-loop 

recycle system, its operation is closely integrated into the textile process and its performance is 

dependent on the parameters of scouring and rinSing. The pretreatment stages neutralised the 

effluent and removed approximately 85 % of the COD, all the colour, 65 % of the organic 

impurities and calcium compounds, and 50 % of the magnesium compounds. In the final stage, 

the sodium hydroxide was recovered as a pure solution at a concentration between 100 and 

200 gil. This stream was suitable for reuse in the scouring impregnator. The depleted effluent 

contained low concentrations of TDS and was suitable for reuse in the scouring rinse range. 

7) The success and performance of the entire treatment sequence is critically dependent on the 

chemistry of the inorganic carbon species in solution. Considering carbonate chemistry in the 
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conventional sense, divalent carbonate ions predominate in solution at high pH values. As the 

pH of a solution at 25 ·C is lowered below 12,8, carbonate ions are converted to monovalent 

bicarbonate ions, until at pH 8,6 bicarbonate ions predominate. Thereafter, bicarbonate ions 

exist in equilibrium with carbonic acid. Below pH 4,6, bicarbonate ions cannot exist in significant 

concentration and carbon dioxide may be lost from the system as carbonic acid dissociates. In 

practice, this situation is complicated by the fact that a pure sodium carbonate solution will contain 

eight species in solution, four free ions, two ion complexes and two ion pairs. The addition of 

small amounts of impurities further complicates the chemistry. 

8) Carbon dioxide absorption into raw effluent is rapid and complete in the pH range 8 to 14. 

Efficient recovery of sodium bicarbonate in the nanofiltration stage can only be achieved when 

the pH of the effluent is lowered to between 8,0 and 8,5. 

9) Cross-flow microfiltration removed the suspended, particulate and colloidal solids from the 

neutralised effluent. The reduction in contamination averaged 40 % for COD, 10 % for TS and 

over 50 % for calcium compounds. The optimum conditions were a feed velocity of 3,0 to 

3,5 mis, with an inlet pressure of 300 kPa, and using a limestone (15 J.1I1l) precoat, applied 

before exposure of the tube surface to the effluent, at a coverage of 100 glm2. Under these 

conditions, calcium rejections could be increased to above 90 %, and fluxes averaged 50 Vm2h at 

20 ·C. The most effective cleaning solution for the removal of waxy deposits on the tube surface 

was a solution containing 20 gil sodium hydroxide and 1 gil scouring detergent. 

10) Although woven cloth cross-flow microfiltration is now commercialised and internationally 

marketed for a range of water and waste water applications, this work was one of the original 

studies concerning the use of this membrane technique for treating industrial effluents. 

11) The nanofiltration stage is critical for removing hardness ion impurities from the pretreated 

effluent to prolong the life of the electrochemical membrane. Since, in the monovalent form, 

inorganic carbon species and associated cations readily permeate the nanofiltration membrane 

and are separated from the effluent contaminants, control of the pH of the feed to the nanofilter 

is important for successful recovery of sodium. Rejections of sodium decrease from 90 % at pH 

values above 11 to 15 % at pH 8, and are also dependent on the concentration of ionic species 

in the feed; rejections of free ionic species decrease with increasing concentration as a result of 

increased charge shielding of the membrane surface by counter-ions. Rejections of divalent 

cations follow a similar, but less pronounced, downward trend, with minimum rejections of 60 % at 

neutral pH. The presence of chelating agents increases rejections by up to 25 %. In the pilot 

plant trials, COD rejections averaged 90 %. Feed pH is also the most important factor affecting 

flux. At 25 ·C, and at inlet pressures of 1 MPa, fluxes increase sixfold, from 5 to 30 Vm2h, as the 
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pH of the feed is reduced from 9,7 to 8,0. Membrane cleaning was most effectively achieved 

using scouring detergent. 

12) Speciation theory was used to provide details of the species present at thermodynamic 

equilibrium in the sodium carbonate system at differing pH and concentration, and these details 

were used to assist in the understanding of the nanofiltration system. Particularly the charged 

species in solution determine membrane performance during nanofiltration because of the 

charged nature of the membrane surface. Charge and mass distribution of species are 

dependent on solution pH and concentration. Using the speciation program, MINTEQA2, it is 

predicted that, although predominant sodium species is the monovalent cation, Na+, it may exist 

bound in neutral or anionic species. For example, in a sodium carbonate solution, containing 30 

gil Na, 60 % of the Na present exists as a monovalent ion pair, NaC03- at pH 11,5. Similarty 

bicarbonate and carbonate components exist as neutral species, monovalent anions or divalent 

anions, the concentration dependent on the pH and overall solution concentration. Of particular 

importance is the prediction that, in sodium carbonate solutions containing 30 gil Na at pH 11,5, 

80 % of the carbonate component does not exist as a divalent anion, but as a monovalent ion 

pair, NaC03 -. It is predicted that the actual mass and charge distribution therefore has major 

impact on nanofiltration membrane performance, and that the simple and commonly-used 

analysis of carbonate solutions presented in 7) above does not adequately describe the nature, 

charge or concentration of actual species present. Inadequacies are attenuated for solutions of 

high concentration. 

13) Speciation adequately predicts the solution chemistry of impure sodium carbonate solutions 

containing calcium and magnesium salts, with and without the addition of the complexing agent, 

EDTA. In the absence of EDTA, eight Ca- and Mg-containing species exist at equilibrium, in 

addition to the eight species in a pure sodium carbonate solution. These are all neutral or 

positively charged. In the presence of EDT A, an additional eleven EDT A-containing species are 

predicted to exist, including five metal-EDTA species. The distribution of Ca and Mg between 

species in the absence of EDTA is very similar, with the free divalent cation dominating at pH 

below 9 and the ion pairs, CaC03 and MgC03, dominating at higher pH values. In the presence 

of EDTA, there is a marked difference in the chemistry of these two metals. Whereas over 93 % 

of Ca is bound in the form of the Ca-EDTA complex at all pH values, less than 25 % of Mg is 

bound in this form. Instead the predominant Mg species at low pH values in Mg++, while MgC03 

dominants in high pH solutions. These predicted differences in the solution chemistry of Ca and 

Mg are projected to manifest themselves in the transport characteristics of nanofiltration 

membranes. 
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14) Qualitative predictions of nanofiltration performance made using speciation and membrane 

transport modelling were verified experimentally. Osmotic pressure correlations were excellent, 

and results indicate decreased osmotic pressure of carbonate solutions with decreasing pH and 

decreasing concentration. This is in accordance with the predictions of speciation theory relating 

to the colligative properties of solutions. 

15) The variations of the water permeability constant, A, water fluxes, solute fluxes, and membrane 

pH gradients with feed pH are explained adequately and accurately by speciation and transport 

theory. Two important factors for consideration in conditions of changing pH are the variation in 

chemical species present in solution at equilibrium, and the changes in membrane chemistry, in 

particular its surface charge density, polymeric structure and permeation properties. 

16) There is a clear correlation in observed discontinuities of trends in water and solute fluxes with 

pH, and speciation trends. Discontinuities occur at the cross-over point where the concentration 

curves of two species of different charges intersect, and are consistent for all solution 

concentrations. Observations are consistent with solute interaction theories of membrane 

transport, which predicts that the retention of anions (and associated cations) by a charged 

membrane increases with the charge on the co-ion, resulting in increased osmotic pressure 

gradients across the membrane, lower driving forces and lower water and solute fluxes. 

17) The effects of feed pH on the hydrogen ion gradient across the membrane are dramatic, and 

discontinuities are again correlated to points of cross-over in the concentration curves of species 

of different charge densities. Permeate pH values are higher tha~ feed pH values were the feed 

pH is either very high or near neutral. pH differentials are explained by the tendency of 

permeating species to re-equilibrate on the permeate side of the membrane to redress the 

balance between permeating and retained species. 

18) In the absence of EDTA, slightly increased retentions of Mg above Ca are attributed both to the 

size of the neutral species and the relative predominance and charge density of the positive 

species. In the presence of EDT A, Ca retentions are substantially increased at all pH values; 

although increases in Mg retentions are less, they are still Significant. This correlates with the 

predicted speCiation trends - 93 % of Ca exists as a non-permeable species (Ca-EDTA), while 

only 25 % of Mg exists at this species, and the remaining species either react positively with the 

membrane (ie are adsorbed) or are neutral and pass freely through the membrane. 

19) The original study of nanofiltration was one of the first conducted of the nanofiltration process, 

and resulted in publication of the first paper (Simpson, Kerr and Buckley, 1987) reported in 

Chemical Abstracts dealing with this technique. This paper has become one of the authoritative 
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references on the subject. Furthermore, the dual approach of using speciation modelling and 

transport theory to understand nanofiltration membrane performance is an exciting new 

approach which offers insight into the quantification of the nanofiltration process. 

20) The ability of speciation to distinguish between species and quantify the charge and mass 

distribution is an extremely useful tool in membrane transport modelling. Speciation data, 

together with experimentally determined parameters were used as input data for developing the 

transport model PREMSEP. The final model gave very good predictions of water flux and 

permeate concentration (total species and permeating ions) as functions of feed pressure, flow 

rate and pH. In particular, the model was able to identify the strong correlation between sodium 

permeation and feed nitrate ion concentration (the nitrate component had been excluded from 

consideration in the semi-quantitative examination since it does not speciate significantly into 

any species other than nitrate ions) , predicting similar trends of nitrate concentration, 

bicarbonate concentration and Na+ ion and the total sodium concentration as a function of pH. 

At lower pH values, the nitrate ion is the major anion. Furthermore, of common anions, nitrate 

ions are least retained by a nanofiltration membrane. Thus, in order to maintain 

ele.;troneutrality, the passage of nitrate ions enhances the permeation of sodium ions, and 

especially at 10wer'pH values is the main anion associated with sodium ions in transport through 

the membrane. In modelling membrane transport of carbonate solutions to simulate accurately 

actual systems, the model must take consideration of non-speciating nitrate ions. 

21) The electrochemical recovery stage is considered to be the most critical stage, since the 

technical and economic viability of the treatment sequence is largely dependent on the ability to 

recover sodium hydroxide. In addition, little or no evaluation has been undertaken in the past of 

the application of electrochemical techniques in the current manner. Up to 99 % of the sodium 

present in the pretreated effluent was recovered as sodium hydroxide. At optimum conditions, 

current efficiencies are 70 to 80 %, and power consumption 3 500 to 4 000 kWh/tonne 100 % 

NaOH. The current efficiency for sodium transfer from the anolyte to the catholyte determines 

the plant size and operational cost. The main sources of current inefficiency result from the 

passage of current through the electromembrane by cations other than sodium, in particular 

hydrogen ions, and the migration of anions, in particular that of hydroxides from the catholyte 

compartment to the anolyte. Hydrogen ion transport is minimised by ensuring that there is a 

sufficient supply of sodium ions at the electromembrane surface by careful control of current 

density, current distribution, flow rate and flow distribution. For the pilot plant, concentration 

polarisation occurred at anolyte flow rates below 20 I/min and when the limiting current density 

(determined to be 2,6 x 10-3 X anolyte conductivity) was exceeded. Back-migration of hydroxide 

ions is minimised by maintaining the minimum acceptable concentration gradient across the 
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electromembrane. Current efficiency and power consumption was also determined to be 

dependent on electrolyte temperature (and therefore conductivity), the anolyte pH and 

concentration, and the condition of the electromembrane and electrodes. 

22) An anode life of four years was predicted if mechanical abrasion by the electromembrane was 

prevented. Neither nickel nor stainless steel were found to be suitable substitutes for the 

dimensionally stable anode (DSA), since their rate of corrosion was unacceptably high under the 

conditions of electrolysis . . 

23) The electromembrane area-resistance was observed to increase with decreasing anolyte 

concentration. In addition, electromembrane fouling, which occurs as the result of the 

deposition of insoluble salts of divalent cations, in particular calcium carbonate, on and within 

the membrane structure, causes increased area-resistance and poor performance. Even in a 

severely fouled state, however, current efficiencies of 50 % are expected. The ability of 

calcium carbonate to form on either side of the membrane, and in different crystalline structures 

(calcite and aragonite) suggests that its formation is controlled by the complex interaction of a 

number of variables such as current density, temperature, degree of concentration polarisation 

and back-migration of anions. Formation of sGale was acce!erated during the pilot-plant trials, 

since the work was of an investigative nature, conditions were very often non-ideal, and no 

attempt was made to control or remove deposition as it occurred. Scale loading at the end of 

the trials was 0,5 gIg electromembrane. Cleaning by soaking the electromembrane in a stirred 

solution of nitric acid (pH 0,5) for 8 to 10 hours restored current efficiencies to 90 %. It is 

recommended that in commercial installations, scale formation be minimised by preventing 

concentration polarisation and controlled by implementation of a routine and effective cleaning 

cycle. 

24) Water transport across the electromembrane dilutes the catholyte and reduces the volume of 

the anolyte. There exists an exponential relationship between the water transport number (or 

number of moles of water transported per mole of sodium) and the concentration of the anolyte. 

The water transport number varied from 2 to 35 over the concentration range of the anolyte 

investigated (0 to 45 g/I Na). No blistering, as a result of a differential of water transport rates 

across the two polymers comprising the electromembrane, was observed. 

25) More so than any other factor, the anolyte concentration influences the operation and 

performance of the electrochemical unit, including current density, current efficiency, water 

transport, scaling, electromembrane area requirements, and power consumption. Lowanolyte 

concentrations adversely affect operation. Therefore, a system is proposed involving the 
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closed-loop recycle of rinse water with a background concentration, whereby only pick-up 

sodium is recovered in the treatment process, and a sodium bicarbonate solution is used for 

rinsing after scouring . 

26) The application of electrochemistry to the treatment of scouring effluent is novel in that it uses 

sodium carbonate solutions in place of sodium chloride, which is itself a previously unexplored 

diversion from conventional practice, as well as non-conventional operating conditions. 

27) Because the treatment system is integrated into factory operations, the design of a full-scale 

treatment plant must consider possible modifications to the scouring process, as well as 

treatment plant specifications. For the design example, 1,17 m3 of effluent, containing 19 kg of 

sodium hydroxide, requires treatment every hour. A background concentration of 5 g/I Na is 

selected, and the rinse range is equipped with high-expression nip rollers before the first bowl 

and after the last bowl. The plant is designed with 26 m2 each of tubular cross-flow 

microfiltration membranes and spiral wrap nanofiltration elements. Assuming a 95 % water 

recovery during both prefiltration stages, electromembrane area requirements are 9,3 m2• 

Crude cost estimates indicate that pay-back is 5 to 6 years, with potential savings on heCtt, 

water, effluent discharge, and chemicals. 

Any future research on this process should address the following objectives: 

1) Test other cross-flow microfiltration membranes to determine if improved performance (flux and 

retention of organic compounds and hardness ions) can be obtained. 

2) Test other nanofiltration membranes to obtain improved separation of sodium salts from organic 

compounds and hardness ions. It is possible that newer membrane types exist which perform 

suitably in the presence of suspended and colloidal solids, thus negating the need for a separate 

cross-flow microfiltration stage. 

3) Test other electromembranes, anodes and cathodes to determine if higher current efficiencies 

and current densities can be achieved, at lower power consumptions. 

4) Carry out long-term, continuous electrolysis trials under conditions which achieve best 

performance to evaluate the maximum possible lifetime of the DSA coating. 
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5) Test various electromembrane cleaning routines, to develop the best cleaning strategy with 

respect to chemical use, temperature, current density, frequency and duration which could be 

implemented at full-scale to ensure prolonged electromembrane life and to control scaling at 

levels which do not significantly effect cell performance. 

6) Review existing cell designs as well as designs currently in development to identify the most 

suitable internal design and flow characteristics for operations involving low concentration 

anolytes. 

7) Apply speciation theory to the understanding of the chemistry of anolyte solutions, in particular 

the behaviour of hardness ions in the presence of complexing agents. 

8) Investigate more fully two additional process configurations which offer other methods for 

maintaining a background salt concentration in the closed loop recycle system. One process 

employs an evaporation stage as the first stage in the treatment process to recover water. This 

water is combined with the depleted anolyte and returned to the process as waste water. The 

second process employs a reverse osmosis stage to concentrate the cross-flow microfiltration 

permeate prior to nanofiltration and electrochemical recovery. 

9) Determine the feasibility of using the proposed treatment sequence to recover chemicals and 

water from caustic effluents from other industrial sectors, such as the bottling and pulp and 

papers sectors, and to treat ion exchange regeneration effluents. 

10) Investigate the array of new and developing ultrafiltration membranes available to determine 

the feasibility of using these membranes to directly concentrate the raw scouring effluent (no pH 

adjustment or cooling) to recover high quality water. The feasibility of the recycling the 

retentate to the scouring process as padding solution make-up in a diminishing efficiency­

multicycle system should be determined and the results compared to those of the treatment 

sequence presented in this dissertation. 
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V 
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mls; Vm2h 
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kglh 

NOMENCLATURE 

Description 

membrane water permeability 

area 

activity of water 

constant reflecting reflection coefficient and potential 

parameter in osmotic pressure predictions 

ion specific parameter 

impurity concentration (on fabric or in solution) 

charge number 

diffusion coefficient 

distance 

pressure drop at ambient temperature 

half cell potential or equilibrium potential 

standard electrode potential 

Faraday's constant (96 485) 

specific water use 

constant in osmotic pressure predictions (0,509 at 25°C) 

ionic strength 

current 

solute flux through membrane 

permeate volume flux 

solvent flux 

rinsing parameter, defined in equation 4.6 

acid dissociation constants 

length 

mass transfer (by diffusion) co-efficient (solution diffusion 

fabric moisture content 

molality (Section 5) 

sodium mass flow 

number of electrons transferred 

number of rinsing bowls (n = 1, 2, 3 ... ) 

g water/g sodium water transport number 

Pa transmembrane pressure 

em ion size parameter of charged species q 

Nomenclature 



Q m3/h flow 

g constant which includes the reflection co-efficient and 

potential R joules/K-mol universal gas constant 8,3141.kPalmo1.K 

Rmem nm2 electro membrane area resistance 

, rinse ratio (refers to rinsing) 

'diU moVm2.s.n rate of migration of a reactant by diffusion in diffusion layer 

'mig moVm2.s.n rate of migration of ions 

'total moVm2.s.n total rate of ion delivery across a diffusion layer 

n electrical resistance 

S gIl impurity concentration in rinse water or effluent 

T K absolute temperature 

t+ cation transport number 

u C/m2.J.s mobility of species in solution 

V mls velocity 

Vw Vmol molar volume of water (0,018067 at 25 °C) 

WR % water recovery 

X mole fraction 

x m membrane thickness 

x,y,z,a,b dummy variables in matrices for analysis of scour ranges 

Z moVm3 membrane charge density 

z valence on species 

a constant for predicting activity co-efficient of neutral species 

f3 convective coupling co-efficient 

0 m thickness of the diffusion layer 

r activity coefficient 

rq activity co-efficient of charged species q 

ru activity co-efficeint of neutral species u 

<P V potential at any point in the nanofiltration membrane 

q1 ratio of dissociated functional groups on membrane to fixed ones 

(j % membrane point retention 

(J m effective thickness of nanofiltration membrane 

A mS/m conductivity 

11 % current efficiency 

11: Pa osmotic pressure 

.111: MPa osmotic pressure differential across the membrane 

1jI V electric potential 

{ } moVI activities 

Nomenclature 
ii 



Subscripts 

0, 1,2, 3 .... n, n + 1 

a 

b 

ca 

c 

cc 

d 

e 
f 

in 

mem 

nc 

a 

out 
p 

q 

r 

5 

sol 

u 

v 

w 

pescription 

order of rinse bowl in rinsing sequence 

anode/anolyte 

bulk solution 

cathode/catholyte 

concentrate stream (refers to filtration) 

cross-flow microfiltration concentrate 

drag-out 

at electrode surface 

feed stream (refers to filtration) 

into unit operation 

of membrane 

nanofiltration concentrate 

exchange (current) 

leaving unit operation 

permeate stream (refers to filtration) 

charged species 

rinsing water (referring to flow, S) 

padding solution/saturator/impregnator 

solute 

neutral species 

permeate volume 

water 

Nomenclature 
iii 
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