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ABSTRACT

Despite its phasing out in numerous countries, such as Germany and the U.S.A.,
co-disposal of hazardous waste with municipal solid waste continues to be widely pracused
in South Africa. Co-disposal utilises properties and microbial activities in the refuse to
attenuate the hazardous waste and thus obviate its environmental impact potential. All
landfi}) operations require carefu) planning in not only site selection criteria but also the
type and amount of various wastes accepted for disposal. It is ¢lear, however, that the
practice of co-disposal requires special precautions and management as the methods
employed in the landfill operation determine 10 a large extent the environmental effects

and, thus. the public acceptability of the operations.

Although co-disposal is not suitable for all industrial wastes the results of recent
research efforts, conducted mainly in the U.K., have indicated that, when properly
managed. co-disposal can be regarded as a safe and efficient disposal option for many
hazardous wastes. Environmental awareness in many European countries ensures that
numerous hazardous compounds are either recycled or recovered. Unfortunately, in South
Africa the lack of similar concern has resulted in increased concentrations of toxic
compounds being co-disposed on a regular basis. Since fundamemal studies of this
technology. pertaining 10 South African conditions, have been Jacking laboratory

models/microcosms were built to address this pauciry.

Model. To effect the separation of species habitat domains of component species of
growth rate-dependent interacting microbial associations responsible for terminal catabolic
processes of the refuse fermentation, with retention of overlapping activity domains, and so
facilitaie examination of species in isolation without violating the integrity of each
association, multi-stage models were constructed. The accidental overgassing of the culture
with liquid petroleum gas (LPG) effected interesting fermentation balance changes which
also emphasised the need for an Anaerobic Bioassay Test 10 assess the impacts of specific
perturbants. Evidence of differential susceptibility of the component species to phenol was
demonstrated in this study.

1X



Microcosm. A tota) of 42 refuse packed single-stage glass column bioreactors were
commissioned and subjected to phenol and/or anaerobically digested sewage sludge co-
disposal. The effects of four different operational modes: leachaie discard (single elution).
leachate recycle: batch: and simulated rain on the co-disposals as well as refuse catabolism

per se were examined.

The results of these studies indicated that protracted periods of adaption to phenol (1000
and 2000 mg ) could have resulted from nutrient (elemental) limitation. Circumstantial
evidence was also gained which indicated that the nitrate- and sulphate-reducing bacteria
(SRB) were particularly sensitive to the added xenobiotic. Further, without the effective
participation of the nitrate- and SRB the active and total fermentation of both the phenol
and refuse components were depressed. It was also determined that the operating regime
employed was a key factor in refuse degradation although with time, and especially
following the phenol resupplementations, the operating conditions played a less significant
role. In general. the single elution operated columns demonstrated increased phenol
removal rates which were, unfortunately. coincident with low pH values and increased
leachate residual phenol concentrations. Leachate recycle, on the other hand, unlike the
batch operated columns, facilitated increased pH values and methane evolutions. The
simulated rain columns were characterised by rapid washout of the added phenol as well as

methanogenic precursors.

The sewage sludge co-disposal experiments, likewise, demonstrated that, depending on
the sludge:refuse ratio, the operating regime was extremely important in optimising the
refuse degradation processes although. in general, Jeachate recycle appeared to be the most

favoured method of operation,
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CHAPTER 1

INTRODUCTION

1.1 The Nature of Hazardous Waste

The term “hazardous” waste has both proved difficult to define precisely and has no
legal definition in many countries (Robinson, 1992). In legal terms, in the U.K.. there are
only two distinct waste types. The first, "controlled waste”, comprises all household,
industrial and commercial wastes, and, thus, includes most wastes with the exception of
those from agriculture, and mining and quarrying. The second, "special waste”, is waste
which has potential to cause acute harm or injury to people directly exposed to it
(Robinson, 1992: Watson-Craik, 1995). Special wastes were further defined in the U.K.
Control of Pollution Act (Special Wastes) regulations (1980). When promulgated, these
regulations were specifically aimed to provide tighter control for the transportation of
wastes which could be hazardous to human health (U.K. Department of Environment,

1988). Further, a controlled waste is considered a special waste if:

a. It consists of, or contains, any of the subsiances listed in Schedule 1 of the Control
of Pollution (Special Waste) Regulations (1980) and, by reason of the presence of
such substances, is:

I Dangerous to life; and/or
2. Has a flash point of 221°C; and

b. It 1s a medicinal product available only on prescription (U.K. Department of

Environment, 1988).

The U.S. Environmental Protection Agency (EPA) identifies as hazardous any
waste that possesses any one of the following characteristics (Goldman, Hulme and
Johnson, 1986 Miller and Miller, 199]):

a. Itexhibits ignitability, corrosivity, reactivity (explosiveness) or toxicity:



b. It contains any of the toxic constituents named on published lists as having toxic,
carcinogenic, mutagenic or teratogenic effects on human or other life forms; and

c. It is listed on prescribed lists.

By 1994 the EPA had prepared a list of 363 compounds which it cjassified as
hazardous. This list of organic and inorganic substances is subject to continual updating as
new assays for hazardous materials are developed (Watson-Craik, 1987: Miller and Miller,
1991).

A variety of parameters, such as the aquatic and mammalian (oxicity,
carcinogenicity, levels of production, reactivity. bioaccumulation and persistence, make a
contribution to what is called the ‘pollution potential’ of xenobiotics. This measure is used
to distinguish priority pollutants which are compounds which are thought 10 cause severe
environmental damage. Every country decides on its hist of priority pollutants. In the
Netherlands, for example, diverse compounds such as ammonia, nitrate, cadmium,
polycyclic aromatic hydrocarbons, polychlorinated biphenyls, asbestos, carbon monoxide,
ozone and radon gas are listed. The European Community on the other hand has compiled a
Framework Directive (76/464/EEC) relating to dangerous substances which includes two
lists of dangerous substances (Leach, 1994a). List 1, or the ‘black list" of pollutants, is
constituted by compounds which impose an immedjate threat to humans and ecosystems.
These compounds are illustrated in Table 1.1. List 1], or the ‘grey list’, includes
compounds that are considered to be less hazardous by virtue of being either less toxic or
less persistent and include molecules such as ammonia and compounds of metals such as

zinc, copper and lead (Leach. Middelbeck and Mijnbeck. 1994).

In 1990 the South African Department of Environment Affairs (DEA)
commissioned, first, the Foundation for Research Development and. then, the Council for
Sciemtific and Industrial Research (CSIR) t0 undertake a comprehensive study of hazardous

waste and the Jegislation pertaining 10 it

L ¥



Table 1.1 Categories of Black List” Compounds as Classified by the European

heavy metals, mew!loids and related compounds
halogenated organic compounds;
orgamic phosphorus compounds,

OFgANIC SLaNNOUS compounds.

persistent mineral oils and hydrocarboms from crude odl-
other organic compounds.,

cvanides . and

asbesios.

The aim of the investigation was 10 establish 2 strategy and action plan for the disposal of
hazardous wastes in an environmentlly friendiy manner. In the abwence of a formal
regulatory sysiem. South Africa does not meet the requrements of the Basle Convention.
Since the net result is a reduction in international rade . sieps must be wken W improve
hazardous wasie management in this country (Department of Environment, 19921).

A fira) report (m five volumes) of the mvestigation was released in 1992 and
encompassed the following aspects.

a A smuation analyss, including the quantities of wasie generated and their hazard
raungs.
Available rechnologies for hazardous waste treatment and disposal:

e A proposed strategy . policy and regulatory system for hazardous wasie
manage ment,

d Legisiation options, and

e An impact assessment (o compare different policy options for the regulation of
hazardous waste.



The CSIR Report. and the subsequen Mimimum Reguirements for the Handiing and
Disposal of Hazardous Waste, proposed the following definition “hazardows waste” Is amrv
waste thar directly or indirectlv represents a threar to humar health ar o the environment
by introducing one or more of the following risks,

Espilosion or fire.
Infection, pathogens or parasifes,
Chermical instabilire, reactions or corroiion,

Acute or chromic tovicity,

= P

Cancer, mutations, tumours or birth defects,

Ecotoriciry or domage to ecorviiems. gnd

m oA @B N

Accurmudanion in melogical foodchains, persisience in the environment ar multiple
effects so that i requires special anennon and cannot be released into the
environment_ or be added 1o sewage, or he stored (n a situation which (v either open
o) air or from which leachate water could be produced (Department of
Environment. 1997a: Anon. 1994h: Peckham_ 1994)

Clearly, hazardous waste includes a wide variety of chemicals and wasie materials
and can be produced as a by-product of most human activities. Further. this wasie can mke

any form {gas. hquid. solid or 3 mixwre of these) and can conmaminate any medmwm such as
air, waier or 3ol

1.2 Quantities Produced

U a giobal basi, the World Health Organisation (WHO) estimated that before
1980 some & million chemicals had been either solated from natural products or had been
synthesised, Of these, some 60 000 were thought o be in daily use with 200 new chemicals
marketed each year (Senior and Balba, 1984) This number has now risen o = 2500 new
chemicals each year (E. Semior. Persona! Communication. ) Unfortunarely, despite
estimates that beeween 60 and %0F of all cancers are of enviranmental origin. of which
many have latency periods of 530 years, less than 20% of the (dentified “1oxic™ chemicals
have ever been evaluated for thelr environmental impact potentials (Senlor_ |991)



The total amount of hazardous waste produced by the countries of the European
Community (EC) was calculated 1o be hetween 15 and 20 million sonnes in 1983 of which.
approximately, 7 million tonnes were disposed of 1o landfill (Pearce. 19K3). The United
States of America is by far the greawst producer of hazardous wasie, generanng len times
as much hazardous wasie as all of western Europe, In 1991, the U_S.A. total was officially
estimated 10 be 500 million tonnes (Moyers, 1991} It has, however, been pointed out that
figures such as these are not wowlly representative as more than 3 million tonnes of
hazardous waste was shipped from the European industrialised nations o less developed
nations between 986 and 1988 For example. the Wes: African nation of Gulnea-Bissua
hoped 10 receive USS 120 million more than irs weal annual budper. by agreeing o store
industrial wastes from other countres (Anon. |991; Moyers. 1991])

South Africa s also seen by the internanional soxic wasie oraders as an ideal piace
for disposal, This increased ineerest m Third World natiors results from the tightening of
already stringent contrals thar govern the disposal of wasie in European couniries as well as
the 11.5.A. (Koch, Cooper and Coetzer, 1990). The now infamous Thor Chemicals plam m
Cato Ridge is an example of this as the U.5.A. company Amenican Cyanamid exports 10
wnnes of mercury waste each year to Thor Chemicals. Despite the detect:on, in water and
solls around the plam, of the highest levels of mercury ever recorded in South Africa. and
the subsequent suspension of all operations by the Department of Water Affairs, the
company has restarned processing following design and constructhion modifieanons. The
depariments of Health, Environment Affairs and Tourism and Water Affairs have mdicared
that they have no objecuon ta the contnued imporwtion of mercury by Thor Chemicals
The company and the government justified their actions by arguing that the shipments of
MErcury contaming residues 1o the plant were classified as raw materials rather than 1oxic
waste (Koch, Cooper and Coetzee, 1990).

Prior 1o 1990 very fittle was known about the toml waste stream, and 1n particular
harardous wasie, genermted in South Africa. Therefore, the CSIR (ninated 3 survey during
which mierviews were conducted with representatives of as many major wasie generators as
possible representing different sectors of indusory. |l was, however, clear from the ouise! of



the investigation that reliable data on current hazardous waste generation in South Africa
would be difficult 10 obtain and even the costly survey planned was not going 10 give a
very accurate assessment of the status quo. This was atiributed to the fact that very few of
the industries canvassed had any information at all about the quantities or composition of

their waste streams.

As a first estimate of the quantities of hazardous waste generated in South Africa
annually. a classification was made based on the defipitions of the Base] Convention. This
estimate indicated that the total hazardous waste stream amounted 10 456,073 tonnes per
annum. An alternative classification proposed by the CSIR, which was thought 1o provide a
far more accurate estimate of the hazardous waste stream, showed an increased production
of hazardous waste and is summarised in Table 1.2. This approach involved taking the
universally accepied (but entirely qualitative) general definition of hazardous wasie (see
Section 1.1} and adding quantitative criteria to it to define the following five hazard groups

of waste:

a. High hazard waste (Group 1) of first priority concern, containing significant
concentrations of highly toxic constituents which are easily accessible. mobile or

persistent in the environment and are bio-accumulative;

b. Moderately hazardous waste (Group 2) of second priority concern with highly
dangerous characteristics which could be highly explosive. flammable, corrosive or
reactive, or which is infective, or which comains significant concentrations of
constituents that are potentially highly toxic but only moderately mobile, persistent
or bio-accumulative, or that are moderately toxic but are highly mobile, or

persistent in the environment, or bio-accumulative;

o Low hazard waste (Group 3) of third priority concern, which is moderately
explosive, flammable, corrosive or reactive, or contains significant concentrations

of constituents that are potentially harmful to human health or to the environment:



Table 1.2 The Estimized Amoeunts of Hazardous Waste (Groups | o 3) Geperaied

In South Africa | Department of Envirommmeni, 15992a)

Waste Types Hazardous Waste
Ly’ % of tatal
I =— — - it
Aer Emisioms
Insrganic 136, 725 T.2
Orpanic 04, 943 |0 B
Wasrewaler
[ norpanic |. 081, BTk 512
Crrganic 4 505 | B
Mixed 3. 3 02
Liquids
| Chrganic 14, b6 0.8
Ernulsions
Cirgamic 1. B4 i |
I Tary
Ohrganic 5 0035 03
Surries
| morgamic 24 Bi2 1.3
Cirganic ( fl
Sludges
| norganic 256, 412 k5.7
Orpanic U35 (.05
Mixed 20, Bab I
Salids
| norpanic ., 066 1.6
Oirganic 36, T27 |.9
Slaps il 0
Ash a L]
Tailings L 0
Rubhie/Spaoil { 1]
Toual |, BY2 K81 | (0
d. Peientially hazardous waste (Group 4} which often occurs 10 targe quaniiies and

whech contains potentially harmiul consuiuents in concentrations that i maost
instances would represent only a limited threat to human health or the environment:

and



e.

Non-hazardous waste (Group 5) which. at most, contains only insignificant

concentrations of harmtul constituents.

The criteria used for the hazard rating can broadly be divided into the foliowing two

categories:

Danger criteria are those that relate to chemica) and other properties of the waste
which are either known or can be quantified with one or more relatively simple test
procedures, and about which consensus is likely to be reached fairly easily.
Characteristics of these criteria are explosivity and flammability as well as

corrosivity and chemical reactivity; and

Toxicity criteria relate 10 properties which are not nearly as simply quantified, for
which easy and rapid tests are not available. and which require professional
assessment. The criteria grouped broadly under this category range from acute and
chronic 1oxicity 10 human populations (as estimated by mammalian toxicity data) to
direct and indirect effects that different substances can have on natural physical,
chemical and biological processes in the biosphere. Further, the infectious and
health (carcinogenicity and muiagenicity) implications of any given chemical were

also taken into consideration.

From Table 1.2 it can be seen that the total waste produced in South Africa is

dominated by a few large and relatively non-hazardous streams. Some of these are

effectively inert mining spoils and overburden some of which contain small traces of toxic

components (gold mine tailings), or traces of leachable heavy metals (coal ash). These few,

but very large, waste streams distinguish the South African total waste stream from that of

most other countries. Further, it is shown that 59% of the hazardous waste siream is

carried in wastewater with 93.6% of this figure accounted for by cyanide-containing

effluents from gold mining (Department of Environment, 1992za). An example of the

deleterious effects of mine tailings was highlighted by the Weekly Mail newspaper in July

1990 which investigated a river flowing through the old mine dumps in the Crown Mines



suburb of Johannesburg and then through Soweto. It was found that the dumps were
leaching a staggering amount of toxins into the stream which, as a result, contained ('} 8 g
SO.*. 520 ug cyanide and 60 ug arsenic and had a pH of 2.58. Further, tests made by the
Rand Water Board on toxins leaching into the Rietspruit river from adjacent mine dumps,
revealed alarming concentrations of mercury, arsenic and sulphate. Unfortunatety, toxic
run off from old mine dumps is not confined to the Witwatersrand as a pristine dam in
Barberton (Eastern Transvaal) supported no aquatic jife due to the increased arsenic and
cadmium concentrations (Koch ef al., 1990). Also of interest is the estimate in Table 1.2

that 18 % of the hazardous waste stream is emitted to the atmosphere.

A further cause for the uncertainty in calculating the total hazardous waste stream
was the discovery that in many sectors of industry waste materials have been stored, very
often for reuse or for suitable treatment once the technology or facilities become available
(Department of Environment, 1992a). These, so called. backlogs were recorded for many
of the industries surveyed and included mainly sludges from the textile and Jeather

industries as well as extremely hazardous pesticides and polychlorinated biphenyls (PCBs).

In most industrialised countries, such as the U.S.A.. U.K. and Germany, a large
portion of the hazardous waste generated is reclaimed through recycling by industry. In
Germany, for example, the total quantity of industrial waste generated in 1975 was 119
mitlion tonnes. This figure increased until, in 1980, it was 203 million tonmes. For the next
four years there was a slight decrease in the amount of waste produced to about 200 million
tonnes. This decrease was mostly due to active recycling and waste avoidance

(minimizaton) policies which resulted in 16% of the industrial wastes being recycled in
1990 (Stegmann, 1990).



In comparison, South Africa maintained a national recycling average of 3.1% for
the total quantity of refuse generated in 1990 (Verrier, 1990). The CSIR survey team
reported that significant quantities of materials such as paper. glass and metals are recycled
in South Africa but only very few companies practise hazardous waste avoidance

(Department of Environment, 1992f).

1.3  The South African Situation

In 1984 the U.S.A. Congress amended the environmental legislation and increased
the federal role in solid waste regulation. These amendments (The Hazardous and Solid
Waste Amendments of 1984) directed the Environmental Protection Agency to revise the
criteria for waste facilities. At a minimum, these amendments require the EPA 1o develop

enforceable standards for:

a. Groundwater monitoring which is adequate to detect contamination;
b. The location of new and existing facilities; and
o Corrective action.

Further, requirements proposed in the EPA's March 1987 draft also include

locations, standards and leachate collection and removal systems (Pacey, 1989a).

At the beginning of the 1970s there were few specific controls for the disposal of
industrial wastes in the U.K. Thus, there was Jittle record of how wastes were being
disposed of, or of their environmental effects. Therefore, the following legislation was

enacted which provided a framework for effective regulation:

a. The Deposit of Poisonous Wastes Act 1972 (subsequently replaced by the Special
Waste Regulations, 1980) introduced a system of compulsory prior notification of
any transport of difficult wastes. This began 10 generate national data on the

production, movement and disposal locations for industria) wastes: and

19



b. The Control of Pollution Act 1974 created the Waste Disposal Authorities and
introduced a system of site licensing. The licensing of existing landfills (about

3.500) was largely complete by the late 1970s (Robinson and Gronow, 1992).

In South Africa, the situation appears 10 be slightly more ambiguous. Stander
(1992). for example, reported that there is no all inclusive national policy which governs
refuse disposal in South Africa. The result of this is a fragmented strategy with no all
embracing legislation governing all dimensions of refuse disposal. In particular, the
question of hazardous waste disposa) has received little attention (Lombard, Botha and
Rabie, 1992; Stander, 1992). Further, the CSIR report revealed that an assortment of
provisions dealing with waste on land is to be found scattered among at Jeast 37 Acts of
Parliament, 16 Provincial Ordinances and numerous local by-laws (Lombard ef al., 1992:
Department of Environment, 1992d}. The possibility exists that this number could increase
even further following the new political dispensation in South Africa and the formation of
new provincial governments. Also, the CSIR survey team concluded that, by 1992, of the
547 existing landfill sites only a minority had been subjected to state control and that
. industrial waste was frequently disposed of in sites unsuited for the purpose. Further, it was
attempted to calculate a simple mass balance of inputs and outputs ajthough. in most cases,
the waste generators concerned had never previously carried out such a procedure and had
no figures avajlable on waste generation. Also. it was found that very few waste generators
had any information on the composition of the waste or of the real costs of treatment and

disposal {Depariment of Environment, 1992a).

As a consequence of this unsatisfactory situation, the Department of Water Affairs
and Forestry has endeavoured to upgrade the standards for waste disposal in South Africa

with the publication and enforcement of the Waste Management Series.

In South Africa, legislative powers for the prevention of environmental pollution, as
a result of disposal of refuse in landfil) sites, are vested in the Minister of Water Affairs
and Forestry (Ball and Bredenhann, 1992). In 1992, the Department of Water Affairs and

Forestry (DWA/F), as custodians of South Africa’s water resources, instigated a proactive
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programme 10 ensure that all refuse dusposal s done in an environmentally acceptable
manner In ths comes: DWA/F formutated a set of Mmimum Requirements for refuse
duposal faciimes The Minimuem Requirements represent 3 means of disunguishing
berween the acceptable and the unacceptable so that refuse disposal in South Africa can be
raised 10 an appropriate standard. This document 8 a “hiving document” in that it will
always be subject 10 validation and updating (Ball and Bredenhann, 1992)

The Mimmum Requirements for the Handimg and Disposal of Hazardous Wasie
( 1994) accepts that improved standards will imevitably result wn increased coss
Consequently. the Best Practicable Environmental Option (BFED) approach has been
adopted 1o provide affordable environmental proecuon. This 5 acheved by the promotion
of a waste management process which comprises three basic sieps waste avoidance, correct
classification: and minimum requirements for the safe handling. vearmem and dusposal of
hazardous waste. Further, i was recognised that costs have. m the past. been externaloed
a scial and environmental costs as a result of the absence of saandards. It b now
envisaged than these costs will be iniernalised in accordance wath the polluter pays
principle. An Imegrared Environmental Mamagement approach has aiso been adopied
throughout which implies advance planming for all aspeco of wasie masagemem  As a part
of thes planneng approach an environmental /mpact assessment o esserial before any
andf(ill » msued wuh a permu (Anon_ 1994a).

The ferst pant (Volume 1) of the Waste Management Seres produced by the
Department of Water Affairs and Foresiry, was published i | 994 and thus far comprises

a Document | Mimimum Reguiremenns for Waste Disposal by Landfull

b Document I Minimum Requirements for the Handling and Dusposal of Hazardous
Wasie. and

c. Documers 3. Mimmum Requirements for the Monstoring at Waste Management
Facilites.
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The Minimum Requirements are enforceable nationally by means of the site

permitting system, and by the provision in the Environmental Conservanen Act of [DEQ

which saes thai no person shall discard waste or dispose of ft in any other manner excepi
al @ permitted waste disposal site. The regulatory system, i the near future, will be further

enforced by means of the registration of generators and transporters of hazardous waste.

In Document ? a procedure 15 described whereby any waste product can be
ldentified and classified as hazardous by companing 11 to the South African Burean of
Standards (SABS) Code (0228 which uses the Imerpanonal Marmme Dangerous Goods
Codle as 15 base, The disposal oprion can then be determimed by placing the waste in one of
Y classes according to SABS U228, The detall of the nine classes and all the relevani
subdivisions have been described (Anon, [994b) and will not be further discussed here
Waste which has been classified as Class 6 (powsonous and (toxic} and infectious
substances) musi {urther be rated according to a hazard rating which takes Into account the
acute and chronic toxicity and its environmental fate (Anon, 1994b) In this way, 50
examples have been piven which extend the SABS Code 0228 which, when complete. will
provide an easy and convenieant means of idenrifying and classifymg sobstances for waste
disposal. It 1s interesting to note that according to this classification, wastewater effiuents,
such as sewage, are not classified as hazardous waste streams for disposal purposes because
they are regulated and conrofled by the Water Acr (Aot 54 of 1856), Similarly, radioactive
waste is regulated and controlled by the Nuclear Energy Act (Act 92 of 1902) and the
Hazardous Substances Act (Act 15 of 1973),

1.4  Treatment Methods

There is a wide range of technologies avaitable for the trearment of hazardous waste
and most reatment technologies can be readily adapred and modified o the requirements of
a particular waste stream. The main objective of treating a waste is o either destroy o
reduce the toxicity of the harmful components and, therefore, t minimise the potential

imimical impacts on the environment. A further benefit of waste reatment 1s the possible



recovery of materials during waste minimisation and/or recycling programmes. Available

technologies for the treatment of hazardous waste can be conveniently classified as:

1.4.1

Thermal treatment;

Chemical reatment:

Physical treatment; and

Biological treatment (Wartson-Craik, 1987; Knoll and Winter, 1987: Department of

Environment. 1992b: Behrmann and Hatl. 1992).

Thermal Treatment

Therma) treatment can involve any one or a combination of the following ( Lord,

Ahrens. Tworeck and Rabie. 1983; Cope 1983a: Miller and Miller, 1991: Lombard ¢t al.,

1992: Department of Environment, 1992b):

Sterilization. Normally sterilization is effected by raising the iemperature to )20-
140°C for up to 30 minutes. Any potentially infectious materials. especially waste
from hospitals, should be sterilized if they are not 10 be incinerated. In sewage
treatment plants, heat treatment is sometimes used to condition and sterilize raw or

activated sludge:

Pyrolysis. This is thermal degradation of molecules and organic material in the
absence of oxygen. The process is usually carried out at atmospheric pressure.
Incineration always includes pyrolysis as a first step, and the resulting products are
then ignited and burned. Pyrolysis itself is not always fast and may need an
extended residence time. This is particularly important for polychlorinated
biphenyls. pesticides and other chlorinated hydrocarbons. Polychlorinated
biphenyls, with their > 200 components. can be more safely pyrolysed for 10
seconds at lower temperatures (1100°C) than for 1-2 seconds at much higher
temperatures. If incineration oxygen (air) is present at 100 early a stage of pyrolysis

some stable and inimical compounds may be generated. For example. in the
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ingineranon of polychiorimated biphenyls, or chhorlignin from pulp bleaching,
hughly toxsg subsmnces {dioxins) can be generated. An emerging method that holds
great promise s plasma arc echnology  Soiid or liguid wastes are pyrolysed 1mo
combustibie gases by exposure (0 a plasmi gas. The super hot plasma gas resulis
from exposure 10 high-energy radiaiion and has localised temperamres rangimg from
30 000'C 1o 50 00C°C The plasma arc can destroy the molecolar structure of the
waste without any traditionsl chemical reactions al all A Turther henefit s that the
process (s compact and the development of mobile unis 1s Hkely (Goldman. Halme
and Johnson. | 986},

Incineranon, This involves the aerobic combustion of the waste material .

| ncineration has also been described as an ultimate disposal process when spplied w
certam wasies (hat cannot be recycled. reused or safely disposed of in a landfill sine
(Batstone, 1989). When burning harmless material, it also provides o cheap support
flame for material which s not capable of self-susmined combusvon Hazardous
waste normally has o be incinerated m extremely high lemperatures, with a
residence ume of |-2 seconds, in order to break down the thermally stahie
compounds and the problematic secondary materials formed. The greates: difficuly
m opeTating an mcineration facility s o meed the siringem standards required by air
pollation permis {Egarian and Plan, 1985) Inthe U} S.A | for example, federal
smndards require destruction, by incimeranon, of key orgamc specics 41 the 99 99%
tevel. This inclodes not only the origial organic material bot also all “daughter™
products. of incineranon (Lederman and |La Grega  1981). Despite this.
miermanionally, afier andfilling, incineration is the most preferred
reatment/disposal option for arganic hazardous and toa ke wastes (Willens, 1983a)
Further, legal requirements o the L) S A resinicr the range of hazardous waste that
can be fandfilied and increase the cos: of landfill disposal, This has made thermal

ireaiment more financially competitive and. indeed, the sale ogrion for certain
wasies,
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Mot only are there very few incinerators capable of burning hazardous waste in

South Africa but, as can be seen in Table 1.3, incineration |5 also economically
extremely unfavourable {Depariment of Environment, 1992h),

Table 1.3 Relative Costs of Different Disposal Options Utilised in South Africa

| Techmology | RelativeCosts
|

| Waste disposal at regional amenuation sites 1

‘ Pre-treatment and co-disposal in contminment faciliry 4-12

| Fixation and co-disposal in continment facility 515
Pre-treatment and disposa) in secure solaton facity 2-70
Incineration | 0-200
E lation and ment in containment {acilit 200-250

Unfortunately, incineration has often been viewed as 8 "magic wand” which can
quickly and conveniently dispose of any hazardous materml. In reality, however,
the successful operalion of a hazardous waste incinerntor plani s as strongly
dependent on ity operation as the aciual design of the facility. Incorrectly operated,
or applied w the wrong type of waste, incineration could lead |0 the peneration of
other secondary wastes which could be even more hazardous than the original wase
fed imo the unit (Depariment of Environment. 1992b). For example, wastes which
contain inorganic salts and/or halogen compounds demand high energy scrubbers
for their removal from the exhaust stream (Willems, 1983a). According to Linde
(1964}, the Alr Pollution Comrol Section of the Cape Town City Council has
always adopied 2 policy w discourage wasie incineration as far as possible. Despite
the possibility of toxic emissions. incineration of waste s an exrremely expensive
option and, therefore, it s doubtful wether sipnificant use will be made of this
opnon m South Africa in the near funre

Selected harardous wasies are being burned exremely successfully as fuels
m more than 15 cement kilns in the U_S_A. There are 2 number of advantages o
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cement kilns including the high temperatures (up to 1500°C) that are required for
the manufacture of cement clinker, the long residence times (up o 6 seconds), the
automatic scrubbing of noxjous gases such as hydrogen chloride from the gas stream
by the alkaline conditions in the kiln, and the savings in conventiona) fuels such as
coal (Anon, 1994b: lones, 1994).

1.4.2 Chemical Treatment

Chemical treatment is. generally, used more 10 reduce the toxicity of hazardous
components than as a means of disposal per se (British Medical Association, 1991).
Specific chemical processes include the following (Goldman er al., 1986; Batstone, 1989:
Miller and Miller, 1991 Anon, 1994b):

a. Neutralisation. Acidic effluents, for example, are mixed with alkaline wastes (lime

or caustic salts) to adjust the pH to near neutral:

b. Precipitation. Removal of metals as their hydroxides renders process wastewater,

after settlement, suitable for discharge to sewer;

e Oxidation-Reduction. These reactions are frequently used 10 detoxify compounds.
Oxidation, for example, is used to facilitate the removal of cyanide from meta)
plating wastes. Reduction reactions are particularly important in the treatment of
chromium wastes (Cope. 1983b; British Medical Association, 1991: Miller and
Miller, 1991; Department of Environment, 1992b); and

d. Electrolysis and Hydrolysis. In the former, an electric current is passed through a
solution and the positive ions (cations) go 10 the anode where they are reduced and
the negative ions (anions) go to the cathode where they are oxidised. Hydrolysis

involves the addition of the elements of water to an organic compound (Anon,
1994b).
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1.4.3 Physical Treatment

Physical treatment processes often either follow or precede some form of chemical
or thermal treatment as physical treatments per se can not render a waste non-hazardous

(Willetts, 1983b; Department of Environment, 1992b).

a. Sedimentation and Filtration. These methods are used to separate solids from liquids
(Miller and Miller, 1991). Filtration is accomplished with microscreens,
diatomaceous earth filters, sand filters and mixed media filters. Sedimentation on
the other hand relies on gravity to remove suspended solids from an aqueous stream
(Batstone, 1989). The addition of a flocculant, which increases the size of small
suspended particles, is often used 1o increase the effectiveness in the sedimentation
of particles (Anon, 1994b);

b. Absorption and Adsorption. Isolation of a gas component from other gases, liquids
or solids can be effected by adsorption on and absorption into solids. Gases can also
be displaced from liquids or removed by air stripping (Department of Environment,
1992b). For example, 2 commonly utilized method of removing H,S and other
trace compounds from gas streams is the use of activated carbon columns (Stegmann
and Spendlin, 1989). The high efficiency of activated carbon is related to its high

surface area and its affiniry for certain, mainly, organic compounds (Schumacher,
1983); and

¢ Distillation and Evaporation. Liquid djstillation is a procedure that is often used to
separate components of liquid waste streams into two or more fractions (Miller and
Miller, 1991). Evaporation, on the other hand, is simply the vaporisation of a liquid
from a slurry and, therefore, results in a more concentrated shurry and reduced
volumes (Goldman et al., 1986).



1.4.4 Biological Treatments

In microbiological waste treatments the hazardous wastes are catabolized or, better,
mineralised. As a result, free energy is released and can be used, in part, by the
microorganisms for their metabolic needs. Thus, in essence, complex waste molecules are

gradually broken down through a series of chemical reactions (Howgrave-Graham, 1995).

The biotechnology of microbial attenuation originated in the activated sludge
process for sewage treatment which was developed around the turn of the century (Miller
and Miller, 1991). Unfortunately, as industries developed, the chemical structures of waste
molecules became increasingly complex. Fortunately, microorganisms, with few
exceptions, have been able to adapt 1o most new challenges which have appeared. This is
possible because the genes responsible for microbial degradation of synthetic chemicals
(xenobiotics) are located on extra chromosomal elements, the degradative or catabolic
plasmids. These plasmids can be transferred from one bacterium to another and, thus,
increase the catabolic potential of microbial associations (multi-species gene pools) towards

different molecules (Miiller, 1992; van der Meer , de Vos, Harayama and Zehnder, 1992).

For convenience, microbiological waste treatments can be classified into two main
rypes, aerobic and anaerobic, although the two are often used in series, possibly in

conjunction with physico-chemical treatments (Senior, 1990a).
Aerobic Treatments

Within certain limits, water authorities in the U.K. have been encouraging the
discharge of industrial process water to public sewers since they believe that it is in the best
interest for water pollution control (Harkness, 1984). Generally, the mixing of high-
strength industrial wastewater with domestic sewage (in a ratio of 5:95 v/v) is acceptable
although problems such as poor settling and clarification or sludge bulking can result
(Senior, 1990a). These problems, together with the fact that there may not be sufficient

capacity available for high volume discharges to sewer, have led to the development of
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localised treatment plants on site. Fortunately, many wastes, such as, for example, Jandfill
leachates, can be satisfactorily treated without involving the use of expensive plant
equipment. Leachate treatment by recycle through the refuse mass, aerated lagoons and
reed-beds are just three low-cost options (Doedens and Cord-Landwehr, 1989: Pohland.
198%a; Robinson, 1990: Robinson, Barr and Last, 1992).

Treatment plants can be designed for partial treatment prior to sewer discharge or

for full reatment. For either option various treatment methods exist (Senior, 1990a).
Fixed Film Reactors
Trickling Filters

The traditional low-rate trickling filter is the most widely used fixed biomass
process. The filter consists of beds of crushed rock (clinker, granite, basalt or slag) on top
of which the liquid comaining organic mauter is sprayed. The mode of operation is counter
current with a flow of air upwards. As the liquid trickles slowly through the high surface
area bed, which has a high void space to facilitate the movement of air and liquid. the
organic matier contacts the pre-established microbial film (Monigomery and Montgomery,
1994). Stone packings are presently being replaced with plastic media biological filters

which have higher voidage and surface areas (Sarner, 1980).
Rowating Biological Contaclor

The basic configuration comprises a series of discs (2-3 m diameter) mounted on a
shaft which is driven so that the discs rotate at right angles 1o the flow of effluent. The
discs, which are usually made of plastic, are located so that about 40% of their area is
submerged at any one time. The process is. therefore, one of alternating absorption of
pollutants and then of oxygen by the biofilm on the discs. It is important that the film is
protected from rotational shear by limiting the speed of rotation to0 0.5 - 10 revolutions per

minute. During operation, excess biofilm sloughs off and settes 1o the bottom of the
bioreactor (Forster, 1985).

20



Upflow Filter

The basic concept is that of 2 packed bed reactor (using stone or plastic media) in
which there is an upward flow of liquid so that the support medium is totally submerged.
Aeration is achieved either externally or by diftused air at the base of the reactor (Senior.,

1990a).
Homogeneous Reactors
Activated studge

The most common type of homogeneous reactor s the activated sludge process. In
this treatment, the surfaces are provided by the organisms themselves which are closely
linked in ap association called a floc. These flocs can vary in size from small (comprising
only a few bacteria) to a large floc which can include many millions of bacteria. The
formation of heavy. rapidly settling, flocs is essential for the efficient operation of activated

sjudge treatment systems (Monigomery and Montgomery, 1994).

The components of an activated sludge plant are the aeration tanks in which the
biological oxidation of the waste takes place, the setling tanks for the recovery of the
acnivaled sludge. and a system of pipes and pumps to return the activated sludge to the inlet
end of the aeration tank (White, 1978).

A completely mixed or plug flow activated sludge process, which can take between
4 and 24 hours 10 complete. depending on the type of wastewater, is often preferred 1o a
fixed film reactor since the effects of shock Joading may be minimised and a maximum
organic loading rate may be maintained in all parts of the process. Often in the presence of
excessive organic loadings. filamentous microbial growth may result which has poor
setling properties. In addition. this phenomenon of “bulking”™ may be accompanied by the

developmen of odours.



fmmobilised Cells

Immobilisation of microbial cells represents the ransfer of cells from the free suate

ter @ state in which they dre confined i a defined region with the retention of catalyic
activity and with the retention of viahiliry so that they can be used repeatedly or

continuously (Senior, 1990a).

Although immobilised cells carry out multi-enzyme reactions as easily as free cells.
they are present in much higher initial biomass concentrations and . consequently. the

reaction OF processing tmes are much faster than with free cells,

Cnce immobilised, the major problem, parucularly for gel Immobilised cells, s the
mansport of reactanis imo the gel. This s limited by the double diffusion gradiem which
butids up, one in the gel matrix and the second from the gel o the cell. As a consequence
of this diffusion barrier, the cells in a gel mamrix can be faced with a mulumde of localised
micro-environments with ditferences in oxygen concentration. pH and substrate/product
concentration. The met result is the production of & very heterogeneous population (Sensor,

1990at. This mmobilisation has cerzam advantages such as:

a. The cells wre prevenicd from contaminating the product or efffuent;
b. The smbilities of the cells are increased; and
a, Immaohilised cells can be evenly distributed throughout the reactor so ensuring an

even supply of substrate wo each cell (Cheetham, 1983),

Anaerobic Trearments

According 1o King. Long and Sheldon (1992}, anacrobic processes have & number
of advaniages over aerohic reatments;

R High production of biomass which can generate saleable by-products such as
methane:

b. Excellent hiomass retention:



o Minimal nutrient consumption: and

d. Good resistance 10 high organic loadings.

Unfortunately. anaerobic processes have the major disadvantages of slower rates of
reaction, odour production and a limited number of anaerobic pathways (King er al..
1992). It is. however, becoming more common 10 design two bioreactors in series, with
the first unit operated anaerobically {for example. 10 dehalogenate a compound) and the
second reactor operated aerobically (1o mineralise the resulting metabolic by-products)
(Balba. 1993).

Anaerobic Bioreaciors

The simplest anaerobic digester design is the septic tank and it is still used as a

cheap device for treatment of domestic sewage. especially in rural areas.
Stirred Tank

These bioreactors have been used for domestic, agriculiural and industrial
wastewaters. These simple flow-through anaerobic digesters are, however, generally used
for strong industrial wastewaters from the food and beverage industries. There is an
increasing interest in the use of two-stage systems in which acidogenesis is isolaied in the
first vessel. Unfortunately, provision of the required solids retention time (SRT) in a

suspended growth system often necessitates a very large reactor (Bitton, 1994).

Anaerobic Comact Process

To obviate the above size requirement, biomass recycle may be considered (Schink,
1988). Typical designs incorporate a primary reaction tank with the overflow connected o
a settling tank which concentrates the sludge which is recirculated to the primary digester to
maintain high biomass density.



Upflow Anaerobic Sludge Blanket (UASB)

This is 2 unique type of system that is compartmentalized and is capable of handling
a wide variety of sludge characteristics presented by a given waste stream. Usually. there
are three compartments, the sludge bed, the studge blanket and the separation zone (King ef
al., 1992; Leuinga and Hulshoff, 1992; Biuon, 1994).

The sludge bed lies in the base of the reactor and the waste is passed through this
under minimal agitation. Uniform distribution of the sludge and waste ensures intimate
contact and maximum treatment. This compartment accounts for about one third of the
reactor volume and effects most of the treatment because it is the point of maximum
contact between the waste, the bacteria and the nutrjents. Rising gas bubbles produced

during treatment serve as a nawral mixing mechanism.,

The second compartment is the sludge blanket which occupies about 60% of the
reactor volume. The blanket coniains highly flocculated sludge and minute gas bubbles

which facilitate ideal mixing.

The separation zone accounts for the balance of the volume within the reactor. This
area has a capture apparatus which collects the gas and releases any biomass which may be
attached 10 the gas bubbles. Also, other solids are removed and the treated effluent is

allowed 1o exit the reactor (King er al., 1992).

These units are known for high removal rates of >90%, short residence times of the
order of 3 hours, and conversion yeactions that reduce organic loadings as well as generate
methane gas. A further advaniage is that they do not have any internal moving parts and

are very energy efficient.
Upflow and Downflow Anaerobic Filters

Both these bioreactor types use a packing materia) which has a very high surface

area to facilitate biomass attachment. The downflow system has the added advaniage that



the blogas rising against the flow can aid effeciive dumbutson without the need for an
expensive distribution arrangement (Howgrave: Graham, |995: Hall. 1992}

Fluidised Bed
In these reactors a continueous Muid phase s passed up from the base through a bed
of particulate medium isand, gravel or plasiic) wiich 1 then suspended n the column wath
an upflow stream of liquid ar a linear flow velocny which must be greater than the seuling
velociy of the partculnes (Forster, 1085; Hall, 1994; Leach 1994b).

The efficacy of these units has been demonstrated at many locanons imermationally
and they have been operated in aerobic, anacrohic and faculelive anserobic modes

1.5 Waste Disposal Methods

I §1 Marine Disposal

Sea disposal of raw sewage, radioactive wasies, mine wasies and indusirial
effluems. including heavy memls and solvents, has often been thought 10 be the ultimate
“dilute and disperse” opnon (Willerts, 1983b; British Medica! Association, 1991). For
example. in [981 about 30% of the sewage sludge produced in the U K. was disposed of 1o
sea |Porimann and Noron, 1987). Reliance upon the netural marine environment w
accommodate industrial pollutams and o ditute them sufficiently and to alier them
chemically or biochemicaily @ non-poliuting forms is the basss, bul increasingly false
premuse of this praciice Marme disposal can be acoomphshed in 8 number of ways such as
{Deparrmem of Envimonment. |99by

B Discharge via suhmerged pipelines.
b Incineranon and dumping;
C. Dumping from vessels and barges; and

d Encapsulanon and burial i deep sea sediments (Depaniment of Emvironmen,
1992h),
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In general, however, the practice of marine disposal is declining and is being
actively discouraged by International Conventions (Wu, 1987). This is exemplified by, for
example, the U.K.'s commitment to cease ocean dumping by 1998 (Sinclair, 1994). In the
U.S.A., New York City has, following an intense microbial study, ceased all disposal of
sewage sludge at sea. The city is now using a combination of landfilling and other
beneficial uses as alternatives (Anon, 1994d). This is also as a direct result of the Ocean
Dumping Ban Act of 1988 in which the U.S.A, Congress amended the Marine Protection,
Research and Sanctuaries Act of 1972 to prohibit all dumping of sewage sludge or
industrial waste in the ocean after December 31, 1991 (Bastian, Farrell, Granato, Lui-
Hing, Pietz and Southworth, 1992). Japan, however, is expected to continue dumping
industrial and sewage sludges into the Pacific Ocean even after the amended annex of the
London Treaty on Industrial Waste comes into effect in 1996. As a result, Japan has come
under severe criticism from the Organisation for Economic Co-Operation and

Development (Anon, 199%4e).

At present, South Africa does not dispose of waste by means of incineration at sea
or dumping from vessels. There are, however, 63 pipelines situated around the coast of
South Africa, discharging a total of 760 M/ d”. Of these pipelines, 22 discharge sewage,
31 discharge industrial effluents and 10 discharge mixed effluents. In total, the pipelines
account for 85% of the total marine discharge (Department of Environment, 1992b).
According to Russell, K.S. (1992), marine outfalls have been scientifically proven to be a
safe and viable alternative for sewage disposal because discharges are safely dispersed in
the sea. Discharging by pipelines which extend for =1 km out to sea provide rapid mixing
and high dilution of pathogens to very low levels (Russell, K.S., 1992). Of the 63
pipelines in South Africa. only 8 are longer than 500 m (Department of Environment,
1992b). It is to be expected, however, that international pressure against all forms of ocean

dumping will soon manifest itself in South Africa and result in a decreasing dependence on

this disposal option.
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1.5.2 Land Treatment

Land treatment can justifiably be considered a disposal option as once the wasie has
been emplaced no further disposal is needed as the treatment allows for the simultaneous
treatment (artenuation) and disposal (final storage) of the waste. This reatment, often
referred 10 as land farming, comprises the mixing of sludges into the 1op surface of the soil
and exploits the natural capacity of the soil and microorganisms to degrade and atlenuate
the added compounds. The method was developed for refinery siudges in the U S_A_ and
the land is not subsequently used for agriculture (Batsione, 1989). This method, therefare,
differs from the practice of appiying sewage sludge 10 farmland for use as a feruliser (see
Section |.8.12). The application 10 land of sewage sludge i1s a growing practice and 15
shown in Table | 4 for the U.S . A. 11 1s of imeres: 10 note the decrease in the relative
percentage of the total sludge mass disposed of to the marine environment (Kama. 1992).

Table 1.4  Esumaled Percentages of the Total Sludge Mass Disposed of by Different
Methods in the USA (Kama, 1992)

Land Application
Landfill

| Incineration
Ocean Disposal

Included in the definition of land treatment Is the process of composting (Wilson,
Parr. Taylor and Secure. 1982). In acrobic/thermophilic composting. biological reactions
occur &t iemperatures above normal which makes this echnique a favourable degradation
system for hazardous wasies.

1.5.3 Immobilisation, Solidification and Encapsulation

Mmmﬂmhmﬂaﬁuﬂwqﬂm“memmuu
placed on solating the waste from the environment than treatment per se. To isolate a toxic
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liguid wasie from the environment the process of |mmobilisation or chemical uabllsaon |s
piten used which converts the waste 10 a more chermically sable or Immobile form | Anon
[994h) Soldification or cementation, on the other hand. involves the full or parial
handing of the organic wasie by the addition of o supporting medwm (hinderi. The chiel
affect of this Is to eliminate the leaching of pollutants and hazardous constituents
iTilebaum. Seals, Cartiedge and Engels, 1985). For example, the low-level radicactive
trearment plam ar Pelindaba firs) subjeers the wasie w chemical co-precipianon which s
then followed by solidificution and compaction before disposal (Hambleton Jones 1992,

Encapsulation wually involves the siorage of wasie it sealed comaimers which, in
turn. are encased (n reinforced concrete. |n general. ghly toxic and carcimogenic wasies

which require safe disposal are encapsufated | Deparmmen of Environmem. 1992h)

I.3.4 Underground Burial

The complex problem of burial waste site selection has been a subject of exiensive
study In recem years, not only for hazardous and e wastes bun also for radioactve
wastes {Miller and Maller, 19913 Clearly, demiled pealogical investipations must be
undertaken 0y determing suiable sues for these wasies, = exemplified by the longev ity of
radmactive wasies { > 300 years) before the sowpes have fully decayed (Hambleton-ones
19841 Notwithstanding these concerns. deep peological disposal (> 200 m1 of high-level
radioactive waste 15 currently the most favoured method for 2 number of countries {Mase
and Keenan. 1997},

155 lnemneration

Incieration has heen regarded 2s both an option for hazardows waste treatment and
for disposal and has been previously discussed (Section | 4.1).



1.5.6 Landfill

Despite the diversity in treatment and disposal methods, most wastes, both
hazardous and non-hazardous, are disposed of by landfilling (Jolley. 1992). in South
Africa. Jandfill is still the major reatment/disposal option for hazardous waste (Depariment
of Environment, 1992b). In 1987, in the U.K., landfill accounted for no less than 83% of
al) hazardous wastes while marine disposal. chemical and/or physical treatment and

incineration accounted for 8.7 and 2%. respectively (British Medical Association. 1991).

From a hydrogeological point of view, landfill sites have been characterised as
follows (Senior, 1986; Senior and Balba, 1990):

a. Containment Sites (Class 1). These sites minimise the leachate penetrating the
groundwater by provision of an impermeable or semi-permeable liner which consists
of either natural (clays) or synthetic materials. The actual choice of liners to effect
this isolation of the landfill from the environment, as well as the problems
associated with liner sysiems, have been described ( Bawstone, 1989 Workman and
Keeble, 1989; Daniel and Shackelford, 1989: Anon, 1994a) and will not be further

discussed here:

b. Antenuation Sites (Class 2) which constitute the majority of U.S.A. and U.K.
landfills. In these sites the groundwater is protected from the slowly migrating
leachate by physico-chemical and microbiological intervention (atienuation) (Senior
and Balba, 1990). According 10 Robinson (1992), despite the lack of any serious
groundgwater pollution in the U.K., the gradually increasing understanding of the
processes of attenuation based upon research and experience, and in spit¢ of
advances in the construction of engineered attenuation zones beneath landfill sites,
which al) demonstrate that the "dilute and atenuate’ philosophy still represents a
tecbnically valid concept. the strategy is unlikely to remain acceptable at new

landfill sites largely for socio-political reasons; and



¢. Rapid Migration Sites (Class 3) afford litde or no environmental protection since
leachate rapidly migrates from the landfill with only limited attenuation (Senior and
Balba, 1990).

Hazardous waste may. in South Africa, only be disposed of at a Jandfill designed
specifically for its disposal and legally permitted by the Department of Water Affairs and
Forestry, in terms of the Environmental Conservation Act of 1989, The Minimum
Requirements for Waste Disposal by Landfill (1994) has advocated a different method for
classifying landfills. The Landfill Classification Svstem defines the disposal situation or

need and identifies the type of landfill required to meet that need according to:

a. Waste type;
b. Size of waste stream or landfill operation; and

o Potential for significant leachate generation and need for leachate management
(Anon, 1994b).

As a first step, wastes are categorised into two types: General and Hazardous.
Landfills which can accept hazardous waste are classified as either H:h or H:H sites which,
1 turn, may accept waste with a hazard rating (see section 1.2) of 2.3 and 4 or | 10 4,
respectively. Further, because of the risks posed by these landfills to the environment and

public health, they must be containment sites (Anon, 1994b).
Site Seiection

Landfill siting criteria comprise both environmental (technical) and socio-economic
(institutional) constraints. Environmental considerations relate 1o the potential threat to the

receiving environment, specifically water resources. These include factors such as:

a. Geographical considerations - site topography, drainage, soils and geohydrology:
b. Geological considerations - proximity to known faults, potential for lands)ides.

seismicity, etc;
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C Waste characterisiics - wasie properties and volumes; and
g, Management prioritics - these generally mvolve the hnancing of the facility {Young
1982 Pearce. 1983; Ball and Bredenhann, 1992),

Geophysical considerations are becoming increasingly promiment n site
imvestigations. For example. before planning approval of the second llcensed Class 1
disposal site in South Africa, the waste site 4l Mossel Bay, was received, 4 detailed
hydrogectogical investigation. encompassing a geophysical survey (nvolving
eleciromagnetic and resistvity methods (o jdentify geological features. had 10 be made
(Dorman, McPhail, Geldenhuis and Hojem, 1992} Socio-economic considerations include
aspects such as distance from wasie generation areas. sie size, land avaiiability, aceess and
adjacent land use as well as afl lepal considerations {Ball and Bredenhann, 1992, and have
been fully detailed m Minimum Requirements for Waste Disposal by Landfill (Anon.
1964a}

Arguably, the most important facior of site selection and engineermg 15 the
protection of the water resources, particularly the groundwater. In " Auenvate and
Disperse” sites the underlying geology is of crincal importance . Ideally, geological
formations for such sies are those with significantly gh contents of clay mnerals and
where leachate movement will be through pores or micro-fissures (Robinson. 1989, An
ilTustraton of the effect of the underlying rock formation on leachate movement can be
seem at the waste site dl Ingham, East Anglia, LK This site s situated on Cretaceous
Upper Chalk which is a micrite composed mostly of coccolith fragments 2om [ size. Even
though the groundwater able is berween 7 and 23m below ground surface. a sie survey
indicdted high concentrations of mineral oils. phenolics and chlorinated soivent pollatants
{Baxeer. 1985)

To compound the profrlem, the deleterious effects of Wigh strength organic leachate
on groundwater may persis| for protracted periods due 1o the limited concenration of
dissolved oxygen available for microbial metabolism and the slow rates of dispersion Once
the groundwater has become polluted || may be unsuitable as & source of pptable water

supply for many years (UK. Department of Environment, 1988),

al



Unfortunately, internationally, groundwater pollution has and still oceurs at many
tandfill sites (Rudy and Cacite, 1984; Miller and Miller, 1991). For example. in a study
made in Denmark in the early 1980's it was noted that out of 501 sites known to contain
chemical waste, 380 required remedial measures to ensure that the aguatic environment was
not damaged (Korkman, 1985). In an effort to nullify the hazardous effects of leachate, the
U.S. EPA in 1991 officially adopted the "dry tomb" landfilling approach for municipal
solid waste (MSW) management. This approach is the placement of untreated MSW in
lined landfills that are eventually covered. The concept is based on the premise that if
buried wastes can be kept dry, and thus not produce any Jeachate. groundwaters will not be
polluted (Lee and lones-Lee, 1993).

In an endeavour to protect the ground and surface water resources in South Africa.

the Minimum Requirements prohibit the development of a landfill in an area that:

a. Lies below the | in 50 year floodline. which eliminates wetlands, vleis, pans and
floodplains;

b. Is in close proximity to significant surface water bodies such as dams or water
courses;

c. Is intrinsically unstable, which would include fault zones, seismic zones, dolomitic

or karst areas where sinkholes and subsidence are likely:

d. Is a catchment area for important water resources;
€ [s characterised by flat gradients, shallow or emergent groundwater;
2 Consists of highly permeable soils or that are areas of groundwater recharge due 10

topography: and

Is characterised by shallow bedrock with little soil cover (Anon. 1994a).

f1Q

These situations may represent a fata) flaw but only in the sense that they prohibit
the development of an environmentally or publicly acceptable waste disposal facility except

at excessive cost (Anon, 1994a).

kP2



Liner Integrity

More and more reliance is being placed on natural and synthetic liners 10 contain
leachate until it no longer poses any threat to the environment. For example, the pits at the
Mossgas waste site (Mosse) Bay) have been designed in accordance with U.S. EPA
standards and comprise a double high density polyethylene (HDPE) lined system with a

leakage detection layer between the two liners (Dorman ef al., 1992).
Emplacement

Although landfill practices vary from country to country one of the most common
approaches is the use of the "cell” emplacement strategy. In this, the collecied refuse is
covered on al] sides by soil at the end of each working day which resulis in an irregular
stratification (Leach, Middelbeek and Mijnbeek, 1994). The size of the cells depends on
the daily volume that is tipped and each ce]l is compressed and roughty levelled by
mechanijcal bulldozers. Generally. the depth of each cell is limited to about 2 to 5 metres
and the depth of covering soil used at the end of each day is usually about 20 cm. This
practice is particularly effective in controlling vermin and insect infestation in addition to
Jimiting the windborne spread of refuse (U.K. Department of Environment, 1988). Another
method, which is widely used at sites within the U.K.. is the pretreatment of household and
commercial wastes by compaction into bales. with densities ranging from 0,75 tm? 10 > |
t m~ (Sinclair, 1994).

1.5.7 Co-Disposal

Co-disposal is often defined as the disposal of hazardous and non-hazardous wastes
in the same refuse site. (Department of Environment, 1992b). Since the hazardous fraction
consists mainly of industrial wastewaters and sludges the term co-disposa) includes the joint
disposal of liquid wastes with dry solid wastes. Co-disposal of hazardous waste can,
therefore, be perceived as both a treatment process. which should, jf correctly controlled,

result in the mineralisation of the molecule(s), and a disposal process.
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In the LK | co-disposal has been officially endorsed by both the Departmen of the
Environment ( 1987) and the Hazardous Waste Inspectorate (| 986)(Watson-Craik, Sinclair
and Senior, [992a), These endorsements resulted from extensive |nvestigations which
started as early as the 1960°s when the UK governmem appointed two special st commitiegs
o undertake fundamenzal reviews. The resuls of both these reports motivated new
legsiation. In addition, the co-ordinated programmes of landfill research, which were
initiated mm 1973 {and still conbnee), have been nstrumental in producing guidelines m the
form of Waste Managemen: Papers. Although the gudelines are sull non-statutory, they do
have considerable siandmg m 2 court of law Robmson, 1992

In ms wide acceptance of the philosophy of co-disposal, the UK. is & odds with
most of 15 Furnpean neighbours and North Amenca. Recently, at 8 meeting of the Couneil
of Frvirommen Ministers nf the Furopean Community_ held in | oxembnurg in June (964
i way agreed that the Landfill Directive will allow the U K. w continue (o operate existing
co-disposal sites for the remainder of their lifeumes. provided tha the operauons are
closely supervised and that no adverse environmental affects are recorded. The
development of new co-disposal sites . however, forbidden {Anon. [9941), At present. in
South Africa. co-disposal is wadely practised and, according to the Department of
Emronment Affars and Tourism, where planned and properly controlled, can be very
successful and cost effective (Department of Environment, 1992b)

Linlike many countries m Europe, South Africa has an abundance of reiatively
cheap lfand which can be made available for tandfill facilines. Also, the apparent lack of

efficiem and cos: effective ahernatives wogether with the present belief thal co-disposal is
not necessarily detrimental to the environment ensures that landfilling. and especially co-

disposal, 1 likely 1o remain the most widely used disposal method for the foreseeable
future.

Reguirements for Co-Disposal Operation

Correctly operited, co-disposal, as understood and accepted in the U K. mes 1o
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minimise the ime of isolanon but © marsmese the rase of alweravon and dilunon Thin
implies that co-disposal must be practsed = such & way as 0 enhance afl degradative
mechanisms but only 10 the extent that (Cossu 1990

a Inhibion of the normal refuse catabolsm does not oocur,

h There s no effect on leachate qualiny that would make s duposal more difficuh or
I govironmental IMPAac! More severe.

c There are no unacceptable hazards 1o operaton. vision of sie neghbours and
public opinion must be satisficd (Wason-Cratk, 1995). and

d Resworation, after-care and afier-use are not significantly hampered (Cossu 1 990)

Despue the apparent advantages of co-disposal | the practice » discouraged or even
outlawed, in many countries, such as Canada. Austraiia, Germany and the U S A | where
the landfilitng of hazardous wastes is only permitied in dedicaied and secure factiities
These regulanons are due. principally . w0 previous co-disposal pracuices, their
environmental impacts and resultant public opmion hacklash (Watson-Craik o1 al | 1992a)
For example_ according to Bamstone ( |989), in 1969 a survey of the™ Status of Sold Waste
m Californa” found magor deficencies in the way i which wasies were managed, These
deficiencies ranged from “inadequaie planmuny. financial preparation and working
standards 1o poorty developed technology and fragmented authority  Compounding the
problem. i was found that vers little was knowe gbout the volumes, Ppes of wastes and
sltimaste disposal of hazardows wastes. Further, the wasier were being disposed of in
privale dumps on the premuses where they were peneraied . placed in open dumps off vite
and dumped indiscriminasely. In general. there was vers little comirol of where and how
these hazardows maierials were disposed” (Bammone, 1989) |avariably. one or more of the
shone (5c0ms (2 - d) n/are compromsed and 1w usually leachate quality

Sie Selection and Liner Imegruy

The sung procedures. and in particular the role of the surrounding commumities,
for new landfiils become even more imporam when designing & new co-disposal faciliy.
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The empowerment of the general public and the ¢Tfect (har this can have on a disposal
facitity was giso demonsirated in the new Waste-tech {Pty) Lid hazardous waste sie d
Chloorkop. kempton Park. The principles of miegrated environmental management were
not used 10 scope the project during the carly planming stages since this was not required by
existing legislaton. This omission resulted in considerable difficulties wath respect w
community objecrions (o the site. The commissiomng of the land(7l_ after site preparatem
was compleed in 1993 was thus delayed, and continues 1o be delayed, for more than 1wo
vears while community objections were heard in a series of public hearmgs (Boswell,
1984}, In this regard, o ts mmeresting 10 note that by November 1995 the Insowte of Wase
Mamagement had (ndicaled rhat the Gaweng arez was experiencing o waste crisis due 1o the
profracted period for the commissioning of the Chloorkop siiz. This has led o what is
viewsd by many people 1o be an unaccepiable sination, involving excess lgud wasies
belng disposed of af the only other available siie (Holfonen landfill sie) (Ball, 1595)

It = now widely recogmised (o the LUK thar landfilling and, more specifically. co—
disposal should only ke place withm a “contamed” enviranmeny. |r is. therefare, essentlal
that sites are sdequately engineered 1o ensure the cont@inment of generated leachate
(Greedy, 19931 In conteast, until the imroduction of the Mimmupm Requiremems, there
were ne current sandards available in the R.5. A pertainmg 1o the Imers needed for
hazardous waste sites. Therefore, the development of the Holfontein Class | site near

Springs relied on experience gained overseas and opted for a douhle clay hner which

Incorparates a leachate legkage detecuon system (Jewaskiewicz. 19972)

The Minimum Reguirements for Waste Disposal by Landfill now sers minmmum
stndards for all landfill sites which generate significant volumes of leachare. These
standards target feachate management and the construction of Hiners. Thus, the provision is

made for a liner o be provided for every H site (sites receiving hazardous waste) regardless

of whether it produces leachate or not (Anon, |994a),

The confidence placed in natural (clay} and synthetic Imers to contain leachate for

indefinie periods has been questioned by many researchers (Pearce, 1983: Lechner, 1989
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Lee and Jones Lee, 1993). For example. the hydraulic conductvity of 3 nearly flawless
geomembrane is in the order of 1x10° cm s as compared with Ix 10" cm 3 for a low
permeabilny. compacted soil. Geomembranes are not perfect, however. since, even with
careful construction. they may contain about two 1o five defects per hectare. These defects
may result in an effective permeability of rwo 10 five orders of magnitude lower (Pacey.
198%) .

The swell properties of clay soils 1n contact with water and with orgamic solvents
has been examined (Green, Lee, Jones and Palin, 1983), The octanol/water coefficiem
(log K_) was found to be an appropriate parameter for correlating the shrink - swell
behaviour of the clay soils with the hydrophilic or hydrophobic nature of the solvent. |t was
found that hydrophilic solvents (solvents with a negative log K value) caused the clay
soils to swell (decreased permeability). Shrinkage and cracking of clay was observed in
apolar, hydrophobic solvemis. It is. therefore. clear that hydrophobic iquids can damage
the muegrity of landfill clay linery (Green e al., 1983)

Emplacement

In practice, the co-disposal of liquids presents few problems since the waste s
usually dispensed into trenches and shallow lagoons excavated in the domestic refuse
Likewise. sludges are often co-disposed in landfill sites either in trenches dug in MSW.
where 2 methanogenic environment has established. or by spreading in thin layers prior o
their incorporation (U K. Depaniment of Environment, 1988 Greedy, 1993). Trenches dug
imo the refuse mass should not be wider than one excavator bucket and the liquid level
should not be allowed to reach the top of the wrench at any time (Watson-Craik, 1990,
Havinga, 1993). Hydraulic loading of the trenches should ke into account the absorptive
capacity of the surrounding refuse and at least three metres of refuse should be below the
trench bottom. Trenches should also be backfilled with MSW and moved a1 regular
miervals, depending on the quantity of liquid waste handled and the depth of the refuse in
the site (UK. Department of Environmen:. 1988; Havinga, 1993). The spraying of liquid
wasie. compared with subsurface mtroductions, faciitates greater evaporanon and more

”



efficiens dispersal over the site This method is. however. only suitable for wastes which
have a low toxicity and odour.

Where there are no safety problems. hazardous solids can be spread over the
working face of the landfill and then covered with & ayer of MSW. Compared with
trenches, this has the added advantage thal the wase s not concentrated in small pockets.
Oine notable excepuion w this lechnigue of spreading is the landfilling of hazardous solids
such & ashestos. When this material s recerved on site it s buned m trenches and
immediately covered with other waste (Parker and Williams. 1981}, It is interesting to note
that tn the Ll K. wasie for co-disposal s onlv added 10 sites which handle a conswderable
quanity of MSW or ssmilar waste_ 11 15 unlikely that s sie accepung purely indusirial waste
would have sufficient substrate o provide the degree of activity required lor effecuve
co-disposal (Gresdy, 19931

1.6 Co-Diisposal Operation and Potentisl Environmental Impacts

Co-disposal normally unilises propertes inherent in MSW 1o anenuate the poliuting
and, poentially, hazardous components found in the wastewater or sludpe. The key
objective of co-disposal then s 10 wke full advanmge of all anenuatonicontainment
mechanismy inherent in the landfill site w0 reduce the poliuting potental o environmentally
accepable Suindards.

Co-disposal landfill sites are generally licensed to accept numerows different types
of hazardous waste from diverse industries. An example of this @ given m Table 1.5 which

shows data obtained between 1978 and 1980 for the Stewarthy landfill site in Bedfordshirg.
LK. {Knox, 1989

The spectrum of |iquid wastes and sludges has widened since the sbove amalvsn
although the site licence prohibits the deposht of (Knox, 1989)
i Acuds (pH <3}, and
h.  Soluble heavy metals, unless pre-treated 1o pH 811,



|1 also restrices;

a Cr*' {< 5000mg /"
b Cyanide (< 100mg /"), and
¢ Phenols (< 200 mg d” t* of solid degradable waste deposited that day).

Table 1.5  Differem Types of Waste Disposed ai the Stewartby Landfill Sie During the
Period 1978 10 1980 (Knox, 1989)

Tannery and Fellmongers Wasie 3
Oil/Waer Mixrures 17
Adhesive Wasie 17
Miscellansoes Chemicsl Wane H
Miscellaneous Waste g |
Tank Sludge/Intercepror Wasie 7
Effluemt Treatmem Plam Slodge 3
Paint Waste 5
I Other Waste -} ||

The operation of a co-disposal site as a multi-million m” snacrobic horeactor could
confer advanmges similar to those offered by smaller-scale Downflow Smtionary Fived
Film Reactors (DSFFR). These reactors have proved highly flexible, with successful
operation between 10 and 35°C and a high tolerance of severe and repeated hydraulic and
organic overloadings. Downflow smnonary fixed film reactors can tolerate down-{imes of
weeks or even months without a great loss in activity, particularly ar iemperatures of <25°C
{ Wamson-Craik, 1987 Wason-Craik, Sinclair and Senior, 1992a). Funther. the mean
hydraulic retenton nme {HRT) of a landfill 1s often several vears and, thus. very much
longer than in conventional reactors. However, the mixing characteristics are poorly
developed and may be highly variable with the possibility of shon-circuitmg or channeiling
m some circumstances (Knon and Gronow, 1989
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Various large, and well known, co-disposal sites in the U.K. were assessed 1o
determine the effects of a balanced refuse fermemation (including physical, chemical and
biological mechanisms) on the atienvation of many organic and inorganic components
present in industrial wastes (Knox, 1989: Knox and Gronow, 1990). Analytical data from
the Pitsea, Stewartby and Himlet Wood landfill sites, at which co-disposal practices have
been in operation since the 1950's, 1978 and 1982, respectively, were examined. The
results showed that no impairment of the leachate quality occurred thus indicating that the
applied organic and heavy metal loadings had not disrupted the normal degradative
processes. At all the sites, low tolal organic carbon (1TOC) concentrations, together with
BOD:COD ratios of <0.2, indicated fully methanogenic conditions. The concentrations of
phenols, total cyanides and heavy metals were within the ranges which are typically found

in domestic waste leachates (Knox, 1983; 1989),

Notwithstanding the encouraging results described above, 1l is clear that in many
landfill sites, where co-disposal has been practised, leachate quality and refuse catabolism
are adversely affecied as indicated by, for example, the persistence of high concentrations
(810 375 mg 1 ') of phenol in the leachates. At one site, the disposal of substantial
volumes of acid wastes, particularly sulphuric acid, resulted in pH values of 1.3 10 | .8 and
2.0 10 2.2 in the aqueous phase of the lagoon and the saturated zone at the base of the site.

respectively, Not surprisingly, no microbial activity was recorded in the saturated zone
(Waison-Craik er al., 1992a),

To accomplish the targets detailed in Section 1.4 clearly necessitates a thorough
understanding of the attenuation mechanisms operative for specific wastes, the pertinent
hydraulic and organic loading rates, and the interdependent effects of refuse metabolism
and added xenobiotic, Further, as co-disposal is, fundamenally, a superimposition on to
tandfill catabolic processes, effective co-disposal must be assessed in terms of these targets
(Wawson-Craik, 1987). To date. however, development of effective co-disposal strategies
has been constrained by several factors, such as:

a. Paucity of research on microbially-mediated degradative processes in refuse

W



Managemem of hazardous and, indeed. of all wasies, s very much the most recent
sector of environmental control, with the L' K. fully investigating co-disposal
options (Robinson. 1992). Senior (1990b) pointed out that. due 1o the complexity
and heterogeneity of the landfill ecosystem, in addition 1o Increasing amounts of
wastes requiring disposal and 10 the decreasing number of suitable sites in the righ
places, research has focussed on the civil engineering aspects of landfill iechnology
and fundamental microbiological and biochemical studies have largely been
neglected, For example. although the aromatic molecule phenol has received the
mos! atlennon so lar, no repors of pheno! co-disposal m full-scaie landhils have
been found (Knox, 1989)

The absence of information on the possible hazards of mixing wasies on sie. When
Iwo Or more wasies are 1o be deposited a1 the same location undesirable reactons
can occur when mixing incompatible wasies. These include

1. The gencration of heat by chemical reactions which in extreme cases may
resull in fires or even explasions (e g . alkali mewls. meml powders),

v The peneration of waic gases (e g arvine. hydrogen cyanide. hydrogen
sulphide).

3 The peneration of flammable gases (e g hydrogen. acetylene): and

4 The generanion of gases such as nsrogen onades. carbon dioxide and chlonne
(Batstone, 1989)

Unforiunately . very limle mformanon s avaslable on adverse reactions
mediated by three or more wastes (Batsione, 1989) Further, Cook (1984) predicied
that chemical reactions could take unexpecied paths if the chemicals were m
proximity for long periods in the presence of oxidising agents and of catalyte
materals were present. Therefore, landfilling s not recommended for highly
flammable materals, for very strong oxidwing agents. for shock sensitive explosive
compounds. for obnoxious smelling wastes, for very volanle substances of
sigmficant wxicuty. for substances that easily react with water or dilute alkali and
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acds 10 produce n i gases, for concemraied acwds or alkals or for solventy
(Departmem of Emvironment. 1992b) A further magor defficulty with daposing of
radwactive  hazardous of mited wasies i 3 grven environmen o predicuing thee
behaviow several decades into the future on the basss of shon-term tests (Godbee.
Rivera. Kassen Jolley and Anders, 1992} In order 10 overcome these potential
problems . onic wasies must be correctly wentified and their disposal wmrictly
comtrolied (Cossu and Serra. 1989

Apan from the numerous types of wastes co-disposed with MSW the problem
compounded by the fact that many co-disposal sies are icensed 10 ke a wide
range of wasies containing a large number of potentally polluting componenty
(Batsione, [989). In additson, the contribution of domestic refuse 10 the production
of hazardous wasies s often overiooked It has been estimated i the U S A that
between 00015 and 0 4 % (w/w) of MSW can be classified 3 hazardous wasie
(Pohland. |98%)

A further problem that microorganams have w0 cope with o that many of the
co-disposed senobiotics are present in very low concemiranomns (acobsen and
Pederson. 1992) Alexander (1973) proposed that the rase of microbal prowth was
&t the cxpense of soluble chemucals presem in low concemranons and may be
proporuonal 10 thew concemraiion. evactly & the rae of CAZYMSLc rEacCHON &
poverned by the subsiraie concentration (Alexander. 19731 Experimental dam have
sadicased that these sub-maimenance concontraiom geretally fall below og mi’
(Lews and Camee. 1991) For cxampic, the microorganisms of stream waer have
been shown 0 mneralize lade 2 4-dchioro- phenon yacewie (1.4-D) and
| -maphabyl-N-methyicarbamate o concentrasions of 12 w0 3 ng m/' . bunt they
mineralaed 60% or more of the compounds i 6 days when they were provided
wuh higher concenwrations (Wang. Subbe- Rao and Alesander 1984, and

Explosavon and enhancemen of the refuse catabolx processes requare an
undersanding of not only the nheren microtwoiogy and bochemsiry but abso the
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perfarmance of the refuse fermentation as a whole. As discussed above, co-disposal
of hazardous waste with refuse 15 @ superimpasition on the nawral fandfill catabale
processes. |1 s, therefore, necessary o appraise the efficacy of this practice, n
relabion to the refuse fermentation 1o practce, however. n has proven difficull w
select representtive indicator paramerers. Indices of refuse cambolism which have

teen used mclude:

| Leachate compositon (Kasali 1986 Senior, Watson-Craik and Kasali
|990). This approach is, however, problematic as the type and age of refuse,
as well as the stage of refuse fermentation. significantly affect the leachate
constituents. Typically, anaesobically decomposimg refuse initially displays &
sharp decrease in the mean pH value as 3 result of the accumulation of

reduced orgamc agids which inhibus the methanogenic population {Semor.
Wason-Craik and Kasali. 19901, For this reason, most fand(ifls have an
acide environment mitlly but withm the first few years, the pH rises
wwards neutrality (Emcon Associates. 1982). For example, at the Crompion
Bassetl landfill sie in Southern England, UK., the |eachate exhibited a
dramatic nse i pH from 5.7 1o 7.9 as methanogenesis proceeded (Robinson,
1980)

A more meaningful parameier & the rato beoween Biochemical
Onygen Demand (BOD) and chemical oxygen demand (COD). This ratio
indicates the biclogical degradabifity of orgamic subsances present in the
leachate (Cossu, Stegmann, Andrepirola and Cannas, 1989), The
acidogenesis phase s characterised by high organic molecule concentrations
with BOD:COD ratios > 0.4 and low pH, methane content and pas
production. After the mansition o the methanogenic phase the methane
content and pH are high although the BOD, COD and the BOD-COD rano
are low (Ehmg, |989}, This reflects the higher proportion of
semi-recalcieany/recaleitrant compounds such as humic and fulvic acids (n

the leachare from "old" wases (Watson-Craik, 1995
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2. Gas production and, more specifically. the methane content have been used
as an indication of landfill/refuse stabilisation in many studies on control and
optimization of refuse catabolism ( Kasali. 1986: Barlaz, Ham and Schaefer,
1990: Senior, Watson-Craik and Kasali, 1990). Even though all the essential
requirements are usually satisfied in an anoxic refuse mass, the internal
landfill ecosystem is extremely dynamic and competitive as well as hostile to
the methanogens (Farquhar and Rovers, 1973; Westlake, 1990). For the
degradation of refuse to proceed at an optimum rate enhancement of the
methanogenic process is vital. This is made extremely difficult by the close
and complex interactions between the operating variables and microbial
associations responsible for refuse decomposition (Senior and Balba, 1990):

and

3. Temperature. The rate of heat production in a landfill is determined by the
rate of decomposition of organic mauer. Thus, the temperature auained by a
Jandfill will be determined by the balance between the rates of heat
production and addition and the rate of heat loss to the surrounding soil and
atmosphere (Senior and Kasali. 1990). Rees (1980) summarized the major
contributions to the thermal regime of an anaerobic refuse landfill as heats of
reaction and neutralization, solar radiation, microbial metabolism and

specific heat of water/refuse mixtures,

Clearly, the potential for a hazardous waste facility to contaminate the environment,
via gaseous and leachate emissions. is significant and if not strictly controlled could leave a
devastating legacy for future generations. In recent years it has become apparent that the air
pathway can be an important route of exposure of the public and environment 10 1oxic
substances from hazardous waste disposal facilities (Navarro and Quan, 1992). For
example. in Bayou Sorrel. Louisiana, U.S.A., millions of litres of toxic waste were
dumped in huge open pits. The air currents then carried the volatilised pollutants to nearby
areas (Miller and Miller, 1991). According to Seiber, Hsich, Kado, Kuzmicky, Ning,

Wong and Woodrow, 1992), vapour-phase mutagens are diverse and include both volatjle



compounds (for example, methyl bromide. methylene chloride and formaldehyde) as well
as semi-volatile compounds (for example, polycyclic aromatic hydrocarbons (PAHs) and
some halogenated chemicals). Clearly, the method of refuse emplacement and leachate
recycle as well as the compound co-disposed must be strictly controlled to prohibit this

form of pollution

The very serious effects that landfilling, as such, has had in the U.S.A. can be
appreciated by the ‘cleanup’ figures estimated by the U.S. Office of Technology
Assessment which predicted that 100 billion dollars would be required to restore up (o
10.000 sites which pose a serious threat 1o health (Chiras, 1994). In an experiment to
determine the genotoxicity effects of hazardous waste sites. Houk. deMarinj. Waus, and
Lewias (1992) collected feral rodents living on two Superfund sites in the U.S.A., and
compared the frequency of chromosomal aberrations to rodents from an uncontaminated
control site. The results demonstrated a clear association between hazardous waste exposure
and the number of aberrations (Houk e af.. 1992). This serves to illustrate the varied way
in which co-disposal operations can affect not only the air and water environment but also
the surrounding fauna and further indicates that “on-site” workers should also take the
necessary precaulions against contamination. Although, in most cases, serious
environmental contamination has resulted from leachate leakage, other factors such as dust,

noise and soj! erosion from slopes also pose a threat to the immediate environment (Anon,
1994a) .

1.7 Attenuation Mechanisms

Modern landfilling practices place great reliance on the long-term integrity of any
site liner as large and high-density domestic landfill sites will continue 1o produce “strong”
and poljuting leachates for a very long time (Robinson and Gronow, 1992). Therefore, 10

limit any potential pollution due to liner failure or contaminant leaching all attenuating

mechanisms available in a refuse mass must be optimised.
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1.7.1 Immobuisation of Wasies in Landfill Sies

Ofien recalciran wastes such a5 heavy metails or semi-recalc nrant substances are
co-disposed 1n landfill sues. These wasies rely on physico-chemical measures w0 dilue
and/or immobilise them in the refuse mass or thy could be effected by a sie liner system
(Wason-Craik. 1987) Despite the range of anenuating mechanisms operative within a
refuse mass, very litle quantiative dama are svailable on the contribution of each
mechamsm. Further, hazardous compounds are usually attenyated by a combination of
mechanisms. For example. in laboratory studies. co-disposal of barum contaimng salts
with refuse was examined and the imponance of physico-chemical processes. particulariy
adsorpuon, was identified. Microbial acuvity was. however. also implicated since
microbially produced carbon dionide and bicarbonaie effected the precipitation of barum
carbonate (Lagas. Loch, Bom and Gerringa, 1984)

1.7.2 Absorpuion im0 the Refuse Mass

The volume of liquid waste that can be immobilised by absorpuon in the refuse
mass 18 site specific and 1 a function of the absorptive capacity of the refuse mass. This. m
turn. depends on the sue water balance and the field capacity of the refuse. Typically,
MSW as placed contams between 10 and 30% (w/w) water which is the minimum molsture
needed for anaerobic macroorganism survival and methane production (Buivid. Wise.
Blancher. Remedios. Jenkins. Boyd and Pacey. 1981). With an increase in moisture content
the field capacity is reached and with additional moisture the formation of leachate results,

The volume of liquid which can be added is influenced by many complex factors which
include:

a Particle size and refuse density which are functions of landfill operanon procedures.
Liquid absorption increases in the presence of high surface ares 10 volume ratios
(low refuse density) (Recs and Cirainger, 1982) At many landfill sies densiuies of
0.7 w0 0.8 1 m' of wastes as received are achieved and st such densities [t is likely
that about (1.1 10 0.2 m’ of added liquid per cubic mewre of waste as recerved can be
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absorbed hefore subsiantinl leachate generanon results. However, al higher
compacton densilies ahsorprive vatues will fall For example . al emplacement
densities > | .0 { m' the absorpove capacity may fall 10 as low as 0.02 w 0.03 m*
liqusd per cubie metre of recetved waste 11 K. Depariment of Environmem, |[988)
Further, the pulverisanon or shredding of refuse will significantly decrease the mean
marilole size and increase 1t reactiviry | Rees, 1980; Barlaz, Milke and Ham. 1987},

Water availability, All soarces of moisre muss be considered important. These
melude: inliial mosiure & emplacement, (ofilraton water due o roinfall or
sroundwatar  and mioisture generated during aerobie metabolic decompesition of
refuse | Leckle, Pacey, Members of ASCE. and Halvadakes, T979. Emcon

Agsociates, 1982);

Naimre of cover materal The ype of soil ased for iniermediate as well as Tinl

covering and whether vegetation (s plamed or not also play significam roles in the

volume of waer entering/leaving the site (Canziant and Cossu, 1989); and

Liquid distribugion. |n tandfils. dn st hguid 1s mow un)formly distmbued b s held
In the refuse mass in three forms: gravimtonal, capitlary and hygroscopic, Capillary
and hygroscopic waters are held m micropores and void spaces wherzas
gravimrional water 18 often presenl m macrovonds berween the refuse componenis
and, a5 such. may resull in the formanon of perched water mbles (Semor, 1991
Further. liquids will always follow the path of least resisiance and could form. so

called. "channels” where l1quids pass through a refuse mass without heing absorbed
(Senior, Wason-Craik and Kasall 1990)

Although a &ie specific maximum hydraulic loading rate can be defined n
relation to @ known weight of refuse, at which no jnhibition of microbial catabelic
processes results, and at which there 1. therefore, no impairment of |eachate
quelity, quantified rates are seldom available (Semor, 1991), Further. Senior,

Watson-Craik, Smclair and Jones. (1991) reported that site licence-directed rates are
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ofien unrealisucally low and err considerably on the side of safely (Senior o1 af .
19911

1. 7.3 Refuse/Soil Adsorption

Adsorpuion may be defined as the accumulation of a chemical ar an imerface (Knox.
Sabatini and Canter, 1993) resulting m, al |east_ & partial resisiance o extraction by a salt
solution (Fuller. 1983). Adsorption, s essentlally a two phase process with the inital. and
fast. phase usually being followed by a longer and slower phase which s contralled by the
rransfer of the solute 1o internal adsorpuon sites. There is also. quite ofien, an irreversibly
sorbed. recalcurant fracuon, which has been shown 10 increase i s1ze with 1ime
(Karickhoff, 1981).

The extent and significance of the adsorptive processes in refuse are sol wel|
undersiood. Further, adsorption and desorption are contralled by the chemica! properties of
the adsorbate and the surface properties of the adsorbing medium (the adsorbert) Together
they regulae the solution concentration of adsorbed chemicals presem in the leachae The
properues of the adsorbent which mfluence s behaviour in interactions with the adsorbate
include magmitude. distribution and imensny of the elecocal field &t the surface
(Kaufmann, 19831 The propernes of the adsorbate which mfluence s
adsorpuon/desorption mciude (Kaufmann, 1983, Blakey, 1982 Wason-Craik. Sinclair and
Senior. 1992a):

a Chemical characier, shape and configurstion;

b. Acudity/baskcity of the molecule.
c. Watzr solubilioy;

d, Charge distribution;

e Polarity,

f Molecular size; and
g Polarizability
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Adsorption is further influenced by a number of environmental factors including:

a. Soil pH;

b. Surface acidity:

(2 Temperature:

d. Moisture content; and
& Redox (Eh) conditions.

The adsorption attachment may be as a result of one or a combination of
electrostatic forces ie. van der Waals/London forces, hydrogen bonding. ion ¢xchange and

chemisorption (Knox er al., 1993).

The solid components of MSW present a wide variety of physical and chemical
surfaces which may interact with fluids passing over them (Senior. 1990b). This is quite a
different situation 1o that found in most anaerobic digesters where the bacterial sludge
presents a more uniform and less diverse surface. This direct interaction may be an
important factor both for labile organic compounds and for inorganic constituents such as
heavy metals. Organic. compounds may be adsorbed to an extent which is sufficient 1o
reduce sojution concentrations 1o non-inhibiting levels thus allowing them to be degraded.
Further, adsorption could lead 1o the compounds being retained within the reactor for
longer periods than would be predicted purely from hydraulic considerations and so allow

longer time periods for degradation of recalcitrant compounds (Knox. 1989).

A common misinterpresation is that once a compound 1s adsorbed it no longer poses
a threat 10 the system, as it is irreversibly bound. However, adsorption studies conducted
with pesticides in $0ils have shown the reversible nature of adsorption (Knox et al.. 1993).
Desorption studies have illustrated that when the pesticide conceniration in the soi) pore

water decreases. desorption of the pesticide from the adsorbent phase to the solution phase
oceurs,

Desorption, therefore. plays a significant role in determining the environmetal fate
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of organic compounds as the movemenis of chemicals have been shown 10 be governed hy
desorption (Overcash. |986). This process is dependent on a8 number of faciors such as the
nature of the refuse. with regards o the availability of surfaces and the surface area. and
anaerobic condions ewc (Warson-Craik. [987). As for adsorption, quantiative daa on
desorption in refuse systems are largely lacking. In addinon, the absence of standardisation
of experimental procedures makes comparson of results very difficult.

Inittally . adsorption models assumed that desorption was completely reversible and,
hence, that the desorption curve was symmetrical (o the adsorpuon curve. However,
subsequent studies have shown that desorption is not symmetrical (0 adsorption. Desorption
is not [00% since a portion of the original adsorbate remains adsorbed and accounts for the
lack of symmetry between the two curves. This phenomenon is termed hysteresis and
resulis in an asymmetrical desorption curve (Swanson and Durr. 1973, Miller and Chang.
LOBY). Studies involving soil and phenol showed a considerable hysioan amd 1 was
concluded that a portion of the phenol adsorbed was wreversibly held (Sawhney, 1989)

Adsorption on Refise

The landfill environment i characierised by both spanal and emporal hemrogeneity
the result of which makes 1he study of (he numerous anenuation mechanisms very difficuly
and accounts for the general lack of studies with regards 1o these mechantsms (Sawhney
|989) Consequently. siudies made in other emvironments. particularly soils {(Artiola-
Foruny and Fuller, 1982, Scon. Wolf and Lavy, 1982). have been applied to the landfill
ecosystem., with the assumption thay these mechanisms have a general form of funcrion
which docs not alter significantly with o change in the supporting environment

Atenuation mechanisms may be divided inio three broad categories, namely:
hydrodynamic. abiotic and biotic processes. Interactions between the abiotic and blotic
components in tandfills are extremely complex and contribute 1o the non-uniform
distribution of chemicals within the refuse mass (Weber and Miller, 1989 Knox, Sabatim
and Canter, 1993). Aotic processes rarely bring abou significant changes in the chemical
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structure whereas biotransformations are much more imporant in the removal of lonic
acnobiotics (Tibbies and Baccker. 198%).

One of the few studies 1o assess the adsorption of organic molecules 1o the surfaces
found m a refuse mass was made by Knox and Newton (1976) ) who challenged batches
(lkg) of both 'fresh' (B weeks) and ‘aged’ (4 years) refuse with phenol. p-cresol and 2.6-
xylenol, The initial concentrations of phenols ranged from 200 10 2000 mg / ' (phenol)
and 100 10 1000 mg [ ' (p-cresol and 2.6-xylenol). All three phenols were adsorbed 10 a
significant extent and the adsorption appeared 10 be complete within one hour  The extem
of adsorpuon vared with the age of the wasie, with fresh refuse adsorbing more than

“aged” refuse. However. the pattern also varied with the individual phenols depending
upon whether the overall concentrations were high or low. The adsorption isotherms for
“aged” refuse were found 10 give a beuer 1 1o the Freundlich equation than the Langmuir
equation. The actual values obiained are given below:

phenol Y = 0.035C'“
p-cresol Y = 1.107C'®
2.6-xylenol Y = 2.913C"™
where: C = concentration in the leachate (mg /') and
Y = concentration adsorbed on the solid
phase (mg kg ')

A further experimen made by Blakey and Barber (1980) with 200 lire containers
and panly decomposed refuse indicated that although elevated phenol concentrations
occurred in the leachate. they accounted for < 1 % of the added phenol. However. some
phenol appeared 1 have been biodegraded although no measurements of catabolic
intermediates were undertken. In a further experiment o deiermine the affinity for
sorption of three compounds. | 4-dichlorobenzene, 1.2 4-trichlorobenzene and
raphthalene, by various refuse components. Reinhart, Pohland. Gould and Cross (1991)
concluded that an increasing affinity was associated with decreasing solid phase surface
energy and increasing surface wemability, Therefore. the majority of refuse sorption would



be expected to occur on low energy organic surfaces such as fats, oils, waxes, microbial
cell walls, hydrocarbon side chains of humic-like substances. lignin, plastic and leather
(Reinhart et af. 199)) .

Knox (1989) concluded that the role of refuse adsorption in phenol degradation was
not clearty demonstrated and that in column lysimeter studies there was no delay in the

breakthrough of phenol.

Another factor in the early breakthrough of phenol which must be borpe in mind is
that many columns and lysimeters exhibited some degree of short-circuiting within the
refuse thus reducing the opportunity for adsorption (Knox, 1989). Further, Willetts (1983b)
cautioned that the adsorptive capacity of refuse is often difficult to establish and impossible
to predict since it depends on a wide variety of factors many of which are uncontroliable

(Willetts, 1983b).

Perhaps more importantly, the experiments made by Knox and Newton (1976)
demonstrated that the adsorption of the three phenols was at Jeast partly reversible.
Unfortunately, the data were not considered adequate by the author for the calculation of
desorption i1sotherms. However, the desorption was sufficiently extensive to suggest that

complete reversibility was a reasonable possibility.

The fate of heavy metals is one of the most important aspects of co-disposal. Unlike
organic compounds, heavy metals are not catabolized by microorganisms and cannot,
therefore, be removed from the environment in which they occur. Further, reducing
(anoxic) conditions favour accelerated migration of heavy metals compared with oxidative
(oxic) conditions. For example, the contaminants As, Be, Cr, Fe, Ni. Se and Zn are much
more mobile in soil under anaerobic than aerobic conditions, all other factors being equal
(Fuller, 1983). Similarly, Francis and Dodge (1988) reported that under anaerobic
conditions reductive dissolution of metal oxides (Mn**, Fe **, Co** and Ni **) from a
higher to a Jower oxidation state (divalent jons) can increase the solubility by several orders

of magnitude. An exception 1o this should be noted, however, since H,S production can
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preauly reduce the migration of many heavy metals by precipimton of inspluble metal
sulphides {Fuller 1983), For example. from lysimeter experiments made by Pohland and
Gould (1986) it was concluded that sulphide precipitation may be the chief control of Cd
and Zn immobilisauon,

A further influence on heavy metal mobility is the pH of the environmen.
According 1o Fuller {1983), even a slight lowering of the pH value from 8 1o & will
markedly nfluence the attenuation of most heavy metals whereas lowering the pH even
further o 3 will greatly imcrease the solubility of heavy metals. Blakey (1984) studied the
adsorption of arsemic (111) and (V) with both "aged” and "fresh™ refuse and noted that with
“mged” refuse the concentrations of As (111} were reduced i the leachaie by approximately
B6 % atpH Qand 43 % st pH 3 For "fresh” refuse the reduction was from 86 % arpH 9
w3l % ar pH 5. In the presence of very Jow sulphide concentrations, carbonates and
hydroxy-carbonates play fundamental roles i the precipitation of metals (Cossu and Serma.
1989). In o study made by Pohlund and Gould (1986] it was sugpesied that chromium
precipilation. 1o below detection limits, was effected maimly by hydroxides

Despite these influencing factors. the five co-disposal landfill sues studied in the
LK (Secton |7} by Knox (1989} indicated thai the heavy metal concentranons were
within the ranges which are typically found in domestic refuse leachates. These resulis
showed that the applied orgamic and heavy metal loadings had not distupred the normal
degradation processes and that the lnadings were within the capacity of the refuse mass 1o
degrade of auenuate them {(Knon and Gronow. 19891 Therefore, the U K. Department of
the Environmem suggesied that an imitial loading of « 100 g of soluble Cr. Cu. Pband Zn
per wnne of mature refuse was unlikely o produce a sigmificant change in leachate

concentrations three merres distam from the added heavy mew! iU/ K. Department of
Environment, 1988).

The question of wxicity and & reduction in the polluton potential afforded by heavy
metal co-disposal have been widely studied (Parkin, Speece, Yang and Kocher, 1983
Pohland, Gould and Ghosh_ 1985, Pohland and Gould, 1986}, Jarrel! and Saulnier {1987
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investigated the effects of the heavy metals Ni, Cu and Zn on methanogenesis by
monocultures of Methanosarcina barkeri, Methanospirillum hungatei. Methanobacierium
formicicum and Methanobacterium thermoautotrophicum. The workers found that the
inhibitory concentration of Cu was between 5 and 10 mg [, while 1-10 mg [~ caused
50% inhibition of all four methanogens. Conversely, nickel was less toxic towards the
methanogens studied. Methanospirillum hungatei, Methanospirilium barkeri and
Methanobacterium thermoautotrophicum were sensitive to concentrations of between 0.25
and 1.2 g Ni [ but Methanobacterium formicicum was resistant 1o Ni concentrations

> 15 g ! ¥ (Jarrell and Saulnier, 1987).
g

It is interesting 10 note that in the control of heavy metals, microorganisms can
accumulate them. Microorganisms can accumulate (biosorption) heavy metals by a variety
of physical, chemical and biological methods. Living and dead cells, as well as products
excreted by, or derived from, microbial cells, e.g. cell wall constituents, pigments and
polysaccharides, are capable of removing heavy metals (Gadd, 1992). This microbial

resistance to toxic metals has arisen in two distinct ways:

a. Some microorganisms have inherijted the ability to resist high concentrations of

xic elements through their evolution under extreme selection pressures; and

b. Other species, particularly bacteria, have acquired a transferred resistance to the

polluted environment by, for example, the acquisition of plasmid DNA (Senior,
1990a) .

Adsorption on Soil

Unlike refuse, the effect of adsorption of organic molecules has been extensively
studied in soil (Scott ef al., 1982; Fuller, 1983; Weissenfels. Klewer and Langhoff, 1992).
Although soil coverings (intermedjate and final) constitute only a small fraction of the
landfill volume, the total surface area per unit volume of soil greatly exceeds that of refuse.

Itis, therefore, probable that sojl has a significant influence on both microorganisms and
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pollutants migrating through the refuse/sot! mass (du Plessis, 1995). Also. in Class 11, or
“Gilute and disperse” sies. icachate s allowed to migrate through the ynderiying strata (sonl
or gravel) The unsaturated attenuation zone below the site 18, thus. of critical imporiance
in protecung groundwater aquifers, In these soils, adsorption of organic compounds i
affected by orgamc maner content, type and amount of clay. oxide content and
characteristics. ion exchange capacity and surface activity (Scott, Wolf and Lavy. |982,

Ferguson. 1994).

Due 10 the different charactenstics afforded by soils, the adsorption of phenol. on
soil and sediments, unlike refuse, has been shown to be considerable. Sawhney (1989), for
example, proposed that the higher sorption, was a result of the greater electron-donating
ability of the substituents, and suggesied that phenols form H-bonds with soul surfaces. The
author indicated that as much as 90% of the 2-chlorophenol sorbed by a sediment sample
was irreversibly held. The strong affinity of phenols is exemplified by high values (2900
4900) of partition coefficients calculated on an organic maner basis. Partmon coefficents
predicted from octanol/water partitioning studies are almost rwo orders of magniude
lower. These differences clearly show that sorption of phenols by soils and sediments
occurs through a more specific inieraction. such as H-bonds. rather than by general
hydrophobic mechanisms (Sawhney. 1989) On the other hand, Salzman, Kliger and
Yaron (1986) indicated that adsorption of the pesticide parathnon was affecied by the
amount of orgame matter in the soil and that the slope of the desorption sotherm was
rather steep thus demonstraung that adsorpion was easily reversible (Saitzman er af |
1986)

Probably the single mosi imporant, laboratory determined, parameter for predicung
the movement and adhesion of organic compounds in soils is the octanol/water partutioning
coefficient (K_NChiou. 1989). Green, Lee and Jones (198]) found thar the hydrophobic
or hydrophilc nature of the organic compounds, as measured by the octanol/water
partinoning coefficient (or. approximately. by the dielectric constant), were impaortant for
predicting the solvent's raie of flow through sods. The ocanol/water partitioning
cocfficien: measures the tendency of molecules 1 escape from the agueous phase. Thus.
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hydrophobic substances would be expected 1o adhere more strongly 1o the o1l solid phase
than water. This fact was clearly demonstrated m experiments made by Weissenfels,
Klewer and Langhoff (1992} In these experiments the hioavatlability and. thus, the
biodegradation of polycyclic aromatic hydrocarbons (PAHs) was related to the amount of
sorption. [t was found that there was a reduction in the PAHs degradation rates with
incTeasimg serption capacity of the sorpuve substrates used  Further, as the PAHs are
characterised by high partitioning coefficients, paturally occwrring organic maner was an
excellent sorbent for these compounds (Weissenfels er al | 1992}

The organic content (humic and fulvic acwds) in soll was also shown o exert an
influence on the amount of phenol adsorbed due to the processes of comple xation/chelation
{Reinhardt, Gould, Cross and Pohland, 1990) Scon. Wolf and Lavy (1982} observed that
phenal adsorption was twice as great on Palouse soil, which had a greater organic conem.
than Captina soil . Karickhoff (1981) concluded that for neutral hydrophobic solutes
sorpiion isotherms in the low loading limits are linear, reversible and can be characierised
by a partinon coefficient (K, ). These partition coefficients are closely comelated wuh the
arganic carbon content of sediments/soils. Further. relating sorption 1o organis carbon
glves a partition coefficien! 1o prgamc carbon (K} which s hughly sedment/soi!
independent (Karickhoff, 198])

The oxide coment (hydrous | can also play a role in contaminant adsorpuion. Uniike
silicate clays, where the inherem charge is mostly permanen because of isomomhous
substilution, the exchange capacity of the oxide mineraly s pH dependens (Foth, 1982),
Onides undergo protonation (producing & positive charge) in acidic conditions and, thus,
credle an anion exChange capacity, while deprotomation (producing a negative charge)
results at hagher pH values thus creating a cation exchange capacity (Foth, 1984 Ferguson.
1994). The soil oxide mineraly ofien form coatings on the surfaces of other soil minerals
such as silicate clays and sand-sized particies. These coatings aher the surface

characteristics of the mincrals and may influsnce microbial and organic compound
interactions with these minerals (du Plessis. | 995)



It 15 interesting here 10 note that enhanced mobility of hydrophobic poilutants can
result from co-rransport with bactera i sarated soil (Lindgvist and Enfield, |1992), For
example, ina column study, | 2% 10° cells m/' of Bacillus sp, enhanced dichiorodiphenyl-
trichloroethane (DOT) transport about B-fold |1 was concluded from lierature dara that 10
cells mi™' would Increase the mobility of very hydrophobic compounds (K 26) whereas
higher counts of bacteria (10" cells mf'} would have @ significant impact on compounds
with a log K of »4 (Lindgvist and Enfield, [992)

Mos! contaminants are transported through soil i an aqueous medwm. either in
solgtion or suspension. The exceptions are volatile organic compounds which are
wransporied in the gaseous phase, For this reason the moisture coment of the soll = of
uimost mmporEnce (Ferpuson, 1994). Also. metilny of conmminants may be influenced by
differential snlubilines.

It has also been shown, by Wason-Craik (1995) who reviewed previous work, that
many chemicals are more soluble in organic solvents than in water. Phenol. for example,
although soluble 1w water (81 g 7' at 257C) 15 more soluble in a range of orgamc solvens
such as bemzeme (disoribusion coefficient (D) & 20°C = 1.2), diethylether {D, = 7.0 and
sopropylether (D, = 17 0} {Wason-Craik. 1995)

The pH of the soluton/wil also plays a significam role |n contam mant | sclute)
mobility. For example. Daniel and Shacke!ford (| 989) reported thai strong acids and bases
can dissolve sold materml in soil | form channels and dramatically increase the
permeabihity. Some acuds. such as hydrofiuoric and phosphoric. are particulariy aggressive
and dissolve soil readily {Daniel and Shackelford, 1989). Fortunamely concentrated acids
are not directly landfilled since they are extremely corrosive and also have the potential 1o
cause fires and produce tonic gases by chemical reactions (Batstone, 1989),
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1.7.4 Biodegradarion.

The key 1o the assessment of the fate of organic chemicals in the environment is a
realistic evaluation of their susceptibility 10 mineralization to the end products CO,, H.O or
CH, as well as nitrate, sulphate and biomass {(Ghisalbz, 1983). While photooxidation
{Cerniglia. 1993) and other abiotic mechanisms play a role in the transformation of many
chemicals. few such mechanisms are able to totally convert the molecules to inorgame
products in situ. Therefore, assessments of the environmental fates of organic chemicais are

highly dependent on evaluations of their susceptibility to biological attack (Grady, 1985),

By strict definition. xenobiotics are compounds considered 1o be unnatural (van der
Meer er al., 1992). A wider definition in current usage, and one which will be used here,
emphasises that the term xenobiotic should nor be restricted 1o compounds with structural
features foreign to life but should be used for all compounds that are released in any
compartment of the environment by the action of man and thereby occur 1n a concentration
that is higher than natural (Miller, 1992; Leach er al., 1994), A tvpical example 15 mineral
0il. As long as 1t remains in the geological strata it poses no threat but as soon as It is
rejeased by human activities into the oceans, it poses a serious threat to all higher

organisms living in these waters, and it may be called a xenobiouc (Maller, 1992).

During the last few decades the degradation pathways of many compounds. which
are xenobiotics in the sense described above, have been elucidaied. However, the
imporance of anaerobic transformarions has been underestimated. perhaps, as a result of
the seemingly slow reaction rates achieved in the absence of oxygen. The versanlity of
oxygenase enzymes, especially the monooxygenases of the cytochrome P450 type. allows a
broad range of reactions (o be catalysed in the presence of oxygen (Schink. 1988). In
contrast, the persisience of some compounds in sediments and waterlogged soils, nowbly
lignin and polycyclic aromatic hydrocarbons. shows that they are not metabolized by
anaerobes (Atlas and Bartha, 1987). One reason for this is that of the many caaholic
reaction fypes observed in natural environments, only a few are operanive in the absence of

oxygen. namely hydrogenations. dehydrogenanions, hydrations, dehydrations. hydrolyses,
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condersations, as well as carboxylations and decarboxylations (Sohink, 1988) dnd
dehalogenations (Hakullnen, Woods, Ferguson and Benjamin, 1985

Morwithsunding this delayed appreciation of the anaerobic degradation capahlliiies.
numerous xenobotics have been suctesstolly cawsbolized in laboratory and full-scale
sivdies These include organic molecoles, such as the substituted aliphatics dibromomethane
and tnchlorpethane (Reinhan et af | 1991} aromatc {El-Manst. 1986; Senior and Watson
Cralk. 1991} and halogenared aromaric molecules, such as 2 4-dichlorophenal | Zhang snd
Wiegel |990. Motosug| and Soda, |983}, chlonnated hetereoyelic compounds. such as
hexachlprocyclohexane isomers | lagnow . Haider and Ellwardt. [977) as wel| as complex
Insectic ides and herbicides (Ghisafba | 983, Cork and Kreuper. 1991},

Degradation aof Aromane Compoundy

Cork and Kreuger (199] § reporied thal anaerobic degradarion of aromanc
compounds can be accomplished by: al photosynihetic anaerobic metabolism, b)
metabolisn by rtraié-reducing bacteria;, ¢} anaerobic dissimilation through sulphate
respiration: d) anatrobic fermentation; and ef snagrobic fermenmtion by an undefined

melhanogen e ConSarLiam.

Although, individoally. orgamc compounds can serve as the sole carhon source for
the purpie phowtrophic non-sulphur bacterta {Evans, 1977), they will not be further
discussed here as their contribution is thought © be mmimal m a fandfil] swuation

The firm report of aromatic ring cleavage during nilrate respirauon resulted i the
posiulation of & degradanon process pot unlike thar found In acrobic orginisms. Based on
mixed culrure studies, 1 was al one stage proposed thar during ring cleavage of bath
hvdroxybenzoate and protocatechuate, the oxygen atoms of nitrate behaved as | they were
0, (Colberg, 1988). However, later stodies of Evans (1977) indicared that the anaerobic
metabolism of benzoate by 3 Meraxella sp. in the obligatory presence of nitrare was

different as no oxygenase enzyme(s) could be derected. Flyvhjerg, Jorgensen, Arvin,
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Jensen and Oisen (1993}, indicated thar the degradation of o-cresol by o mixed culture was
dependent on wluene &5 a primary subsirate under nirrate-reducing conditions. This
dependency on toluene metabolism mdicaes (i p-cresal was ransformed by co-
mewbolism, Thus, nirate-reducing baciena couple the oxdalion of organie compounds
with water w the exergonic reduction of nitrate via mitrite o N, or NH, Energy o derived
mainly from electron rransport phosphorylanon durlng nitrae respiration while cell carbon
is derived from breakdown products of the organic compound (Cork er al. | 1991)
Microorganisms which carry out nurate respiratory membolism {e,g. the denirifierst are
facultatve in character and appear 10 prefer oxypen as their electron acoepior  Linder
mnoxic conditions, however. this group of microorganisms uses a wide range of organic
compounds as carbon and energy sources A fming and Taylor (19811 demonsirated thal a
Bacilfus sp. using only phthalic acid as the carbon source and nitrale s the sole electron
acceptor grew either aerobically or anasrobically on phihalae  Further. experiments wath
fluorobenzoate compounds provided evidence that benroale was a comman migrmediate 1o
the degradation of phthalate under bath asrobic and anoxic condinions

Walinbifer and Engelhardt (19811 showed that under nimute-reducing condinons a
reductive pathway is operanve for the decomposition of berooic sod to adipic acid by 2
Moravella sp. and for the anacrobic degradanon of phenol and other aromatic compounds
Concomiam with the reduction of the aromatic subwmae, niarae s reduced mainly o
nimogen gas Cyclohexanecarboxyix acid. cyclohex- | enecarboxylic acid, 2-
hydroxycyclohexanecarboxyiic acd and adipic acxd were also wdennified as imermediates
(Watllnaffer and Engefhardr. 1981)

Likewise, the sulphate-reducing bacteria couple the oxidation of orgamc mater with
water o the exergomic reduction of sulphate w sulphide The obligase anaerobic sulphste-
reducing bacieria are often responsible for degradation of arganic maner | such as
ATOMALICS, 1N marne emironments which conmin spproxmately 27 mM sulphate (Berry.
Francis and Bolag, |987; Cork e al., 199])

In the absence of oxygen, microorgamisms adopt a pathway that s different from
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aerobic microorganisms for the cambolism of aromatic rings. Evans (1977} summanised
probable pathways for the anaerobic degradation of aromatic compounds. |t was concluded
that the conversion of aromanc compounds 10 methane and carbon dioxide is accomplished,
first, by the reduction of the benzene nucleus via hydrogenation resulting in the formabon
of some alicyelie compounds as intermediae produce. These intermisdiates are then further
cleaved by hydrolysis to form aliphatic acids and, subsequently, volatile organic acids
Finally. the organic acids are converied to suitable substrates (acetate. hydrogen, formae)
for methanogens w complewe the process. Dwyer. Krumme, Boyd and Tiedse {1986)
examined an association of three types of bacteria which were responsible for the
conversion of phenol to methane and carbon dioxide. The resuls showed thar an
unidentified cocco-bacillus degraded phenol wo acetaw and hydrogen while there were rwo
types of methanogens: a Methanothriv-like organism, which converted acetate (o methane
and carbon dioxide, and Methanobocterium formicicum, grew on hydrogen and carbon
dioxide 10 produce methane. Godsy, Goerlitz and Grbic-Galic’ (1992) wentified several
distinct populations of bacieria in the biodegradation of phenoiic compounds in aguifer-
derived microcosms. Methanobactertum bryantii was solated by H,/CO, enrichments while
Methanothny, sochngenii was isolated from acetate enrichments with 2 sulphate-reducing
bacterium, similar 1o Desulfobacterium. Further, sumerous facultative aerobic and
denitrifying rods capable of heterotrophic growth on various media were also recorded
These studies serve o demonstrate that the cooperation of several bacteria unilising differem
substrates and electran acceptors are required for phenol catabolism 10 methane and carbon
dioxide. For example, Ferry and Wolfe {1976) showed that the methanogenic fermenation
of benzoate required the cooperation of several groups of bacteria and thar the methanogens
served only as the werminal of ganisms of the cambolism.

In an experiment made by Haggblom, Rivera, Bossert. Rogen and Young (1990
anacrobic degradation of p-cresol was studied with one sediment source under three
reducing conditions - denitrifying, sulphate- reducing and methanogenic The results
demonstrated that the same initial pathway for p-cresal degradation, through p-
hydrox ybenzaldehyde and p-hydroxebenzoate, was operative under both sulphate-reducing
and methanogenic conditions. Unigue 1o the methanogenic enfichments, however, was the
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transient appearance of substantial concentrations of benzoate as an intermediate after p-
hydroxybenzoate. Benzoate was not observed in the denitrifying or sulphidogenic cultures.
suggesting that the pathway might diverge after p-hydroxybenzoate, depending on which

electron acceptor was available (Haggblom er af., 1990).

Anaerobic dechlorination of 2,4-dichlarophenol in freshwarter sediments in the
presence of sulphate reduction was demonstrated by Kohring, Zhang and Wiedel (1989). In
their experiment 2.4-dichlorophenal and 4-chlorophenol were reductively dehalogenated
while sulphate reduction occurred. |t was also shown that in the presence of added sulphate
, the adaption periods for 2,4-dichlorophenol transformation to 4-chlorophenal were longer
than those found under methanogenic conditions and the dechlorination rates were notably
lower (Kohring er al., 1989). Mohn and Kennedy (1992) suggesied that reductive
dehalogenation 1s the only reported means of biodegradation of highly chlorinated ethenes,
benzenes, phenols and biphenyls. It was further shown that Desulfomonile tiedjei DCB-1 1s
the only anaerobe in monoculture capable of aromatic reductive dehalogenation (Mohn and
Kennedy, 1992).

Methanogenic bacteria are thought to form methane from very few substrates 1e: a)
methanol: b) formate; ¢} methylamines; d) by decarboxylating acetate; and e) by utilizing
hydrogen as an electron donor during CO, reduction (Farquhar and Rovers, 1973, Senior
and Balba, 1990). The production of methane from more complex substrates, thus, depends
on the activity of non-methanogenic bacteria in association with the methanogens.
Therefore, studies of the degradation of aromatic compounds under methanogenic
conditions have by necessity relied on mixed cultres the, so-called, microbial interspecies
associations (Large, 1983, Kasali, 1986). The necessity of this is illustrated by benzoate
catabolism (Senior and Balba, 1987):

C,H,COO + 6H,0 — 3 CH,COO + 2H" + CO, + 3H, AG,=+53 kJ mol® (1.2)

Thus, for this reaction to proceed, either sulphate-reducing bacteria or methanogens
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are requered 10 mauntan low cultural conditions of both hydrogen and acetate. Therefore, m
the presence of methanogens.

CHCOO « H +45SHO <3100, +37SCH, AG. = IS mol’ 1 N

The ability of these closely interacting bacterial species 10 effecuvely cooperase in
the metabolism of vanous substrates accounts for the subiliry and efficacy of the overall
degradative process (Semor and Balba, 1990) This implies that ring fssion s ughtly
coupled w0 product removal and this hypothesss is supported by the work of Mountfor: and
Bryam (]1982) who were able w0 wolawe & benroate-gtilising bacierum only In co-culture
with a Desulfovibrio sp which “scavenged” the hydrogen. However, Grbw -Gaix and
Young (1985) showed thas it s possible 10 separate benzoate degradation and
methanogeness. The authors used 1 -bromoethanesulphonic acsd (BESA ), which acts as a
metabolx mhibuor of methane formanion and showed that although methane production
decreased 0 5% of the normal concentratson, ring Cieavage of benzoate continued.

Using berzoae enrchmem cubares from sheep rumen Nuids and sewage sludge.
Waillnoffer and Engethard: (1981 ) desecied several potental pathway intermediates
including | cyclohenene- | -carbos vic acd. cyclohexane carborylic acd, adipc acid,
caprox acd. propionic acxd and acetate. Mealy and Young (1979) investigated the
anaerobx degradanos of hgmin-derived aromaix compounds by 2 methanogenic culture
obauned from sewage siudge. They were able 0 demonstrate the degradanion of the
followng compounds: vanillin, vandiaie. ferulate. cmnamate. betizoate catechol:
proincalechuate . phenoi - phydronybengoate. syringaie and syringaidehyde. Consadering
the number of differem sources used to obtan benzoate degrading culiares, such a8 sewage
siudge (Grbic-Gali. |985). lake sediments (Horownz. Suflua and Tiedie, 1983) it & non
surpring that a wide range of inermediates have been proposed.

The sequence of reactions in the anaerobic dssimilanon of benzoste under
methanogeni conditions ls, however, common. reduction of the aromatic ring with the
formation of a cyclobexane derivative. and cleavage of the cyclohexane ring by hydrolysis



yielding aliphauc acids {Colberg, 1988; Evans, 1977). These in wrn can be further
degraded via the normal B-oxidation pathway until, evenlually. methane and carbon dioxide
result (Berry ¢f af , 19871, Knoll and Winter {1987) demonstrated 8 sccond pathway where
phenol is first carboxylated o benzoate before reduction and cleavage of the ring, This
carboxylation as an initial step in degradation of aromatic compounds has so far only been
reporied for phenols, In a further stwdy, Bechard, Bisaillon and Beauder, (199() also
demonstrated (he formation of benzoate during phenel degradation. Although the formation
of benzoate 1s energetically favourable from phenol, C0, and H, the authors postalated that
the carboxylation of phenol is accomplished by co-membolism, Further, the inhibiton of
the methanogens did not influence the carboxylaton of phenol which suggested thal the
carboxylating microorganisms are non-syntrophic (Béchard e af. 1990}, Bisaillon, Lepine
and Beaudet {1991} used the same bacterial association as Béchard er a/, (1990) and
\dentified the mebolic intermediates and the microorganisms responsible for phenol
carboxylation. |1 was suggested that benzoate s transformed o 1-cyvclohexene carboxylae
and hepanoate. However, a part of the |-cyclohexene carboxylaie was rransformed 1o an
apparent dead-end product which was idenufied as cyclohexane carboxvlate (Bisalllon er
al., 1991}

Another impaorwant class of aromatic compounds degraded by methanogenic
assoclations is the halogenated benzoates and phenolics. Horownz e af, {1983)
demonstrated that complete removal of the halogens to yield benzoate was required before
mineralisation o carbon dioxide and methane could ke place. The sequence of events
effectng anaerobic degradation of halogenated aromatic compounds {e. dehalogenation
followed by ring cleavage) 1s quite different from the aerobic degradation pathway of the
same compounds. Under aerobic conditions, (he metabolism of halogenated benzenoids
generally proceeds through one of rwo pathways: 1) replacement of a halide by a hydraxyl
group after ring cleavage; or (2) ring cleavage followed by dehalogenation (Berry er af.,
|987), In 2 smdy made by Cozza and Wood (1992) the electronic properiies of the parem
compound were correlated 1o the anaerobic degradation pathways. The authors used a semi-
empirical computation method (o determine the sum of the charges of the carbon-chloring

bonds which were then correlated with the reductive dechlorination pathways observed for
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pnaccimmated microbinl associations, For chlorobenzoic acids i was demonstrafed that they
are preferentially dechlorinated ar the meta position 1o the carboxy| group. The carbon-
chlorine bond charges were evaluated for chlorobenzoie acids and the charge of the meta
chlorme clearly had a larger neganve value than either the orthe or para chlormes,
Likewise. comparison of the net carbon-chlorine charges for etrachlorocatechol Indicared
that the most negatve charges wers adjacemnt o the bydroxyl groups.

For the chlorophenals i@ was reported thm umecclimated associanons preferentially
dechlorinated chiorophenols at the ertho (adacem o the hydroayl group) position (Cozza
and Woods, 1892). However_ acclimated associations may affect differem
moransformarion pathways than unacelimated assoctations. For example, Boyd and Shelten
(1GR4} pbserved that siudges acclimated m -chloropheno! degrided d-chiorophenol and
2 A<Mehlorophenol bt not 3-chiorophenol, and those acclimated o 3-chiorophenol were
i capable of degrading 2chiorophenol. Further, organisms acchimaed 1o different
chlprophenols produce different imitial pentachlorophenol degradation products. In a study
by Bryant Hale and Rogers (1991), chlorophienal reductive dechlonnation pathways were
derermined for organisms acclimated to either 2 A-dichloroghenal or 3 &-dichlorophena!
The 1 d-dehlorophenol-acclimated assoctation produced oo dechlormation products,
while the 3 2-dichlorophenol acclimated association produced para dechlorination products,

Pesticide Degradarion

Compounds that probably evoke the most concern are the highly wxic pesticides
These symthetic compounds are often kighly complex organochlorine aromatics that can, in
many Instances, be accumulated in microorganisms. Some microorganism have been
reporied o accumulate very high concentrations of msecticides. For example, afier 4 hours
of incubation with 1,1, I-trichloro-2,2-bis|p-chlorophenyljethane (DDT) and dieldrin i
eoncentrations ranging from (L1 w 1 mg {7 in distilled water, three species of fungi had
accumulated 83% of the DDT and 75% of the dieldrin. Likewise, 4grobacterium
tumefaciens had accumulaed 100% of the DDT and 90% of the dieldrin (Lal and Saxend,

|982} These results indicate that microorgandsms have the ability 1o bioconcentrate and
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biomagnify aenobiotics from the environment, making the process of hiodegradation even
mare ImpOrnil,

For four decades 2,2 5-michlorophenoxyacetic acd (2.4 5-T) and s derivatives
have been widely used as herbicides, especially for the control of brush, Jungle and aquatic
weeds (Motosugl and Soda. |983) [n reality. however, 2.4.5-T contains rraces of the
highly toxie compaund 2,3,7 8-tetrachiorodibenzo-p-dioxin (TCDD) as an Impurity  In
sddion, about 0.0002% (w/w) of 2.4 5-T is converted w0 TCDD when wood ar brush
conmming 2.4.5-T s burned. The spraying of the infamous herbicide agent orange (buty!
euters of 2.4 -dichlorophenoxyacetic acid (2.4-D) and 2 4-T in equal amounts| over the
jungles of Southeas) Asia has resulied in the accumulation of TCDHD i the soil a1 a mean
level of | 9mg | " with maximum concentrations of 47 mg | * (Motosugi and Soda,
1983).

Fortunately, the vasi majorty of the SO0 or so active pesticidal chemicals can be
biologically degraded by fungal or bacteral culiares (Mannecke, 19811, The abiliry of
particular bacteria and fungt to ransform the parem pesticide imo lexs compiea memboines
which may then be further metaholised by the same organism or by secondary
microorganisms |n soil or water, plays an important role m pesticide degradation For
example, in the cases of parathion {o-o-diethyl g-p-nitrophenyl phosphorothioate) and
paraoxin, the hydealyss products are 60 (o 200 times less toxic than the parent pesticides
{Munnecke. 1981).

In 2 study made by Wahid. Ramakrhng and Sethunathan (1986) it was found tha
parathion degradation was faster in flooded soils in comparison with dry sotls and,
therefore, more rapud under anaerobic conditions. OF the three Types of soil used, the
fastesi degradation was obtined in soil with the highest organic content. In this soil the fall
m redox poiennal afier fiooding was much faster than in the ather soils

Several siudies made with DDT and other chlorimated hydrocarbon pesticides
demonstrated that both azrobic and anaerobic degradation could contribute 1o the

transformation of these compounds i soil and that generally the anasrobic processes were



faster. Similarly, pesticides possessmg mitro groups are more rapidly transformed under
anaerobic than aerobic conditions (Salzman. Khiger and Yazron. 19861, For example,
Liolovieva and Skryabin { | 981) demonstrated that for Fieudomonas gerkginosa degragation
of DDT proceeded more rapdly under anaerobic conditions and that the first step in the
dechlorination of DDT o 1, | -dichlore-2,2-dilp-chloropheny! j-ethane ook place withoul an
additional substrate, All other degradative reactions proceeded exclusively under co-
metabolic conditions. Lal and Saxena (1982} showed that DDT degradanon, by strains of

Hydrogenomonas, proceeded via reductive dechlormation to bis{p-chlorophenyl) methane.
Hydrocarbon Mineralisarion under Anaerobic Condirions

{Umidarion of methane ar higher saurated hydrocarbons by anaerobic bacteria 1s the
subject of comroversial discussions. Generally, degradarion can only be Infuated under
aerabic conditions since oxygenase reactions appear (o be necessary for the initial mewbohc
activation of alkane molecules (Warkinson and Morgan, |99}, Thermodynamically,
however, an oxidation of these hydrocarbons would be possible (Widdel. 1988), as the
following calculation for ethane demonstrates. with the reaction becoming even more

exergonic with increasing chain length (Schink, 1988):
BC.H, + 6H,0 = 14CH, + 2HCO, + 24" AGY = -34 K mol”  (1.4)

Novwithstanding this controversy, saline enrichments with hHexadecane as the carban
spurce and oil field water as the inoculum resulied in the development of a sulphate-
reducing bactersal culure afier four months, Further study showed that pentadecane,
hepiadecane and ocuadecane only could serve as alternative organic substrates since with

hydrocarbons of lower molecular weight the sulphide produciion decreased significantly
{Widdel, |98},

The situation becomes very different if there |s a1 least one double bond m the
hydrocarbon molecule, Hydration of this double bond would form an aleoha! which,
depending on is position, could be oxidised 1o a kewone or, via an aldehyde, (o the
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corresponding farty acid Thermodyramcally metanogenk degradaton becomey even
more exergons as for example. with ethene (Schink . |98E)

WH, + MO = IWCH, « (O, « W~ AC" = - 102 &J mol” (1.5

Asacrobic. siphaie dependent. onsdanon of acetylene wai observed in esnarine
sediment samples (Culbermon, Zehnder and Oremiand, 1981) Furthermore, the authon
were ahie w maintain an enfxchment culure with aoeTyiene & the woir source of carboe and

energy

The degradation of halogesated hydrocarbom has been well documented Braus-
Soomeyer, Hermana. Cook and Lesunger (1993), lor prnampie. dentified 2 srictly
amacrobic mined culture capable of wilzing dxchiotomethane (DOM) as the sole carbon
swource. |0 this sedy # was recorded tha complew and Wpeedy degradanon of DCM
necessitated synrophic metabolsm of 3 fermemsatrve DOM -debalogenating becierum wuh
an acerogenc bacterum (Braus-Svromeyer @ af | 199]) Reductive dehalogenation was alw
observed with terrachioroeshylene and 1.1 2.2 tetrachioroethane, and resulied in
rchioroethylene and | | -trichloroethane . respectively (Bouwer and McCarty . | 980)

Ofien. ynder conditiom of amaerchioss and wuh mned cultures. the imermedaie
o producs formed during degradation are as of even more loni than the orgimal
molecule Evdence of the wan found for the anaerobuc degradanon of trichloroethylene
(TCE) whaeh resshied o by formaton of dchioroethylenes and vinyl chioride (Nelson,
Momgomery | Mataflery and Prichard 19857) A further caample wan grven by Senwr and
Bate (1 984) who demonvraed how & Ak chemucal (andine) may be generated from sn
mnocuous plamt component (snthramic acd) under anon < condtom However Schme !
and Schunk | 199)) indwated that in the presescr of Dessdfoborzeriam gaifing apdine was
Gegradod va 3 carbonylaton w é-aminobenzosie whah was followed by a0 acrnvanoe o 4
smmobenzoyl-CoA. Tha m wrn em reductively deamnated © bemzowl-CoA shch
enigred the normal hensoate pathway . Tha carboylation & ar mewl mep » the
degradation of aromat i compounds has 50 (1 only bees reporied for phenols Bemsoase has



been shown to form from phenol and CO, in phenol-degrading sewage sludge in the
presence of hydrogen (Knofl and Winter, 1987).

Notwithstandmg the fact that many of the studies mentioned above were nol
conducted In land(ill sites per se it 18 clear that the ability of microorgamsms to degrade
numerous senobiotics 18 significant Further, it is expected that this abiliny of the
microorganisms should be enhanced by the specific andfll conditions, which include:

. Landfill sites are not usually characterised by nutrent [imianons and usually
contain a varfety of mixed subsirates,

h. A significant inoculum size and interactions among microbial associanions;

e Long hydraulic retention tmes which allow for caiended periods for microbial
acelimation; and

d. Enhanced physiological conditions such as high iemperstures.

1.8 Sewange sludge trentment and disposal options

It is generally recognised thar sewage sludge dispesal 1 ome of the mosy pressing
environmental problems curremly facing developed nations {Mever, 1995). Sewage
sludges are now generally considered industrial wastes although they share many
characieristics since they are produced in large volumes from a. retanvely  few distmet
poim sources (Watson-Cratk | 1995). Furnthermaore, # has been shown thar the wom! potiution
load resuitng from domestic wasiewanen i usually 23 gresms as tha from indusirial
wasrwatrs (Corbin, 1990). The deposal of sewage sfudge is 3 controversial subject as 1
5 considered, by some, 1 be & beneficial substance and, by others . 10 be a hazardous wane
{Crawlord. Bredenhann and van der Westhyizen, |994),

LET Sewage Sludge Types and Composition

Accordmg 1o Vesilind (1991 sludge characteriaics are specific w the coumry , ciy,
part of wwn and even the ume of year Generally. raw sewage K more than 99 9% (wiw)
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witer with the solids consisting of diseplved and suspended organic and |norganic materials
{S1eel, 1953 Apon, 19741 The organic salds consis) mainky of profeins, carbohydraes
and fass which are degraded by saprophytc microorgamisms.

Of the various nutnents present i sewage sibdge, nirogen and phosphorus are
undoubiedly of primary concern and can ecour i both organic wod morganic forms (Byrem
anid Bradshaw. 1989). Soil experiments have demonstrated thar sewage sludge serves as a

low grade fertilizer typically wih a 4:12. 1% N.P_K rauo which can improve soil fernd oy

The inorganic solids are ysually dissolved and consiss of calciem, sodwm and
sulphate with numerous toxic heavy meals (Imhoff and Fawr, 1956 Corbin, 1990). ¢
part icular concern are concemrauons of the swandard six', mamely Cd. Zn, Cu. Ni, Pb
and Cr. and also Hg (Meyer, 1995)  Finally, there can be o large number of pathogenic
organisms capable of tavsing various dseases which are also borne along in the sewage.
Many bacteria, such as Vibrio cholerge, Salmonella rphi and Myveobacterium tuberculos:s
as well as viral opents. such as infectious heparins and poliomyeling, are routinely solased

from sewage sludge.

According o the final draft of the Sowth African Deparmem of National Heahth and

Population Development (DNH&PD) guide "Uiilisation and Disposal of Sewage §ludge’
there are, basically, four |ypes of sewage sludge  The four rypes are categorised according
o the degree of sludge sabiiisation and disimfection as well as the heavy metal comenl

(Ekama. 1992, van der Merwe and Vivier, 1994):

S Type 4: Uinstahie with high odour and fly nuisance potential as well as a high

coment of pathogenic organisms, These are usually raw or cold digesied sludpes:;
b. Tvpe B: Suable with low odour and fly nuisance poential, with a reduced

pathogenic content, These are anaerobically dipested shudpe as well as surplus
activated sludge,
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G, Type C: Stable with negligible odour and fly nuisance potential and insignificant

numbers of pathogenic organisms; and

d. Type D; Sewage sludge included in this classification is of similar bygienic quality
as Type C but since it is designated for unrestricted use on Jand at a maximum
application rate of 8 dry tonnes Ha y"', the metal and inorganic contents are limited
to acceplably low concentrations. Further, all Type D sludges must be registered n

accordance with the regulations of Act 36 of 1947,

As it is difficult, and costly. to analyse for all the pathogenic organisms, only the
numbers of Ascaris ova, Salmonella spp. and faecal coli are included as indicators of

hygienic quality requirements of 7Types C and D (van der Merwe and Vivier, 1994).

According to Bruce and Davis (1989), technology is capable of producing at least
nine different types of sjudge end products which are suitable for final disposal. These
types of sludge differ from the DNH&PD classification in that they depend on the

processes used in the sludge stabilisation phase.
1.8.2 Legal Provisions - The South African Situation

The greatest part of the guidelines and recommendations and other regulations
enacted in most of the European countries deals mainly with spreading sewage sludge.
manures and slurries on arable and grassland (Strauch, 1990). Until 1994, in South Africa.
there were no regulations for the agricultural use of sewage sludge - only guidelines (Ross,
1990). Where sewage sludge is co-disposed with refuse Section 20 of the Environmenta)
Act, Act 73 of 1989 applies (Ekama, 1992; Crawford ef al.. 1994).

According to Crawford er al., (1994) the guidelines, drafied by the DNH&PD,
focus auention on using different types of sludge for agriculture and concentrates
specifically on human health and protection of the soil with little attention given to the

protection of water quality. Further, the guidelines list the safe uses for various types of
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sewage sludge but do oot prescribe that sludge must be disposed of at ol In effect this
means thal sludge could meraly be stockpiied and selll meer all necessary require mants
However, 1o | 989 the Department of Water Affars & Forestry (DWAF) was made
respongible for admimsening legistation formulated by the Mmisier of Environmental

& fTairs 1o properfy manage rhe disposal of wastes (Crawford & al., 19981 Wirth regards 10
contral of wasie disposal, Sections 20 and 24 of the Environmen Conservation Act, 959
apply. As a resull of this, the DWAT regards sewage sludge a8 @ hazardous materal which
should be controlled in the same manner as other hazardous wasies. To the DWAF this
means cradie (o prave’ control for which adequate legis|ation does nor yet exist

However. the formulavon of the Mintmum Requirements siandards irefer (o section
described) are relevam as the Deparmment does not intend w have an ad hoe policy for
sewape sludge but o deal with o within a broader wasie disposal policy,

| B.3 Sewage Studge Trearment/Thsposal

The objectives of studge reatment processes are to lower the concemrations of
organe maner, suspended mader and potental morgame putrians (hus reducing the
pollunon poential, Al municipal wastewater mreatmen plants there are usually fwo stages
of reatment of: 1) wastewater trearment; and ) sludpe treatment and disposal. In the
waslewater treatment stage 3 number of physical and biological uni operations follow
sequentrally whereby low concentrations of particulate and dissolved organic and morgamic
poliutants are ransformed and removed from the wasiewater siream as a low volume high
concentralion sludge to leave a clear water siream as final effluent Afier reatmg the

wastewater 1o an environmentally acceptable standard, the sludge must be weared/disposed

of i such a way to prevent pollution of the environment (Ekama. 1992)

There are five key siages in the meatmeni of wastewater at municipal wastewater

treatmen: plants (Solt and Shirley, 1991; Mompomery and Montgomery, 1994). These are:

i Preliminary treatment, mamly 1o remove gril, heavy solids and Noating debris:

b. Primary trearment. w remove a substantial portion of the suspended matter,
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4 Secondary treatment. an acrobic or anagrobic siep i which oxidisable organic
maermal s removed by microorganisma;

d Tertmry trearment, [0 remove specific maerials (for example, ammonia,
phosphates): and

E. Sludge mreatment, which 18 designed w render safe and dispose of orgamc materials

and organtsms sedimeried in other smpes
Prelimfnisry Treaimens

Thas phase of the treatment process removes grit and heavy sotids as wel| as all
foamble matenals, mnd thus pratects pumps, valves and pipelings from demage or clogging
{Bruce and Davis. |98%), According 1o Ross, Novelln. Pm. Lond, Thomsoen, King and
Fawcetl, (1992} the majority of digester fuilures are caused by an sccumulation of grit o

sewrm. B8 a resull of sub-standard performing screening and grit removal bnits.
Primary Treatmen

Primary senlement of sewage removes up w 70% of the suspended matter and 0%
of the BOD by flocculatien. adsorphion and sedimentation (Steel, 1953). The hydrawlic
lpading rate of the wastewsater « reduced and the heavier solids sentle by grivity to the

hottom of the @nk where they are collected and removed, whilst the buoyant mareral floars

{Monigomery and Monigomery, | 9043

Secondary Trearment

The purpose of secondary mearment or sludge stabilization i twofold; 1o
substantially reduce the number and prevent regrowth of pathogenic organisms and,

thereby, minimse the associated health hazard; and 1o reduce the odours and putrescibiliy
{Ekama, 1991: Bruce, 1991).

Processes which may be used 1o swabilise sludges include: biological stabilizarion:
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chemical stabilization; composting: heat treatment: irradiation: and lagooning.
1.8.4 Biological Stabilization
Aerobic Treatment

Bjological treatment effects the removal biodegradable organic materials (expressed
as Biochemical Oxygen Demand (BOD)) from water/sewage and also often includes
biological oxidation of amymonia 10 nitrate and, occasionally, the removal of phosphate
(Solt and Shirley, 1991).

Two principal acrobjc treatments of wastewater exist. Firstly, the fixed film
process which is the oldest form of wastewater treatment and includes trickling filters
(biological filters) and rotating biological contactors (RBC) (Montgomery and
Monigomery, 1994). In these processes the microorganisims grow as a film or a slime on
the surface of coarse supporting media or on the discs of the RBC. Therefore, since the
microorganisms are attached, no sludge return is necessary (Solt and Shirley, 1991). The
second, the dispersed growth or activated sludge process, is a popular method for large-
scale treatment works. It comprises a large vessel, with provision for aeration, which is

constantly provided with organic matter and a mass of microorganisms which grow in flocs
(Section 1.4.4).

Nutrients, trace elements and other growth factors required for balanced biological
growth are usually present in non-limiting concentrations in normal domestic wastewaters,
while toxic materials are not often present at bactericidal/bacteriostatic concenirations
(Barnes, Bliss, Gould and Vallentine, 1981). Oxygen requirements, on the other hand,
have 10 be satisfied by aeration of the sludge and this normally accounts for >75% of the
power consumption on the treatment plant. Further, the requirements for a sewage works
to produce a fully nitrified effluent more than doubles the power needed for aeration and.

as a consequence, nearly doubles the power consumption of the whole works (Mosey.,
1980).
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Angerobic Digesnion

Anaerobic digestion & a process whereby microorgansims COnver! OTganc
compounds (consisting masnly of protewns. 1pads and carbobydrates) w0 methane. carbon
dioxide and cellular maseral in the absence of onvygen (aw). Anacrobic digestion s an
eapemsive but effective reatment method rendering the sludge suitabie for utilsanon on
farm land. Other desirable features, which help w0 offser the costs, are the producton of
methane and the reducuon in solids contemt facilnaung funher dewatering by sumple
settiement in the secondary digesters. and thus further reducing sludge disposal coses
(Mosey. 1980), Other advantages are the removal of fais and prease as well o the
obnoxious odour of pretreated sludge. and 3 reduction m the numbers of pathogenx
organisms (Ross ef al , 1992). The disadvantages of the process are the slow baceral
growth rates which result in long stan -up periods and lima the flexbilay of the process ©
adjust to changing feed loads. wmperatures and other environmental condmons (Ross &
al . 1992)

Anaerobic treatment imvariably mvolves a wide vanety of organisms which exhibin 3
great complexny of imeractions although. 1n general three rophic groups of
mucroorganisms can be wentified (Leach. 19940 Corbitt. 1990) These are graphically
illgsrrased m Figure | | and may be casegorised as:

. Hydrolync orgamsms whach cataboize the comples molecules in the wastewater and
produce smaller molecules, especmlly shon chamed organic acids, as end products:

b Hydroges-praducing organsms (heteroacewogens) which matnly utilise the products
fr_w;::m--ﬂ.-m.m-mlr.m:ﬂw
with propionic acid and butyrc acsd: and

3 Methanogens which produce methane and carbon dioaide.  These may be divided
inio hydrogen sulisers and acetic acid users. Generally, most of the problems
occurring in the amacrobic dgesuon of studges are assocuaied with the methanogenic
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siresses (Barnes er al., 1981).

Figure 1.1  Simplified Relationships Between the Groups of Organisms Imoived and
Products Formed in Anaerobic Digestion

Complex Grgzrm:c Compounds
I
] ] I
O '!| : — Low Maolecular

] Wikighr Ongane | Heteroacetogens
Acids and |
Neutral
Compounds

. I
| Methanogens Litilising Methanogens
Hydragen' Carbon Dioxide Litilising Acetate

Methane + Water Methane + Carbon Dioxide

The above classification (5, however, an over simplification as bacteria unlising
S0,7 or NO, as electron acceptors can also oxidise organic material, Sulphate-reducing
bacteria, such as Desulfovibrio spp. , reduce sulphate 10 hydrogen sulphide while
demitrifving bacteria reduce nitrate 1o nitrogen gas and other nitrous oxides (Senior, 1986:
Semior and Balba, 1990). However, the end result of the digesuon process is 2 well
stabilised siudge in which 40 10 60% (wiw) of the volatile solids have been destroved and
blogas has been generated which consists of between 60 and 75% (v/v) methane, with the
remainder accounted for by carbon dioxide (Ross ef al., 1992),
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Anaerobic microorganisms can exist either as suspended growth or fixed films. An
example of a suspended growth system is the anaerobic upflow sludge blanket (AUSB)
reactor which was discussed in Section 1.4.4, Currently, two-stage anaerobic digesters are
the favoured process. These consist of a primary digesier, which 1s mixed to ensure
effective distribution of the feed sludge and active orgamsms in the bioreactor, and which
is, preferably, heated 1o control the iemperature, and a secondary digester, which is neither
mixed nor heated but is used mainly to facilitate the separation of the digested sludge from
the supernatant. Digested sludge is removed from the secondary digester for further
treatment. such as dewatering and disposal. while the supernatant, which has a high BOD.
15 returned to the aerobic treatment plamt for further treatment (Barnes er al., 1981; Ross er
al., 1992). All fixed growth systems provide some form of solid support for microbial
auachment and. hence. biomass retention, and has been described in Section 1 4 4.

It has been shown that combining aerobic thermophilic and anaerobic digestion of
sewage siudge has numerous advamages such as reduced sbilization times, the generation
of methane and the possibility of heat transfer from the stabilized sludge 1o the raw sludge
(Loll, 1989),

1.8.5 Chemical Sabilizavon

Chlorine oxidation involves the applicanon of high doses (> -200 mg | ™) of
chlonine gas directly to the siudge in an enclosed reactor. A smbilized sludge results which
15 suiable for dewatering (Forster, 1985) Lime ueatment is, however, the preferred
treatment and involves the addition of lime 1o raise the pH w0 above 11. This subilizes the

sludge and kills the pathogens (Haug, Kuchenrither, Oerke, Prakasam. Soszynski and
Zenz, 1992),

1 6.6 Other Methods

Siudge composting is an aliernative method. This is an aerobic process and may
involve the use of the in-vessel, static pile or Windrow methods (Hill 1989). The sludge is
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maintained al a minimum operating iemperature of 40°C for five days. during which. for
four hours. the lemperature must exceed 55°C (Corbitt. 1990). Existng methods of
composting sewage normally use dewatered sludge cake as a starting material although a
novel process is the composting of liquid and untreated sewage sludge utilising cereal straw
to absorb the liguid componem (Matthews and Border, 1991).

Irradiation of sludge. although presently not cos: effective, is expected w increase in
the future. In beta ray yrradiation the sludge s irradiated with beta rays from an accelerator
at dosages >-1.0 megarad at room temperature (20°C). Gamma radianon, on the other
hand, utilises gamma rays from specific isotopes, such as *Co and '™Cs at dosages >-1.0

megarad at room 1emperature (Haug er al., 1992),

Thermophilic aerobic digestion entails agitating the liquid sludge with air or oxygen
to maintain aerobic conditions during the 10 days residence time at 55°C to 60°C. This
method can result in a volarile solids reduction of > 38% (Hamer, 1989). Pasteurization of
sludge involves heating to lemperatures above 70°C for a1 least two hours. This effectively
stabilizes the sludge prior 1o disposal (Ekama, 1992),

Aerated lagoon treatment is a biological process whereby auempts are made o
increase the oxygenation of the sludge by use of surface aerators or diffusion systems (Solt
and Shirley, 1991). These systems are usually emploved in small-scale plants where land is

not oo expensive and where seepage poliution of groundwater is not a problem (Barnes e
al., 1981).

|.8.7 Sludge Conditioning
Sludge conditioning per se is a treatment process specifically designed to improve
the dewatering characieristics of the sludge (Bruce and Davis. 1989). Chemical

conditioning and heat treatment are the most common methods used and are designed 10

enhance the aggregation of suspended sludge particles and. thus, optimise floc formation.
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Chemical conditioning involves the use of chermeal flocouiams 0 coagufate sludpe
soluds and roloase sorbed water. This can be effected by either inorganic chemicals, soch
Bs actvated sodium silicate, where the process s predomimam!y associated with charge
neuralsation, or orgamc polymers. o bridge the sludge panicles. Smce most suspended
sludge particles are negatively charged, cationic conditioning agents are used to effect
charge neutralisation. In some Instance, however, anionic polymers are afso lsed
(Geldenhuys, 1992). Lime siabilisation can alsoe be parr of the sludpe conditoning by
enhanting the agereganon of suspended sludge particles (o optimise floc growth

Hear candliionimg s «(Tecied o) emperamres of berween 150°C and 260°C and
pressures of 1033 (o 2760 kPa. The cellolar composition of biological sludges hreaks down
and the solid fraction 15 composed of mineral mater and ceflular residues, which faciiitaes
sludge dewatering (Haup er al , 1992)

8. B Shdge Concemrauan

Sludge is usually low in sohds. therefore, one of the most crucial processes is m
reduce the hguid comenl. Sludge concentranion usually precedes dewstermg fand in some
cases siahllization) processes for the purpose of thickening can achieve this simply with the

only basic requirement, being tanks where the sludge can be stored for several days
{Forster, 1985)

LED Sludge Dewmering

Dewatering is a sludge handling process which removes sufficient waier so thar the

sludge ransforms from a fuid state 1o that of & damp solid or sludge cake. Dewatering of

sewage sludges is, penerally, & prerequisite for all major disposal routes although it is an

expensive and difficult step (Smollen, 1990).

Following thickening, some form of dewatering to > 15% (miv) dry solids 1s
usually anained which equates to 77% of the water being removed {Geldenhuys, 19925,
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Dirying beds are probably the simplest method for dewatering sludges although filter
presses are the most widely used m the UK (Forster. 1985, Bruce and Davis, 1989, Bel

presses and centrifugation offer further aliernatives (Hodgkinson and Rencken, 1902),
1.8 10 Ogean Dumping

This disposal method has been discussed 1n Secoion 1.5.1
|_B.11 Incineration

The cost-effectiveness of sludge incineration is significantly affected by the auxilary
fuel requirement which is a function of the sludge composition (moisture and inert and
combustible materials). Therefore, the treatment of sewage siudge by incineration 15 a two-
step process involving, firstly, some form of dewatering of the sludge and, secondly. the

combustion of the solids (Corbig, 1994,

Incineration of industrial and sewage sludges is also coming under severe pressare
due to inimical atmosphernic emissions. For example, the construction of a 600,000 tonnes
capacity waste inpinerator in the moet densely populated province of the Metherlands,
which Includes the Hague, Lelden and Zostermeer, has been cancelled due 10 growing
public concerns and the wastes are now 10 be disposed of by landfilling (Anon, 1992),

These moves away from ocean dumping and incinerauon will surely mcrease the
amount of sewage sludgs 10 be co-disposed in sanitary landfills, Ewidence presented by de
Beker and van den Berg {1989) suggesied that increased landfilling of sludge was already
imminent |n the Netherlands, For this reason, it is viwl that our understanding of sludge
co-disposal with domestic refuse should increase 1o ensure thar disposal operations effect

minimal environmental impacts
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1. 812 Ressdue Dmsposai

The design of 3 sludge- handling sysiem must mchade 3 method for final dupossl of
siudge ressdue.  Due 10 the abovementioned resirictions on occan dumpang  ingl duposal
generally ovolves some type of apphcation w land and usually involves andfillng o
spphcation © agriculiural land @ well as gulizanon for land reclamation  Even though
mcimeranon mught be an effective reaiment process there always remain 8 Ninal ressdue
which must be permanently disposed of usually in landfill

Land Application

Applying siudge 10 the land i3 8 popular method because of the relatively numple
operating requirements and low operanng costs f sustable land & nearby  Also, snce
sewage sludge contains comsderable guantiies of organx marter and essental plam
nuiTients. it B an eacellen sonl condioner for agrouinersl land (Korenmager. 1991) and for
reclaiming disturbed land (Byrom and Bradshaw [489)

Depending on the soul and shadge characieritics. the sod will fiher buffer . wed
and/or chemically and biclogscally react wah the sodpe (Cordm. 1990). On the other
hand sewage siudge mmproves the sofl charsciersies. such a8 wAlfe. 10 Permst casier TOO8
penetration. enhanced waler retenation capacny decreased sodl bulk demsary and increased
hydraulic permeabilery (Van Niekerk . Richards and Duvenhage  1988)

However. opposttion 10 ths duposal method has grown masnly due 10 fears of
groundwaner pollubion, odour production and contamnanon of the food chain (Feachem
Bradiey. Garetick and Mara, 1981)  According 10 Ekama (1992). the problem of potential
odours i casily dealt wuh f the applied sludge is immediately ploughed into the soil
Further an application rate of Kt dry weight ha' y ', with a solids concentration of 5%
(w/v), would invoduce the same volume of liquid as 20 mm of rain, which could clearty be

absorbed by the soll and. therefore. no groundwater pollution would resuls
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However  the conam ination of the food chain s soll a conroversial subject Mue
1o the possibie health tiemrds, # s advisahle that the application of sewage sludge [0
agriculural land should be sirictly controlled in order (o0 mimmise the risks assocmted wih
this practice.  Comamumaton of the food chain, with race elements and metals, pathogens
and towic organic chemicals can result from using sewage slhudge as a soil condinner

The concentration of heavy metils in sewage sludge (5 a mater of grest concern at
present and many countries have set Hmis for the 1ol annual amount of sledpe used for
land appiication and the concentrations of heavy metls in these slodges (Strawch, [99(0)
However, numerous researchers and experts (0 Lhe field believe that trends in kegislation
are unnecessarily stimgent (Wuo, 19871, For example, Byrom and Bradshaw (1991
ind lcated that, if the recommended limus are adhered 10, heavy metz! concemranons wil|
nol merease above recommended |imns. even despite repeated slodge loadmgs.

Linul | 984, there were no guidelines (n existence 0 South Africa for the applecancs
af sewage vudge 10 agnculwral land, specifically with respect 1o potential morganic
chemical conaminans.  Therefore, & report 10 the Water Research Commission made by
the CSIR Divisson of Water Technology, wsing experience gamed by vanous oversen
cooniries, supgesied guidelmes for the applhcation of dimnfecied sewage shudge o
sgriculiural iand in South Afrca. The manimum permnsshic concentralions of varioss

morgamc compounds were suggesicd and these have been incorpormed in the DNH&PD
guidelines and are given in Table | &

Furher | the DNH&PD puideimes also specty the ma imuim applicanon rate per
annum of some memls B well & iNofgane conamimans, pad the el macmem permited
arcumuianon theretd o soll (van der Merwe and Vivier, 1968)

Pathogenic organsums. are mherently conuined m sewage sludges worldwide and zan
survive (he treatment processey. m & sewage work, and can, therefore. be found 1n the
slodpe (Feschem ef al . 1981) Thu, o prevem infecnony of animals and man via the
food tham resulting from agriculural usilissnon of sewzge sludge. some counries have



emuctedt legal regulanons  For esampie, m Berope, Swmeyiand allows only “hygiemaed
tiudge w0 De appled on crops for animal feed

Tahle 1.6 South African Guidelines for Maximum Permussible Concentrutions of
Inrganic Chemcal Conmminant in sofl and Permissible Application Thereof
fwan der Merwe and Viver, 1994)

Maximum Amount of

Metal and Inorganic
Comtaminsnts tha can be

Applied Lo Soil

hnl'

Boron i (11
Fluaride 50 A0

gH SE7A I

A sludge s comidered (o be “hyglemzed’ if @) the tme of defivery it does not conta in more
than |00 Enterohacienarceae per gram of siudge nor any viahle worm eggs (Strauch . 1991)
in South Africa, the DNHAPD goidelines indicate that Tepe 4 and B sludpes will conzm
pathogemic (rganisms as little or oo sabil Eation of these studges bhas occurted For Npe C
and D sludpes i s ermvisaged thar stebilsaton will resull m oo viahle Afcans ova. and a

muximum of O Salmonello arganisms and | (00 faccal coliform organisms per [0 grams
dry sludge immediately afier treatment (van der Merwe and Vivier, 1994,



The occurrence of organic priority pollutants in raw sewage has not been as
completely characterised as the heavy metals although it is known thal raw sludge often
contains volatile compounds, such as 1.1,1, inchloroethane, chloroform, ethyl benzene,
methylene chloride and toluene, and semi-volatiles such as phenol together with low
concentrations of pesticides and polychlorinated biphenyls (Gschwind, Harper, Kelada,
Lordi. Richardson, Soszynski and Sustich. 1992). The DNH&PD guidelines do not deal
with organic toxins in any detail in the sense that none of these are specified. However,
according 1o Ekama (1992). at this time there 15 not much knowledge on toxic organic
compounds in South African sludges and, therefore, before this issue can be addressed n
the guidelines, a survey of the toxic organic compounds commonly found would need ro be
made,

Landfilling

According to Brunner and Lichtensteiger (1989), a literature search through files of
Water Resource Abstracts, Environmemal Bibliography and the Pollution Abstracts yielded
1026 citations on the agricultural utilisation of sewage sludge. and only 142 citations (12%)
on landfilling of sludge. This is surprising considering the fact that about half of the
sewage sludge generated in Europe is landfilled (Brunner and Lichtensteiger. 1989), This
paucity of studies on the fundamental microbiology and biochemistry of refuse catabolism

particularly in respect to co-disposed sewage sludge has also been noted by Senior and
Balba (1987).

The disposal of sewage sludge to sanitary landfills is by no means a new concept.
In the Netherlands. for example, this disposal option has been practised for centuries
{(Beker and van den Berg. 1989). In general, and worldwide. landfilling accounts for a
major proportion of sludge disposal. For example. in the United States. where landfilling
of wastewater sludge is viewed as. primarily. a disposal method. about 25% of the
generated sludge is landfilled (Novella, Ross. Lord. Stow. Fawcett and Greenhalgh, 1994),
Further. in 15 selected European countries. an average of 43% of all sewape sludge s



landfilled, with the common practice comprising dewatermg. ime stixhilsation and co-
disposal with MSW (Brummer ef /.. 949

According 1o Novella & ol . (19094) the fractice of sludpe co-dispasal in saniary
landfills in South Africa has not been o8 widely implemented due 10 vanious reasomns
including the relanvely dry climate which improves the operanion of drying beds. |n the
Western Cape, sludge from most sources has mostly been accepred as a good. cheap soil
conditioner and 1 currently widely used by vepemble farmers as a fertiliser. These
practices are expected 10 decrease with the implementztion of the DNH&EPD guidelines

refanmg w sludge disposal and orifisazem

The co-disposal of sewage studge with refuse is regulated 1o Sowh Africa by
Secrion 20 of the Environmental Conservation Act Act 73 of 1989 The permit issued
stipulates the hazard rating of the sludpe and the co-diposal ratios to be employed. which
usually do not exceed |20 thquid 0 solid) (Crawford e al. . 1994). Since co-disposal of
iludge and domesue refuse is practised at various landfill sites in South Africa { Ross,
1990 Novells et gl , |994) the pressures on this biotechnology 1s likely to ingrease.

The relative prominence of this disposal method may be amributed o soveral
faciors, of which the principal one is, undoubredly, cost (Wason-Craik, Smclar and
Semor, 1952b). Further, all ocean dumping of sewage sludge 15 coming under
mternational pressure (Wo_ 1987] and, in general, there |8 much Tess mational regutation on

landfilling than on any other siudge disposal option (Brunner ¢f al . 1989),
I.8.13 Co-Dnsposal of Sewage Sludges with Refuse
In general, co-disposal with municipal solid waste (MSW) s the favoured

landfilling method for treated sludge wastes although monofills are now the chosen option

i Switzerland (Lichtensteiger, Brunner and Langmefer. | 989).



Operation

The method followed by West Yorkshire Wasie Management. UK. 1 in accordance
with the guidelines of Wasie Managemem Paper NO.26 (Hill, 1989). Briefly. this voives
depositing the sludge at the foot of the working face before spreading evenly in a thin
layer. approximately 0.25 m thick, over the underiying refuse. Loose refuse 1s then pushed
down the inchined working face onto this layer, always ensuring that there is sufficiem
thickness 1o prevent the sludge forcing its way to the surface. Using this techmique. 1t is
possible o co-dispose crude controlled waste and sewage sludge in the ratio of 3:] (w/w)
(Hill, 1989). Sludge may also be disposed in a pre-excavated trench in advance of the
working face. or in one formed within the body of the refuse mass in a manner similar w0
thar used for the disposal of liquid wastes (Stnclair, 1994),

Site Water Balance Considerarions

According to Hill (1989). hquid sludges (4-8'% dry solids), by their very nature, are
unsunable for co-disposal. The high water comens makes the landfill working conditions
extremely difficult and increases the likelihood of unacceptable quantities of leachate being
produced. Conversely, dewatered sludges (20-30% dry solids). lend themselves more
favourably w co-disposal operation. Van den Berg. Geuzens and Oue-Winte (1991)
indicaied that co-disposal of siudge, with 35 % dry solids. was feasible and that the
sludge/waste ratio was not very critical. This dry solids content can casily be achieved for
filier press sludge. condinoned with lime and ferric chlonde, and for thermally-conditioned
sewage sludge. For sewage sludge conditioned with polymers and dewatered with a sieve

belt press or a centrifuge. a weight ratio of refuse and sludge of approximately 7-1 is
recommended (van den Berg e al., 1991).

1.8.14 Effects of Sewage Sludge Co-Disposal on Refuse Stabilization

According to Senior (1991), co-disposal practices are, fundamentally, a
superimposition on the normal refuse catbolic processes. Therefore, & comprehensive
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understanding of the interdependent effects of refuse catabolism with added compounds s

cssential.
Co-Dispasal of Siabilised and Anaerobically-Digested Sewage Sludge

Blakey (1991) co-disposed three different rypes of sewage sludge (raw dewatered,
primary/mixed sludge and liquid digested sludge) with refuse in a laboratory-scale
experiment. The results indicated that constituents (such as 1ol organic carbon (TOC).
biochemical oxygen demand (BOD), chemical oxygen demand (COD), sulphate, ron,
manganese, zinc, nickel and lead) leached from the co-disposal reactors were less than for
those recorded from the domestic waste only controls. However, the masses of
ammoniacal nitrogen and 1otal phosphorus released were found 10 be higher in the co-
disposal reactors.

Further, methane generation and refuse stabilizauon were both enhanced as a result
of the co-disposal of the sewage sludges. Wasson-Craik, Sinclair and Senior (1992b) also
reporied increases in methane release rates in co-disposal columns compared to refuse only
controls. However, in their study. the columns operated with leachate recycle and with
actuivated sludge: refuse loading ratios of 5.9:1 and 9 7: 1 the leachates had lower residual
NITTOgen CoNCEntrations.

Studies which have recorded enhanced refuse smbilzation and gas production also.
showed lower COD concentrations m the leachaie compared with refuse controls (Chapman
and Ekama, 1991). For example. Blakey (1991) reporied that during the methanogenic
phase the chemical oxygen demand of leachate from refuse co-disposed with de-watered
sludge was S50% lower than the equivalent refuse concentration, while the leachare COD
concentration from refuse receiving un-dewatered or liquid digesied sludge was only 7%
lower. In contrast, the experiments of Barlaz er al., (1987) revealed increases in COD
concentrations for leachate samples in response to sludge additions.

Sewage sludge addinon to landfill should be appraised in three ways: firstly, on a
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hydraulic loading basis; secondly, by applying current permissible standards for heavy
metal application to landfill; and thirdly, on the organic loading rate. In terms of sludpe
metal loading, the currem maximum limis are 100 g per wnne of refuse. The 1wo
excepnions are cadmium and mercury where loadings of 10 g and 2 g per 1onne of refuse,
respectively are considered more appropriate (UK. Department of Environment, |988). It
is. therefore. encouraging 10 note that numerous researchers have shown that co-disposal of
sewage sludge, which comains relatively high concentrarions of heavy metals, significamly
reduces the guantity and concentrations of metals leached (Blakey, 1991).

Co-Disposal of Anaerobically-Digested Sewage Sludge

Co-disposal of anaerobically digesied sewage sludge with domesuc refuss m a
landfill has been shown to benefit landfill s1abilization (Wise, Leaschner, Levy and Sharaf,
1986; Flewher, 1989, Leuschner. |989; Siegmann and Spendlin. 1989) Howewver. other
studies have not revealed any positive effects (Chapman and Ekama, 1991, 1992; Pacey,
198%h: Barlaz, Milke and Ham, 1987, Novella, 1992), Unforiunately, the sudies cannot
be compared directly since different amouns (Novella, 1992) and different rypes of sewage
sludge (Leuschner, 1989} were added and a1 different times.  There @ also & dispanity m
the wype of refuse used. For example. Stegmann of al., (1989} used fresh shredded and
hand -soried refuse whereas Novella (1997) used municipal solid waste as placed in a
landfill sie

The co-disposal of anserobic sewage studge with refuse holds promise for dealing
simulaneously with two problems of waste mamagement finding an environmentally-
friendly method for sewage sludpe disposal since factors such as high concentrations of
hedavy metals, pathogens and other wonscants often miliate against the use of sewage sludpe
in agriculure as a fertiliser (Ross. |990); and acceleranung refuse stabilization and, thus the
onset of methanogenesis (Chapman and Ekama, 1992)  Therefore, apart from the
environmental benefits of co-disposal, significant fimancial savings can also be realized
since shout half of the operating cosis of a sewage meatment plant are assocried with the
treatment and final disposal of the sludge (Chapman and Ekama, 1991)
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Addon of anasrobically-stabilized sewape sludpe 1o a refuse mass is possibly
beneficial for the accelerated onset of methanogenesis in the following ways (Bunvid er al |
|98 | ; Wason-Craik, Sinclair and Senlor, 1992h):

5 The fupind sludpe cipmficanily increase the molsture content of the refuse  The
moisture coment of refuse during active degradation is perhaps one of the mosi
important governing abiotic factors (Senior ef al.. 1991). Typically. mumcipal
solid waste as delivered contains between 10 and 30% (wiw) water which s the
minimum moisiure needed for anaerobic microorganism survival and methane
praduction {Buivid er af.. 1981} Sewage sludge. with a solids coment of 2% w
3%, ts considered an ideal mediom which can be added to Increase the moisure
content of the refuse during landfilling operatons (Novella, 1992). Increasing the
moisture content above the field capacity of the refuse could, however, resull in
increased leachate volumes;

h, The sludge provides an inoculum of methanogemic bacteria 1o the refuse. Asa
result of refuse placemem strategies the refuse will accumulate significan
concentrations of air which inhibn the methanogens. In comrast, acetogenic
bacteria flourish in the presence of oxygen and will continue 1 produce acids which
could inhibit methanogenesis.  The addition, therefore, of methanogenic bactena =
thought 10 promote a halanced hacterial ecosysiem (Pacey, 198%)

& An increase in the concemrations of essential nuirients especially phosphorus and
nigrogen, Not surprisingly, most of the interest regarding nutrient avaitability from
sewage sludge has been m connection with agricultural uses and land reclamation
schemes, with linle such focus being grven to landfilled sludge wastes {Sinclair.
1994},

d. Adialinity, provided by ammonia fixanon of organic nitrogen in the sludge. buffers
the liquid fraction against pH changes, Chapman and Ekama (1991) found thar the
anaerobic sludpe added berween 1800 and 2300 mg [ H.CO, alkalinity (as
CaC0,) 10 the liquad fraction of the refuse: and



B Refuse ofien has a carbon:nitrogen ratio that & not sultable for optimom catabolic
conversion, For optimum anaerobic fermentation the T:N ratio should be In the
range of 20-30:1, Typically, MSW has a rano much greater than this (Senior,

1991) and, s, tre addivgm wl sludyge wcnds e conieet e imbalance

Possible disadvantages of co-disposal of anaerobic sludge with refuse include
clevated leachate ammonium concentrations, increased volumes of leachate and, hence.
leachate treatment costs_ lowered refuse temperatures and the necessity (o de-water the
sludge first 10 25-30% (w/w) solids (Watson-Craik, Sinclair and Semor, 1992b). A further
consideration 1§ the workability and manoeuyvrability of the landfill compactor which 15
greatly inhibited at higher sludge refuse ratlos. 11 was found ar the Coastal Park landfill
site In Cape Town, for example that the lowest practical ratio which could be employed
was 4,5:1 {refuse:anaerobically-digested siudge} before the conditions mage the heavy

vehicles Inoperable (Novella, 1992).

A few researchers concinded thar anaerobically-digested siudge additions inhibated
the methanogenic stage of refuse depradavon (Chapman and Ekama, 1991: Barlaz er af
1987), Swdies made by Chapman er al., {1991) indicated that anaerobically-digested
sewage sludge additions to "fresh” refuse were a distinct disadvantage as they could
severely inhibit the onset of methanogenesis  [n their study, six lysimeters were poised ar 2
moisture content equal to field capacity (65 % wiw) by the addilion of water in the case of
the control, and sewage sludge for the test lysimeters. The short-cham faty acid (SCFA)
concenirations of the leachate from the test lysimeters were consistantly higher than the
control. This was also evident in the lower pH values of the same test reactors. Tt was
calculated tha the sludge added berween 1800 and 2300 mg | ' H,CO, alkalinity (as
CaC0,) o the liquid fracton of the refuse, However, this gain in alkabimity was Tost after
only eight weeks of lysimeter operation as a result of the high cancemrations of short chain
fatty acwls produced, which neutralized the alkalinity pain. Subsequently, these high acid

concentrations decreased and the leachate pH stabilised.

Barlaz er al , (1987} mvestipated the effects of both paruall y-degraded refuse and
anaerotmcal|y-digested sewage sludge inoculanions on refuse degradation. Methane

production began almost immediately with the former but anly very low rates were



apparers with the laner. It was, therefore. concloded thar sludge additions o enhance
refuse degradanon were noi successful. The same results were also obtained by Stegmann
and Spendlim (1986} who recorded enhanced methane production with additions of partiy-
compasted MSW but not with scwage sludge. The rescarchers concluded that the sewage
sludge concentrations added were probably msufficient to act as an effecove moculum.
The positive effect of the addition of partiy-compaosied refuse migh! have been due 1o
organic acld dilurion rather than 1 microba) indculem addinion per se.

The objective of this research programme wias 10 make a fundamental definive
nudy of co-disposal relative 1o the needs of South Africa and so underpm a demiled Code
of Pracuce. Further, key questions io be addressed n this study are-

Which are the trvdraulic and organic loading rares required to obviate inimucal
environmental impacts?

* Can a potential environmental impact be negated by dual co-disposal?

To satisfactorlly answer these questions. and since the use of ecologically-realiste
models was central 1o the programme. it was necessary 10 determine the relative effects of
the co-disposal practices on both the free-living (growth rate-dependentt and fived {growih
rate- independent) microbial population types. For the former. it has been shown that mult-
stage chemnstat models can effect seperanon of the species habital domains, with retenton
of overlappmg activity domains, and so faclitaie exam nation of species in solation
without violating the integrity of each association. To examine co-tHsposal in the presence
of. especaally. growth rase-independem microbial associations. 42 single-stage, jlass
column bioreactor microcosms were commisioned and subjected 1o phenol and/or
anacrobically digesied sewage sludge co-disposal

The resals and findings culminated in the ultimate goal of this study, which was, 1
provide a detailed and furdamental Code of Practice in terms of co-disposal relative o (he

necds of Soanh Africa that can be used as guidelines for managerial purposes and effective
policy makimg,
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CHAPTER 2
MATERIALS AND METHODS

2.1 Refuse

Approximately one month old refuse was collected from the Pietermaritzburg
municipal landfill site and sorted w remove all visible non- degradable fractions such as
metal. glass and plasuc. “Aged' refuse was obtained from the Umlazi Landfill Sie,
Durban. The specific age of the refuse was not known as the refuse was taken from a depth
of 2.5 mermres out of co-disposal pits which had been dug by a backactor

In the laboratory the refuse was homogenized with a Haecksel Max 1500 (Sieinmax
and Co, Mode|; D-8800 Ansbach) blender. Following this, dry weight determinations were
made by drying 1o constant weight al 105°C for 48 hours.

For the adsorpuon/desorption experiments fresh, hand soned. refuse was obuimned
from the Pietermaritzburg Landfill Sie and, subsequently, homogenised with a Haecksel
Max 1500 {Steinmax and Co., Model: D-BB00 Ansbach) garden biender and stored m a

sealed Sterilin auioclavable disposa!l bag. The refuse was sterilised by pamma radiation
(25.5 kGy for 6 hours), and then stored a1 £°C umil use.

2.1  Sewage Sludge

The anacrohically digested sewage siudge was collecied from the Sea Cow Lake

Sewage Purification Works, Durban, The siudge was collecied m 10 Tire plastic drums and
stored at 4°C umtil needed,

2.3 Basic Mineral Salts Medium

The basic mineral salis medium used in this study was adapted from Couns, Senior
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and Balba (1987) and contaned the followng (g /' plass-disulied waer) K. HPO,, 1.3,
NaH PO, 2H.O. 0 85 NH,C1, 0.9. MgC1, 6H 0. 0 2: NaHCO,. 05 Na,CO, 0 2. rrace
minerals, | Omd. wace clemenss, | Om/. mickel solution (ImM), | O m/; vimmes | 0 mi
resasurmn M0 01K w/iv), | Oml

The race clemems contained (mg [ ' glass-distilled water): FeCl, 4H.O, 1500,
NaCl, 9000 MaCl, 4H,0_197; CaCl,, 900; CoCl, 6H.0, 238: CuCl, 2H,0. 17, ZaS0,,
287, AICY,. SO: H,BO,, 62: NiC), 6H.0 24

The wuce minerals wnained (mg | ' glass-cdanlied water) NaMoO, 211,0. 48 4
NaSeO, sH.O (31 % Se), 2.55: Na, WO, H,O. 313

The viamins contained (mg / ' glass-dutilled water): biotm. 10: p-amno benzox
acid, 19; e-lipox acid. X0, folic acud. 10; pyrdosine HCL. 20; thamme HCL, 20
riboflavin, 30, nxcotinie acid. 30 D (+) Ca-pamothenate. 30. cyanocobalamine, 20

For every litre of medium, » mineral salts solution deficient m NaHCO, . Na,CO,.
Tace clements. viamins and the himiting carbon and energy source was diluted 10 900 m/
with dstilled water. Before the addwion of ammonium chioride. the pH of the medium was
adjusted 10 6.5 with HCT (IN) 10 prevent any precipitation. The medium was dispensed into
fasks. which were then closed with conon wool plugs and aluminium foil and autoclaved at
121°C (100 kPa) for 15 min.

Appropriate weights of NaHCO, and Na,CO, werr sdded 10 97 mi of dustilled water
and sieriued by astoclaving, as shove, and added following the pH adjustmens.

Prior 10 use of the medium. | m/ each of race clements, trace minerals and
viamins together with the approprate smounts of elecwon acceptors and carbon source

were filter sterilized by passage through 0 ) um Millipore membrane fiters, and added 1
the medium.



1.4 looculum

Hexanoic acid-degrading microbial associanons were enriched at 30°C and pH 7.1
in the presence of three different hexanoic acid concentrations (5. 7.5 and 10 mM) with
three different inoculum source matenals. The larter were obtained from the Umlazi landfill
site (Durban) with the first sample taken from soil adjoining an actively gassing waterhole,
at the base of the landfill site. The second was taken from soil in the area where the landfill
cover was stwored with the final sample ken from the municipal refuse. The samples were
placed in plastic bags which were sealed and transported 1o the laboratory where they were
stored a1 4°C until required.

Both aerobic and anaerobic enrichments were made. A 1:10 (w/v) ratio of
inoculum source material and medium was used in the acrobic enrichments while a 1:3
ratio was used in the anaerobic enrichments. The anaerobic cultures were made in medical
Nats (230 mf) filled to a 1:10 (v/v) ratio of culre:gas headspace. These culture were
overgassed with oxygen-free nitrogen (OFN) and incubated static at 30°C in the dark. In
contrast, the aerobic cultures were made in comical flasks (100 m/) which were incubated at
30°C with shaking (150 rpm).

2.5  Model/Microcosm Configurations

2.5.1 Refuse Microcosms

Thirty-six experimental refuse columns (individual working volume 970 m/) were
adapied from the laboratory microcosm system developed by Watson-Craik and Senior
(198%) and mounted in a constant lemperature box, The temperature (30°C +3°C) was
maintained by means of a heating element and a regulating thermostar. The individual
column design varied according 1o the operating procedure: single elution (Figure 2.1); or
leachate recycle (Figure 2.2).



Figure 2.1  Diagram of a Refuse Microcosm Operated with Single Elution

| o~ Sompling Part

‘ b~ Glass Fool
¢ = Acyd-Washed Send
d = Sewage Sludge

¢ = Refuse
f = Flow Meter
g = Perixtolic Pump

h = Gos Trap

i| i = Fiiter
| J = fiuent Reservoir

The base of each column was packed with glass wool (b) and acid-washed sand (¢)
to facilitate easy outflow of effluent. Polyviny] chloride tubing {o.d. 6mm) was used

throughout and all connections were made with glass.

Gaseous emissions from each column were allowed to vent to the atmosphere via a
zinc acetate (1% w/v) gas trap (h) which was employed to trap hydrogen sulphide as zinc
sulphide. The influent medium was introduced into the single elution columns by means of
a Watson-Marlow (503 U) peristaltic pump (g) at a constant flow rate of 29.1 mi h” 10 give
an empty bed dilution rate (D) of 0.03 h''. The flow rate was frequently checked with a
flow meter (f) and any variations, due to the stretching and deformation of the peristaltic

tubing, corrected.
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Dilution rate is given by:

=D

S

2.1

Where F = flow rate ({ h'?);

V = culture volume ({); and

D = dilution rate (h™")

The leachate recycle columns were operated by drawing off the leachate 2-3 times
per week by inserting 25 m/ syringes (1) at the column bases and atlowing them to fill,
usually at a slight negative pressure (Figure 2.2). The leachates were then reintroduced to

the top of the columns while maintaining anaerobiosis,

Figure 2.2  Diagram of a Refuse Microcosm Operaied with Leachate Recycle

J.__"

ﬁ
s

L

la » Sompling Port
b = Glats Wool |
¢ = 4eid-Bashed Sand

d = Sewage Siudge |
| e = Refuse

B = Gas Trap

= Filter

k = Leachate Recyele Port
i = Leachate Recveling Syringe
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2.5.2 Muli-Stage Chemostar Model o

S 4-siage chemostars were construcied as shown m Figure 2.3, which shidws a
single-stage of the multi stage chemoswat model. The influem uedmm was introduced
(Watson Mazriow (Mode! 202) peristaltic pump) inio the first vessel of each array via a
glass whe equipped with a line break (2) to n:un,u!ht microbial growth in the influemnt
lube.

Figure 2.3 Configuranon of a Single-Stage of the Mulii-Stage Chemostat Mode!

& = Madigim or Culfure Infow end Line l.

b= Waler Jachel
c = Culfure Overfiow

d = faflusnt Medium or Culfure’
e = Synnge
F= Dxypgen-Froe Nitrogen Influant
g~ Gea Trap
= ho= U.Tube Asgembly end Subs-Seal
- i = dfuminium Fod

The working volumes of the individual vessels were 155 m/ (1}, 331 m/ (1), 736
m/ (3) and 1732 m/ (4} 1o facilitate a regime of non-conswnt dilution rates, The dilution
rate for Vessel | was 0,05 h' and for the entire systam 0.003 |

The culture vessels were maintained & a constant wemperature of 30°C by means of
water jackets (b} in eonjunction with & thermocirculator (Fisons, Haske G). Further. the
vessels were arranged so that all of the effluent of the fist vesse] became the influem of the

o




second vessel and so on. This was accomplished via an angled effluent overfiow tube {c¢)
for which the height was calculated to give the required volume. The culture liquid for
each indjvidual vessel was introduced via a medium input glass tube (d) which allowed the
influent to be emitted at the base of the vessel. This design ensured that the bulk flow
characteristics of the system approximated to a continuous but segmented plug flow (Coutts
et al., 1987). A second glass tube was provided which was connected to a sterile syringe
(e) for withdrawing culture samples. An overpressure of oxygen-free nitrogen (OFN) was
employed to maintain anaerobiosis (f). This was further ensured by a pressure head (g) of
zinc acetate (1% w/v) which also served to trap gaseous H,S. The U-tube arrangement (h)
permitted gas sampling by inserting a hypodermic needle through the rubber Suba-seal and
facilitated degasification of the effluent after each stage so that no gas entered the
succeeding vessel. Oxygen-impermeable butyl rubber tubing was used throughout. Each
vessel was covered with aluminjum foil (i) to exclude Jight. The effluent from the final
vessel was collected in a 5 litre reservoir and autoclaved (121°C and 100 kPa for 15

minutes) before disposal.
2.5.3 Phenol Adsorption/Desorption Models
Adsorption

Fifteen, sterile (autoclaved at 121°C for 15 min) 250 m{ flasks, each supplied with a
10 g of sterile refuse and aseptically supplemented with 100 m/ aliquots of the relevant
phenol concentration were prepared in triplicate (Table 2.1). The flasks were then placed in
an incubator and shaken (100 rpm) for 12 hours at 26°C. For the adsorption isotherm
determination a stock solution of 2500 mg /™ phenol, in K,HPO,/KH,PO, buffer, was

used following dilution and filter sterilisation (0.45 um).

Desorption

Duplicate columns (length 17 ¢m, internal diameter 50mm) were sterilised by
soaking in alcohol and then lightly (524 kg m™) packed with refuse. To facilitate the flow

of the influents, glass wool was placed above and below the refuse.
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The columns were perfused with sterile (autoclaved at 121°C for 15 minutes).
distilled water with @ Watson-Marlow flow inducer (Model number 2055), at a flow rate of
imi mn'. Simultaneously. the pore volumes were determined. Each pore volume was
estimated by the volume of water required to fill the void spaces.

Table 2.1 Pheno! Concentrations Used in the Adsorption isotherm Study

Control | 0
Flask A — 50
Flask B i 100
Flask C 200
Flask D 400
Flask E 600
Flask F 800
_Flask G 1000
.LM H 1200
Flask | 1400
| Flask ) 1600
Flask K 1800
Flask L 2000
Flask M 2200
Flask N 2400

Following displacement of two pore volumes with water the influent was replaced
by 200 or 2000 mg [ * phenol. The effluents were coupled 1o a Gilson (Model 203)
microfraction collector from which 10 m/ samples from each column were collected every



30 minutes. Sampling was continued until parity was obtained in the influent and effluem
phenol concentrations. Following this, the phenol wfluents (200 or 2000mg [ ) were
replaced with water. Collected samples (1,5m/) were cemrifuged 1 a Eppendorf centrifuge
(Model 5410) ar 14000 rpm x g for exght minutes.

1.6  Leachate Sample Preparation

Leachate samples were abstracted and stored in a deepfrecze (< -10°C) in
polypropylene bottles until required. Prior to analytical determmations the samples were
first centrifuged (Eppendorf. Model 5413) at 12000 rpm x g for 15 munutes followed by
filtration through & Whatman cellulose filer (30 pm)

1.7  Analyses
2.7.1 Phenol

Phenol concentrations were determined with a Varian 3600 gas chromatograph (GC)
equipped with a Name ionization detector (FID) in which the temperatures of the injector,
oven and detector were 150, 120 and |80°C, respectively, The flow rate of the OFN cammer
gas was set at 30 m/ min”'. Duplicate samples (1 wf) were injected directly into the glass
column (length 2 m, i.d. 2 mm) packed with 5% polyphenyl ether on Chromaosorb W-
HAPG (80- 100 mesh). During the |atier pan of the study phenol concentrations were

determined by GC with a glass column packed with 3% OV 101 on Chromosorb W-HAPG
(80- 100 mesh). The concentrations were determined, afier standard curve constructon, by

mean peak area comparison with phenol standards (100 - 2000mg /| ).

1.7.1 Volatile Faty Acids

Shori-chan volatile faty acids (VFA) (C, + C,) were analysed with the same GC
and detector. The samples were prepared by adding 0. ./ of pure formic acid 1o 0.9/ of
culture supernatant and then mjecting directly nto the stainless sieel column (length 2 m,
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Ld. 2 mm) packed wuh [0%/1% FFAP/H,PO, on Chromosorh W-AW (B -100 mesh)
This column, however, proved unsatisfactory as a result of the short warking life of the
packing which led to baseline drift and irregular peak shape. Therefore, subsequently, a
giass column was packed with 3% neopenty| glycol sebacme and 1% H, PO, on
Chromosarh {80-100 mesh}. For this column the injector and detector (FID) were hoth
maimained a1 180°C while the column temperature was increased from 100°C w 160°C ar a
ramp rate of BT men” The Mow rate of the carmer gas (OFNY was g2t at 30 md min® The
concentrations were determined. after standard curve construction, by mean peak arca
comparison with volatile fany acid standards (500 - 3000mg { '),

273 Meihane

For headspace methane concentration determinations the Varan 3600 GC was used
with the gas sampies (|00 uf} injected directly into the glass columm tlength 2 m, i.d. 2
mm] packed with Poropak T {80-100 mesh}. The injector, column and detector (FID} were
mainained s 120, 35 and 150°C, respectively. The concentrations were determined, after

standard curve construction. by mean peak ares comparison with methane standards (5
50% (viv),

274 Ammonia

Dissolved ammonia was determined with an ammonia elecorode (Orion 95-12)
conjunction with an Orion 701A digital jon analyser, Concentrations of aquepus samples

(0.5 ml) were determined by comparison with an ammonium chipride calibration curve
(101000 mg 7',

. 7.5 Sulphate, Nurate and Nitrue

The concentrations of the electren acceptors sulphate, nitraie and nitrite were
determined with 2 Waters HPLC utilising 3 Waters 1486) conductivity detecior in
conjuncuion with a Waters 1C-Pac anion column (4,6 1 30 mm) with a particle sizc of [0
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um. The separation was effected by a boro/gluconate eluent at a flow rate of 1 m/ min™,
The concentrations were determined., after standard curve construction, by mean peak area

comparison with the relevant standards (5 to 50mg ™).

Alternatively, sulphate was also assayed according to the standard barium chloride
turbidimetric method (Standard Methods, 1985). After the addition of 0.5 m/ of
conditioning reagent and a standard spoonful (+0.6 g} of BaCl, crystals (dry, 20-30 mesh).
the sample (10 m/) was mixed with the help of a Whirlimixer for 60 seconds. After
standing for 4 minutes, the absorbance of the solution was measured at 420 nm with a
Milton Roy (Spectronic 301) Spectrophotometer. Distilled water was used as the blank.
The conditioning reagent contained S50 ! glycerol, 30 mi concentrated HCI, 100 m/ 95%
(v/v} iso-propylalcobol, 75g NaCl and 300 m/ glass-distilled water. The sulphate

concentrations were catculated by reference to a standard curve (5-35 mg { " sodium

suiphate).
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CHAPTER 3

ASSESSMENT OF THE IMPACTS OF PHENOL CO-DISPOSAL WITH REFUSE
ON REFUSE CATABOLISM

31 Introduction

It is now well known that in virre anaerobic mineralisation of phenol w0 CO, and
CH, occurs with inocula from sewage sludge (Healy and Young, 1978: Knoll and Winter,
|987), anoxic aquifer-derived microcosms (Godsy, Goerlitz and Grind-Gali¢, 1992),
anaerobic digesters (Wang, Gu and Chonghua, 1993) and soil (Scott. Wolf and Lavy,
1982). Healy and Young (1979) found that in most cases, of eleven aromatic compounds
tested, more than B0% of the carbon was converted 10 gas, clearly indicating that ring
cleavage occurred under strictly anaerobic conditions. Further evidence of phenol
mineralisation was demonstrated by Knoll and Winter (1987) in experiments with “C-
phenol. From |1 gmol of radio-labelled phenol 39umol of methane. containing S0% of the
radioactivity, and 28 umol of carbon dioxide, containing 38% of the radioactivity, were
produced. The residual acetate (4.3 pmol) contained 4% of the "“C-label and 6.7% of the
label was found in the siudge pellet. It, therefore, seems likely that the capability exisis in
the landfill microbial gene pool for the mineralisation of phenol 10 CO, and CH,. However,
the effect of phenol co-disposal on refuse fermentation balances is less certain and was,
therefore, one of the major objectives of this study.

An assessment of the impacts of the co-disposal of 1000, 2000 and 4000 mg [ /L
phenol and/or anacrobically digested sewage sludge on landfill cambolic processes, with
leachate components and methane generation the analytical criteria, was made. For the first
criterion i must be stressed that discrete VFA concentrations represent balances between
genesis and wophy (Watson-Craik, 1990). Although discrete methane concentrations (v/v)
have been used 10 monitor the effects of xenobiotic molecules on anaerobic microbial
associanons (Fedorak and Hrudey, 1984) this criterion s less valid than either the methane
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generation rate or the 1otal volume of methane evolved. Due to the difficulty of measuring
extremely low generation rates in open cultures this parameter was nol measured n this
study.

3.2  Experimental Procedure

Homogenised wet refuse was packed into the columns to an approximate density of
650 kg m”, The refuse and anaerobically digesied sewage sludge were loaded in layers in
the columns as shown in Figures 2.1 and 2.2, Ininially, phenol was used in the perfusion

strategies in two differemt concentrations, 1000 and 2000 mg ! '/L.

The first 12 columns (C1-C12) contained refuse only whilst the second twelve (Al-
A12) were packed with refuse and anaerobically digested sewage sludge in a ratio of 4.5:1
(w/w). The final 12 {(B1-B12) were packed to a co-disposal ratio of 9:1, All the
experimental columns were perfused at a very slow dilution rate {0.02 ™) initially and left
al ambient temperature for 30 days before the temperature was increased and maintained a
30°C (+/-1.0°C). Specific details of the microcosm perfusion and operating conditions are
given in Table 3.1,

For the recycle columns (A2.6,10: B2.6,10; C2,6,10), the leachates were collected
2-3 times per week by inserting 25 m/ syringes (a) al the column base and allowing them to
fill, usually at a slight negative pressure (Figure 2.2). The leachates were then remtroduced

to the top of the columns while mainaining anaerobiosis.

Each column operated in baich mode (A3,7.11; B3.7.11: C3,7,11) was perfused
with its respective concentration of phenol for approximately 36 hours and was then, with

the exception of the gas exhaust port, closed and left to incubate for the duration of the

experiment.



Tahle 3.1 Perfusion Strategies and Operating Conditions for "High Load™ Dual

Co-Disposal Columns
Al Refuse/Sludge(d.5:1) Distilled Waer Single Elution
_ A2 Refuse/Sludge(d.5;1) Distilled Water Leachate Recyele
r: Al Refuse/Sludpe(d.5:1) Distilled Water Balch
: Ad Refuse/Studge(d.$:1) |  Distilled Water Simulated Rain
AS Refuse/Sludge(d. 5:1) 1000 Phenol Single Elution
Ab Refuse/Sludge(4 3:1) 1000 Phenol Leachate Recycle
AT Refuse/Sludge(4.5: 1) [ 050 Phenol Batch
AR Refuse/Siudge(4.5:1) 1000 Phenol Simulated Rain
AQ Refuse/Sludgeds.5.1) 2000 Phenol Single Elution
AlD Refuse/Sludge(4.5:1) 2000 Phenol Leachate Recycle I
All Refuse/Sludge(d.5:1) 2000 Pheno! Bach
Refuse/Studge(d.5:1) | 2000 Phenol Simuluted Ramn

Table 3.1 (Cont.)  Perfusion Srategies and Operating Conditions for “Low Load” Dual
Co-Disposal Columns

Bl Refuse/Sludge(9:1) Distilled Water Single Elution
B2 Refuse/Sludge(9:1) | Distilled Water | Leachair Recycle |
B Refuse/Sludge(9: 1) Distilled Water Baich
Ba Refuse/Sludge(9: 1) |  Distilled Waer Simulated Rain
Ha Refuse/Sludge(®: |) 1000 Phenol Single Eiution
[ Bb Refuse/Sludge(9: 1) 1000 Phenol Leachate Recycie
B? Refuse/Sludget®:1) 1000 Phenol Basch
i B Refuse/Sludge(9:1) 1000 Phenol Simutated Rain
RY Refuse/Sludge(9: 1) 2000 Phenal Single Elytion
Bl1O Refuse/Sludge(9:1) 2000 Phenol Leachaie Recycle |
BII Refuse/Sludge(9:1) | 2000 Phenol Bach |
Bl Hefuse S| 91 2000 Phenol Simulaied Rain
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Table 3.1 (Comt.]  Perfusion Strategies and Operating Conditions for Phenol
Co-Disposal Columms
Column Number | Packing Material

Cl Refuse only Distilled Water Single Elution
£2 Refuse only Distilled Water Leachate Recycle
C3 Refuse only Disulled Water Baich

C4 Refuse only Disulled Water Simulated Rain
5 Refuse only 1000 Phenal Single Elunon
Ch Refuse only 1000 Phenol Leschale Recyele
c? Refuse only 1000 Phenol Batch

R Refuse onfy 1000 Phenol Simulated Rain
4 Refuse only 2000 Phenol Single Elution
Cin Refuse only 2000 Phenol Leachate Recycle
C1l Refuse only 00 Phenol Batch

C12 Refuse only 2000 Phenol Simulated Rain

The miermizent {rawn) operated microcosms were first perfused with the appropriate
concentration of phenol for 36 hours, Subsequently, the columns were operated m the same
made as the baich reactors with the exception that twice weekly they were perfused with
distilled water (30 md h™) for three hours

5ix further microcosms (D 1-6) were consiructed which were identical to the
previous columns although these columns were packed with "aped’ refuse (Table 3.2}, The
refuse was packed mwo the columns afier which they were allowed 10 swbihse a1 30°C for
about one month, To determine the staie of the refuse fermenttion, headspace methane
concentrations were regularly monitored and perfusion was inftated after all the columns

had anzined 2 headspace methane concentration >20% {v/v).
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Table 3.2 Perfusion Straegies and Operaung Conditions for Phenol Co-Disposal with
Mature Refuse Columns

formr—
D Mature Refuse 1000 Phenol Single Elution
| D2 Marure Refuse 100D Phenol Leachate Recycle
03 Manure Refuse 1000 Phenol Batch ,
D4 Maure Refuse 2000 Phenol Single Elution |
05 Mature Refuse 2000 Pheno Leachae Recycle
D6 Mature Refuse 200U Phenol Batch |

121 Mineral Salis Supplementation

For all the single elubon columm (A1 5.9; B1,5.9; C1.5.9) mineral salts were
added a1 one third of the concentration dewiled tn Section 2.3 With the baich (A3 7.1 L
B3, 711, C3.7.01) and recycie (A2.6,10; B2.6,10; C2.6,10) columns, the mineral sals
were ndded In quadruple sirength 20m/ ol iquots 10 mimimise dilution phenomens. The first
addition was made after 357 days of operation with the second supplementation after 369
days of operation. Fmally, supplementations of one Sixih and double concentralions were
made w the single elunon. and baich and recycie mcrocosms . respectively after 376 days
of operation. Thus. in wial, bévween days 157-376 the following amoums (2) of the
individual mineral salis were provided 10 the single elovon. baich and recycle columns-

Single Elution Baich and Recycle
K.HPO, a 6
MaH PO, 10,2 1.15
NH,O I3 3.5
MEgCi 6H,0 19 0.7%
NaHCO, 1.5 ]
Na,CO, 1.9 0,75



3.3  Results and Discussion
3.3.1 Microcosm Operation

The choice of the refuse (Section 2.1) used in this study was motivated by the
results of Watson-Craik and Senior (19892) who determined that when phenol (188 mg /°
/L) was co-disposed with munijcipal refuse the buffering capacity afforded by the latter
affected the sensitivities of the microorganisms present to the bacieriostatic action of the
phenol. It was found that one month old ("fresh”) refuse was characterised by a greater
buffering capacity than the "older” (four months old) refuse and phenol catabolism was
higher in the former. The moisture content (wet weight) of the refuse as received was 62
+3% (w/w). Moisture contents of 69.2 % (w/w) had been determined with previous refuse

samples taken from the same site (Havinga. 1993).

The phenol concentrations used in these experiments were selected after
consultation with a leading S.A. waste disposal contractor (Waste-tech (Pty) Lid). Further.
the relatively high phenol concentrations were specifically selected as they are commonly
disposed of in landfil) sites in South Africa after chemical treatment of phenolic wastes
(Havinga. 1993).

The combination of an initial slow perfusion regime and ambient 1emperature was
maintained as these “start up” procedures were found by Watson-Craik and Senior (1990)

to enhance microbial activity, particularly methanogenesis, within the refuse columns.

Due 1o the number of variables examined in this study, 42 microcosms had to be
used. To consider each of the variables the results and discussion are structured as follows:
a. Firstly, phenol co-disposal with refuse is considered in relation to the microcosm mode
of operation (single ¢lution, leachate recycle, batch and simulated rain): b. Subsequently,
the effects of the perfusion strategy (water, 1000 and 2000 mg { "'/L phenol); and c.
Finally, refuse age are considered.
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332 Refuse and Phenol Co-Disposal
Single Elution Columns

Phenols naturally occur in soils, including intermediate and covering soils of landfill
due 10. for example, enterobacterial degradation of proteins and amino acwds. parncularly
tyrosine. Phenol concentrations are also often increased in the groundwater in otl-bearing
areas (Watson-Craik. 1987), The majority of phenolic compounds in soils are, however,
undouhiedly derived from the degradanon of lhignine. mainly through the imtervention of
filamentous fungi, particularly the Basidiomycetes which are responsible for the white-rot
type of wood decay (Senior and Balba, 1990). However, lignin-derived carbon is
recalcitrant in anaerobic environments (Colberg. 1988) such as water-logged refuse
columns. This, therefore, provides an explanation for why the concentrations of phenol
recorded in the control (Column C1) were at all times very low (<Smg /')

(Figure 3.1 A).

imtially, the residual phenol concentrations detected in Column CS (Figure 3.1A).
which was perfused with 1000 mg [ * phenol, were <200 mg [ '. possibly due 10
adsorption on the refuse surfaces (Chapter 6). After day 60, however, a general increase

was noted to a maximum of 1000 mg (. Subsequently, the concentration decreased and
stabilised (day 74).

This decrease in ressdual phenol could have resulted from adaption of the microbial
community o the xenobiotic. Littie s known about the molecular events that lead to
adapuions of microbial communities although they have been shown to depend on the
ecosysiem. the type and concentration of the xenobwotic and the presence of other
compounds (Wiggins and Alexander, 1988. van der Meer er al.. 1992. Wang er al., 1993).
The mechanisms of adaption 10 a new substrate may be briefly described as follows:

a Sclection and enrichment of the orgamsm/association that is able 1o metabolise the
new compound:
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b Induction of specific enzymes m members of the community.

-3 Genetic alieraton which includes: gene transfer, mutational drift and genet
recombination and rransposithon: and

. Adaption to toxms, fnhihitors or predators (Spain and van Veld, 1983; Young and

Rivera, |985: van der Meer er al., 1992).

During the experimemal period of 300 days 59.3% of the influenr pheno! was
removed by percolation through Column C5. This was equivalent 1o an average removal
rate of 0.27 g kg' ", This. In turn, was equivalent 1o 270 g m* d"' for refuse compacied
w1000 kg m, On average, only 39.6% of the influen phenol was removed during the
firs) 74 days which equates 1o a removal rate of 0.19 p kg' d*. This removal rute did.
however, compare favourably with other recorded rates. For example, Watson-Cratk
(1987} demonsrated & removal efficiency of 31.5% for |BE mg [ ' phenol over a period of
530 days m single elution colummns packed with "fresh” refuse (density approximately 525.6

kg m™), with a maximum phenol removal tate of 41 g m” d*. Following the phenol
resupplementanion (2000 mg { ) the residual pheno! concentrations sharply wereased with
subsequent rapid decreases which were comncidem with an increased average phenal

removal rate of 0.59 g kg' d”,

Not surprisingly, the residual phenol concentrations of Column €9 (Figure 3.1 Al
were mgher than those of Column U5, With one exception, decreased concentrations were
again detected nitially. These low concentrations during the first 50 days can be anrbuted
o physico-chemical phenomena such as absorption/adsorption of phenol 1o the various
refuse surfaces (see Chapter 6). On average, over the first 500 days. Column €9 effected
35.9% removal of ihe added phenol. This s equivalent o a removal rate of 0.61g kg d*
As with Column C3 sharp residual phenol concentration Increases were recorded following
the phenol resupplementation (RS2) although, subsequently. the concentration fell from
2642 mg {7 on day 659 1w 1209 mg {7 on day 680 and averaged a phenol removal rae of
0.66g kg" d'. The mean phenol removal rates recorded for the various columns during the
course of Lhe study are illustrated in Table 3.3, These, apparent, enhanced phenol removal
raies, following the phenol resupplementation. could have been due 1o either the adaption

of the microblal community 1o the added xenobiotic or increased influent phenol
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concemirations. For example, Waison-Craik | 1987) showed that pheno! rempval moreased
&s the influem concemration incressed up 1o~ 1500 mg | ' with subsequem removal
ndependent of the infloen concenimaoon. This suggested thar (rw order kmencs applhicd
2 300 mg [, after which gerp-order kKinctics applied

Comparisons of this narure must, however, be remed with care as experiments
made by Rees and King (19813, in which a synthetic leachate supplemented with phenol
wis applied to Lower Greemsand ("80% sand and “20% clay), indicated that, in general,
the removal raies increased [n response o higher flow rales. Wanson-Craik, (1987},
Watson-Craik and Semor, | 1 989) also found thar phenol removal was enhanced by
increasing the origation rate, Thus, both the organic loading and hydraulic Joading are key
variables. The pH values of the single elution, water perfused Colamn €| (Figure 3. 18)
decreased mitially from 6w 5.4 and, with one exception, remained «pH 6 undl day 390,
Similar decreases have been noted by numerous researchers, including Barlaz, Scheefer and
Ham_ 1989b, and are sccepled as indicative of fermentative microbial activity and the
resulting accumulavion of volatile famy acids (Semor, Watson-Craik and Kasali, 1990) m
the presence of low aoid consuming activity of the methanogenic bacwerma (Barlaz. Schaefer
and Ham, 1989b). and the low alkalinity of fresh refuse (Barlaz. Ham and Schaefer, 1990).

Table 3.3  Mean Phenol Removal Rates for the Single Elution, Leachate Recycle
and Batch Operated Columns During an Incubation Period of 695 Days

| Column Nao. Hudtnfﬂpﬂﬂnn[ Mean Phenol Removal Rate Huul’i:un[li.’muﬂll:
Prior to l'llﬂll Following I"Il:nnl
| sl B~ .
s 5ingie Elunion 0.27 0.59
Co Leachate Recycle 0.005 0.06
C? Baich 0.0012 (.05
ca Single Elution 0.61 0.66
C10 Leachate Recycle 0.0023 0.043
C11 Batch 0.0029 0.039

S ——
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Following the mineral wits addman, howeves, the pH values increased although thess
elevaed pH values were not mamamed and, subsequenty. decreased (o values around a
pH of 4

For the two experimenial columns (5 and C9) similar innial decreases in pH were
recorded, Both columns displuoved higher pH svaiues than the comrol column fow the few 74
days, Throughout the study comparahle gross pH values were recorded for the two
experimenal columns and brief pH increases were recorded following the mineral wis
addinon

The higher pH values recirded m re=sporse o pheno! elunion, compared with the
walet control, were uneapecied sence although phenols are generally severa) prders of
magnitude less acidic than carboxylic acuds they are far more acidic than alcohols (Watson-
Craik. 19571 Lalla and Mura § 1989) showed that in expermments with two microb sl
sssocianions_ culiured serobically in a baich reactor with phenol (60 - 1000 mg | ™) as the
limiting carbon source. the pH dropped until it reached a mimimum m relstion to the
exhausnon of the phenol. This decrease in pH was ascribed (o the production of organic
aciuds from the inermediates of phenol cambolism. Wason-Craik {1987) examined phenol
(188 mg | ") catabollsm ina perfused multi-stage refuse column array and detecied no
residual phenol i the effluent during the first 45 days, Subsequently, the influent
concentranon was increased 1w 376 mp | ' and this resubted in elevated residual phenol
concemrauons and reduced pH values from 6.55 w 5.7, Elevated VFA concentrations were
not. however, detecied in the leachate There was, chus, some evidence of lemporary shack
Ioading with the 188 mg { ' incremental increase in the nfluent phenol concentrarion
(Wason-Craik and Senior, 1989, In the present siudy both Columns €3 and C9 exhibied
shght decreases in pH following the phenol resupplementation. Siudies made by Sulisti,
Watson-Cratk and Senior (1996a) demonstrased the importance of pH on the catabolism of
the substimied phenol, e-cresol, &nd reporied maximum rates of o-cresol degradation in
cultures poised a1 an initial pH of berween 7 and & For example. > 71.6% of the added o-
cresol was removed by day 70 in these cultures. whereas ai pH 6.5, concentrations of o
cresol were reduced by onty 37.3% (Sulisti er al,, 1996a),
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Total” VFAs concentration was used as an analyncal criterion for fermentation
balance change and no disninction was made herween the straight and branched-chain acids
such as ise-valeric and wso-butyrate since these acids form as a result of deamination of
amino acids and. as refuse |5 inheremiy low i protein, it was expected thar these acids only
constituted @ minor component of the ‘towal’ VFA's, 1t must be siressed that the 'total”
VFAS concemrations recorded were balances berween genesis and trophy and were nor

mdicative of acid tarnover per se.

In general, higher concentrations of 'total’ VFAs (average 594 mg [ ') were
recorded in the leechate of Column C1 than Columm C5 (average 348 mg [ ') dunng the
first 234 days (Figure 3. 1C), Thus, o seemed likely that the lower pH values of Column
C| effiuent during \he same period were due [0 the presence of these acids. Subsequently,

the reduced VFAs concentrations of both columngs indicated enber lower acid production,

possibly due o lzbile carbon source limimton. or higher actd utilisation. due to the
development of active catabolic groups. An increase m the ‘wtal” VFAs concentrations,
and a declime in the pH values, following the phenol resupplementation of Column C5,

were possibly indicative of a phenol shock loading.

The co-disposal of 2000 mg ™ phenol by single elution (Column C9) did not
appear o effect increased "towl' VFAs generation in comparison with the water control
since an average concentration of 315 mg /' was recorded during the first 234 days of
operation. As with Column C5, after the phenol resupplementation, increases (n the “total’

VEFA concentrations were recorded.

As can be seen in Figure 31D, very low methane concentrations were recarded for
the water-eluted column (C1} unnl day 280 after which a steady increase was noted o
P5.2% (wiv) by day 369, Subsequently, a major increase to 52% (v/v) was recorded which
coincided with the addition of the mineral salts. The lower methane evolutions n C1, prior
w day 369 were, therefore. unlikely to have been s result of substrate limitation, A more
likely reason was elemental [imitations, The higher concentrations were not, however.

mainiained and a progressive decline in the methane concentration was recorded,



The phenaol eluted column €S showed rapsd methane concentralion increases o
reach 74 % (v/v) on day |E3 These increases comncided with decreasing residual phenol
concentranions. The rapid increases in the presence of 1000 mg |/ ' phenol (CS) were
unexpecred as Watson-Craik (1987) and Warson-Craik and Senior (1989a) showed thai the
addinon of |88 mg [ ' phenol w refuse hindered the onset of methanogenesis. In conmast,
the sumulanon of methanogenesis by relatively low phenol concentrations has been
demonstrated by other researchers. Fedorak and Hrudey (1984), for exampie, reporied tha:
additon of phenol (500 mg [ ' ) significantly enhanced methane production while higher
concentrations of 800, 1000 and 1200 mg [ * did not effect productions which were
significantly differemt (P <0 .05) from that of the control In the presence of further
concentration increases w 2000 and 3000 mg [ ' . the concentranions of methane produced
decreased. 1t in doubtfyl that these results could be applied drectly 10 South African
conditions, refuse characterwucs and landfilling pracnces suce refuse composiion can vary
dramaucally from country o country (Semor  1990)

Follow ng the above concemaration increases. the methane concentrations dechined w0
I7% (viv) on day 369 before again increasing followmng the addmion of mineral salts
These increases in methane concentrations were, however. not sustained and the
concentrations again rapidly decreased w 8.7% (v/v) following the phenol
resupplementation. |t is interesting 10 note that, at the wermunanion of the stody . the control
column (C1) exhibited a similar decreased methane concentration of |1 2% (v/v)

A progressive decrease . from an atained maximum . in methane concentraison
recorded for Column C35 has also been observed by other researchers in similar
experiments. For example, Watson-Craik and Senior {1989a) demonstrated that progressive
decreases in methane release rates were apparent (s single elution refuse columns. They
speculated that nutrient/element limitarion was the most likely cause although phosphate
limization was thought unlikely as a leachase PO, -P concentration of 0.1S mg / ' was
coincident with low methanogenesis. Thus, exhaustion of the pool of labile carbon
subsirates was considered more likely. Although the methane generation rates and methane
concentrations are not directly comparable the trend of a decrease in methane

s



concentration. from an attained maximum, was a recurring observation in this study (see
Chaprer & and 5) and it is_ therefore, considered relevant 10 compare methane
concentraiions with methane release raies.

Column C9 (2000 phenol) followed a similar pattern 10 C1, Notwithstanding the
low headspace methane concentrations recorded in Column C9 before day 369 significant
phenol removal was evident (Figure 3.1A). This phenol removal together with the low
methane concentrations was unexpected as Fedorak and Hrudey (1984) demonstrated that
although phenol degradation was inhibived when the concentration exceeded “S00 mg [ °,
acetate and propionate fermentation continued until the phenol concentrarnon exceeded 2000
mg ("

In this present study mineral salts addinons 1w all three columns effecied marked
increases in methane concentrations. These could, however, have been due, in part, to the
bicarbonate/carbonate additions as 3.5g of NaHCO, and 2.9 g of Na,CO, were added.
which should have increased the pH values as was observed (Figure 3 1B) and provided
precursors for methanogenesis (Buver. 1980):

4H, + HCO, + H* = CH, + 3H,0 AG® = -138 k) mol’ 1

Further, phenol as a disinfectam s more effective a1 pH values below its pK,
(pH10), that s the pH at which it is S0% dissociated (Wason-Cratk, 1987) Therefore, the
bacteriostatic/ bactericidal effects of phenol are prester at lower pH values and could thus
mhibit methanogenesis.

Fedorak and Hrudey (1986} examined the role of five nuirients on anaerobic phenol
mineralisation and showed that, mitially, pheno! was catabolized 10 methane and carbon
dioxide. Afier various time intervals (Table 3.4) methanogenesis began to decline, and the
residual phenol and p-cresol concentrations butlt up, due to the limitations of bicarbonate,
major minerals and phosphate.

e



Table 3.4  Numents Ommed from the Reactors and the Time Regquired for Inhibition o
Become Apparemt (Fedorak and Hrudey, 1986)

Bicarbonaw —25d (1.5 HRT)

Major Minerals 45d (3 HRT I

l Prrsphate “116d (7 HRT) I

The nuthors concluded tha bicsrbonatc was necded for phenal degradarion rather
than methane formavion. The use of pH control i their expenments suggested, however.
that the role of bicarbonate was not a pH effect. In a siudy made by Watson-Craik and
Senior (198%a), addivion of nirogen {NH, O 0.8 g 7'} and phosphorus (K,HPO,, 1 55 ')
did not reverse the progressive decline in methanogeness, The mineral salts addinon. in (he
present study, did effect a temporary increase in phenol catsbolism and coincided with the
Increased methane release.

Leachare Recvele Columng

In siudies by Watson-Craik (1957) and Sulisti, Watson-Craik and Senior (1996b)
leachaies from co-disposal columns were collected in reservoirs before reintroduction ino
the columns on a continuous basis, However, o ensure constant flows, reservoirs {10 ()
were used These, therefore, constituted second continuous cultures in each sxperimental
system and. thus, facilitated microbial cambolism exiernal to the microcosms. According 1o
Wasson-Cralk (1987). however, i1 was apparent thal most of the biotransformanon of

phenol occurred in the microcosms rather than the reservoirs since 120 days were required
by the reservoiry for the dissimilation of 2mM (188 mg /' | phenol

As expected, the leachate recycle control column C2, wt all times generated low

(<5mg [ | phenol concentratlons with 4 max imum concentration of 13 mg |
recorded on day 74 [Figure 1.2 A)
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The recycle column subjected w (D00 mg /' phenol (C6) was characterised by
variahle, but jmitially low. phenol cancentrations which reached 485 mg ! ' on day 45
before decreasing (o bejow detection imits on day 414 (Figure 3.2A). The Initially
releively low residual phenol concentrations were probably due o adsorption phenomena
whereas the continued low concemtrations could possibly be atributed 1o either the
enrichment of a phenol catabolic population or the acclimarnion of key landfill
microorganizms 1o the added compound. The first resupplementanion (RS1), with a phenol
concentration equal (o the infial influent concemiration, was made when the |eachale
recycle and hatch columns recorded residual phenol concentrations approaching rern
Likewise. the second resupplementation (RS2}, with double the initial phenol
concentration, was made when the columns approached zero leacha residual phenol
concentrations. Following both phenol resupplementations rapid breakthroughs of the
phenal together with, subsequent, rapid concentration declines were recorded. Possible
reasons for these raped declmes could have been the added nutments which could have
negaied any ¢lememal limitarions and/or microbial adapuon. The imnal perfusion regime
was described in Secnon 3.2 from which it can be calculated thar a 1onal of 0.7g phenol
would have been added to Column Ch. Therefore. & mean removal rate, prior o the firsi
phenol resupplementation (R81), of this column was 0.005g kg d"' while the rates
following the resupplementations (RS1 and RS2} increased o 0.06g ke o,

The residual phenol concentranons of Column C10 were, inmmlly { < 25days),
relatively low, also possibly as & result of adsorption but subsequently increased to a
maximum of 1004 mg [ on day 45_ The relatively protracted completion of phenol
catabalism by Column C10, compared 0 Column C6, was expected as increased
concentrations of phenol affect microbial activity negatively, Blakey and Knox (1978), for
example. mdicated a significant reduction in the rate of phenol catabolism, under anasrobic
conditions, when the phenol concentrations were =500 mp [, Despite sonstan)
conditions operating in the microcosm (C10) the residual phenol concentrations did dec)ine
after day 250, Notwithsanding the prolonged period required to remove the initial added
phenol ar a mean removal rate of 0.0023g kg d"' this rate |ncreased 1o 0.043g kgt d*
following each resupplementation (RS! and RS2).
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Unlike Column C2, which attained a neutral pH on day 148, Column Cé,
particularly in the early stages, was characterised by higher pH values (Figure 3,28} and
atizined a newral pH on day 92, after which it smbilised sround this value. Column C10 on
thie other hand ariained a neutral pH after 659 days. It is possible that the relatvely
prowracted onset of phenol degradation could also have resulted from the low pH values.
For example, Tibbles and Bascker (198%) reported that the optimal pH growth range for
four mesophilic phenol catabolising bacteria, which were isolated from refuse, was between
6.8 and 7.6. with growth and phenol catabolism inhibition evidem below pH 6. Despite the
nigh (nitial phenol loading and the resulting low pH regime which esmablished in Column
C10, the residual phenol concentration did decline after day 250, This could have been due
to the enrichment of & pheno! degrading population or the acclimation of key landfill
micToorganisms 1o the xenobiotic, |t is also worth poting thal the pH values for the co-
disposal columns did not markedly decrease following the phenal resupplementacions.

From Figure 3.2 C bt can be seen that for Column C6 increasing pH values were
accompanied by low concenmrations of VFAs, Subsequemly, Column C2 followed a simitar
rend. A comparable inhibitory effect on VFAs generation was noted by Watson-Craik
{1987 following refuse column perfusion with either 750 or 1128 mg [ phenol. For
Columns C2 and C6 there were no notable accumulations of “total’ VEAs following the

resupplementations (RS 1 and RS2).

Notwithstanding the similar trends in pH and ‘towal” VFAs concentrations berween
Columns C2 and €10, undl day 92, Column C10 was never characierised by a decrease in

the VFAs concentration, which could explzin the consisrently lower pH values recorded.

The toxicity of VFAS at low pH values has usually been explained by their action
as “uncouplers”, According to Russell, 1.B. (1992}, however, the analogy berween
fermentation acids and uncouplers 1s flawed, Uncoupler anions cyele through the cell
membrane at rapid rawes but there is linle evidence thar fermentation acid anions can
operate m a similar fashion. Further, according to Russell. 1B (1992, it has been

suggesied that anion accumulation is responsible for the wxic effects of VFAs at low pH.
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When undissociated acids pass into the cell and dissociate in the more alkaline interior,
some protons are released although the effect of this influx has often been overemphasised,
If it 15 assumed that there is a 1M increase in the miracellular acetate concentration in i
bacterium, the H* /ATP swichiometry of the membrane bound ATPase is 3 and the
bacterium has an intracetlular volume of 3 o/ mg” protein, Based on these assumptions,
1umol ATP mg" protein would be required 1o expel the protons of the acetate. Even
anaerobic bacteria with moderate growth rates (0.5 b} can produce more than 50umaol
ATP mg” protein b (Russell, 1.B., 1992).

From a maximum of 78% (v/v) on day 183 the headspace methane concentrations
of Column C2 declined until day 36%. Subsequent increases and then decreases were
recorded as a resull of the mineral salis addivion. The increase following the mineral salis
supplementation could have resolied from the addinon of carbonate which 15 one of the
methanogenic precursors. It is mieresting to note that a methane concentration of S8% (viv)
was recorded for this column while the pH was 5.3. This could have been due 10 the
helerogeneous nature of refuse effecting a gross pH value of the leachaie which was
different from the pH values in the microniches of the refuse. Rees (1980), for example.
speculated that an active and well established methanogenic population could tolerate and
function at much lower pH values in the landfill ecosystem than it could m enther liquid
media or in full-scale anaerobic sewage sludge digesters.

The methane concentrations of Column C6 followed a similar wend although the
decline from a maximum value of 79% (v/v) was more rapid. The increase in
methanogenic activity in response o mineral salts supplementanon was alsg evident in
Column Ct despite the presence of pheno! (100 w0 483 mg /" ) in the leachate during the
same time period. The imerrelated reductions of the exogenous electron acceptors. nirage
and sulphaie. were apparently not inhibited in this column as low (<012 mg ()
CONCEnITalions were recorded prior 10 the mineral sahs addition.

From the above results it can be seen that, for the leachare recycle operared column
€6, the addition of 1000 mg /" phenol did not seem (o negatively affect the onset of

anaerobiosis or the terminal process of methanogenesis.
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In contrast, with Column C10 (Figure 3.2D) it appeared that the process of
acidogeness was not severely affected by the added phenol but the subsequent and
inerrefated processes of VFA cambolism and methanogenesis were significantly affecied.
These results agreed with the findings of Watson-Craik and Senior (198%) who observed
thar acetic acid accumulations coincided with depressed methanogeness.

The relatively low methane concentrations evolved by Column C10 did not result
from substrale limitation since the column was characterised by high “toal’ VFAs
accumulations and low gross pH values. However, it is doubtful if the low methane
generanon resulted from low pH values per se as Column C2 was characterised by a
methane concentration of S8% (v/v) despite a gross leachate pH of 5 4. Although it s now
generally recognised that high concentrations of VFAs and low pH regimes can ihibn
methanogenesis, the mechanism of this s not fully resolved (Kasali, Senior and Watson-
Craik, 1990a; Senior, 1990). Swrz. Topel, Ali, Merrent and Robinson (1991), for
example. reporied that relatively high VFA concentrations of 23 000 mg /' were not
inhibitory and, at pH values above 4 9, stimulated methanogenesis.

Several authors have indicaied that landfills may be either nurogen (Pacey. 198%:;
Senior and Balba. |987) or phosphorus (Senior, 1991) limited. which could severely inhibit
methanogenests and result in low methane evolotion. However . this dad not seem likely in
thes study as the leachates of Columns (2 and C6 both contaned low (<0.1 mg [ ')
phosphorus concentrations. Also. Watson-Crak (1987) dad not record any meneral/nutrent
hmuanons in comparabie refuse column nuadics amil + /- 680 days of operation.

Another possible explananion for the iow methane peneranon was competition with
the natraze and sulphate-reducing bacieria for common precursors (Senior and Balba, |984)
This possibiliry was supporied by relatively high concentranons of ). 12 and 89 mg [
for the respective elecron acceptors. nitrate and sulphate, prior 0 mineral salis addition.
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observed that over pressures of these gases could affect fermentation balance changes.

A culure headspace atmosphere of 100% CO, effecied 98% inhibition of methanogenesis
and partial suppression of acetogenesis while a gas mixwre of CO,-CH, (40:60 viv) also
exerted inhibrory effects on methanogenesis, These results seemed (o indicate that the slow
onset of methanogenesis resulted from either the slow development of a sufficiently low
redox potential, approximately -400 mV (Oremland, 1988), dependent on the metabolic
activities of, for example, sulphate-reducing bacteria (Senior and Balba, 1984), or gaseous
pverpressures, The laner would be the less |ikely as the experimental configuration
facilimted gas ventilation although, at times, significant gas volume accumulations were
recorded. It is also of interest to note that the nitrite concentrations also indicated an
apparent inhibition of nitrite reduction since a concentration of 13.9mg (' was recorded
for Column C10 Teachats i comparison with 0.11 and 0.22 mg 1 for Columns C2 and
Ch, respectively,

It, therefore. appeared thar the relatively low degradation raies of phenol may have
resulted In the inhibition of the nitrate and sulphate reducers as well as the methanogens.
Senior and Balba {1987), for example. reported that the anaerobic fermentation of aromatic
compounds required sulphate-reducing or methanogenic activity 10 maintain low cultural
concentrations of both acewate and hydrogen

The methane concentrations of Column C10 clearly increased following the mineral
salts addition although a benefictal effect on the pH was less evident as no significam
change was apparent The methane concentration increates, therefore, could have been due
i the added carbonate promoting the hydrogenophilic methanogens. Alsa, the phenol
resuppiemeniations appeared (o have enhancing effects on methane generation as Column

C10 exhibied between 42 and 56% (v/v) methane following the second supplementation
(RS1).

Baich Operared Columny

The residual phenol concentrations of the batch reactor leachates are shown (n
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Figure 3.3 A. The control column (C3) at all times exhibited very low concentrations with
a maximum of 14 mg ! detected on day 201. Despite the addition of 1000 mg [’
phenol 1o Column C7 the highest concentration recorded in this column was 240 mg [ '
after 25 days. This apparent immobilisation of phenol, especially in the early stages, could
have been as a result of physico-chemical phenomena such as adsorption to the refuse
surfaces. This increased adsorption compared with the equivalent leachate recycle column
(C6) could possibly have been due to the difference in operating conditions as the batch
mode column facilitated extended contact between the solute and the adsorbent as a result
of the lack of liquid movement. Despite the relatively low 1nitial residual phenol
concentrations, 4 protracted period of approximately 360 days was required to effect
concentrations approaching zero and this was only attained after the mineral salts addition.
Thus, anenuation could have necessitated a prolonged acclimation period for phenol
degrading microflora and/or the removal of elemental limitations, Further, notwithstanding
the initial protracted period for effective phenol catabolism, which was characterised by a
mean removal rate of 0.00125g kg d'. the phenol remaoval rate increased to 0.005g kg d

' following the first resupplementation (RS1).

The relatively low phenol concentrations recorded initially for Column C11 could
also have resulted from adsorption although the residual phenol concentration rapidly
increased to 761 mg [ after 25 days. Subsequently, the phenol concentrations decreased
and plateaved around 200 mg /"' untl day 369 after which they declined following
nurient supplementation to an average phenol removal rate of 0.0029g kg d”'. After the
first phenol resupplementation (RS1) the avefaga phenol removal rate increased to 0.039g
kg' d”' which could have been due to the removal of elemental limitations, due to the
mineral salts addition and/or microbial adaption. The increased removal rate exhibited by
Column CI1 compared to C7 was not unexpected as it has been shown that increased

influent concentrations can effect increased phenol catabolism (Wartson-Cralk and Senior.
1990),

The apparently protracted period required for microbial acclimation was also not
unexpected as Wang er al., (1993) reported that the acclimation period required for bacteria

derived from digested sludge, from a municipal wastewater treatment plant, which were fed
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a glucose-phenol (1000 mg [ ' ) mixture was sbout 195 days. Further, it is known that
increased phenol concentrations effect phenol degradation rates negatively. For example,
Wang er of | (1989) demonsirated in baich methanogenic experiments that increased
acclimation periods and decreased phenol degradation resulted when the initial phenol
concentration was increased above 600 mg [ ' In this present study an acclimation period
of approximately 360 days was required.

All the batch operated columns displayed an wmutial sharp decline in pH with
subsequent increases (Figure 3.3 B), However, during the first 234 days Column C1 i
displayed higher pH values than both the control and the 1000 mg / ' challenged column
(C7) which, in turn, displayed higher pH values than the control (C3). The increased pH
values recorded for Column C11 were unexpected as the column showed approaching
equivalemt VFA concentrations as the other columns over the same time period. Afier 360
days, however, Column C3 anmained a neutral pH while the phenol supplemented colummns
required 475 (CT) and 533 (C11) days.

Following the period of decreased pH values for Column C3 the VFAs
concentration decreased rapidly (Figure 3.3 C) wih a concomitam increase i the pH
valve, A similar result was later recorded for Column C7 which could. 10 pan, explain this
column’s slower recovery in pH values. Column C11 on the other hand displayed a shight
decrease in the VFAs generation/release raie with a corresponding increase in the pH value
following the mineral salts addition and a strong decrease following the first phenol
resuppiementation (RS1). Of imporance, however, s the fact that both phenol

resupplemenzation events did not effect any noticeable increases or accumulations of the
‘wmal’ VFAs.

The methane concentratons (Figure 3.3D) of Column C3 were variable aithough
the. now, characteristic increase with subsequent decrease following mineral salts addition
were again evident. During the first 288 days, similar methane concentration trends were
recorded for Columns C7 and C11. Subsequently. a concentration of 0% {v/v) was
recorded for Column C7 prior to the mineral salts addition, whereas Column C11 only
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increased following the addition. The initial low methane concentrations were, therefore,
not due o substrate limnation. Also, all the columns showed a general decrease in methane
concentrations following the first phenol resupplemenzation (RS1) although 1t must be noted
that the phenol co-disposal columns showed enhanced concentrations compared 1o the
refuse only conrol with column C11, for example, exhibiting & conceniration of 41% fv/v)
at the termination of the study, The resupplementation (RS2) with increased phenol
concentrations (<8000 mg '} did not appear o inhibit methanogenesis.

The positive effects of the mineral salts addition were also recorded for the electron
acceptors nitrate and sulphate in Column C7. Prior 1o the addition the concentrations were
3.7 and 6.5 (mg { ' ), respectively. Subsequently, the concentrations were below deiection
limits. A further point of interest s that detectable concentrations of nitrite were recorded
prior wo the add{tion but not afterwards, Phosphate concentrations were at all rimes below
detection limits. This seemed 10 indicate thay the refuse could have been nutrient limited
Further circumstantial evidence of this deficiency was the relmively high concentrations of
nitrate (8,41 mg "' ) and sulphate {10.6 mg " ). compared w0 (.37 and below detection
for the control, immediately preceding the mineral salis addirion. The cancentrations of
these electron acceptors rapidly decreased 1o below detection limits following the addition.
Far this column the phosphate concentravons were also at all imes below detection limits.

The presence of the clectron accepiors nitrate and sulphate 2s well as the VFAs
prior to the mineral sals addition supponed the view that phenol additions, especially 2000
mg | . inhibited the bacteria that metabolically preceded the methanogens. A similar
conciusion was also reached by Sulisti e af. | {1996b) who supplemented methanogentcally
actrve batch colwres with a range of o-cresol concentrations {from () w 7mM) and reported
that the addwon of o-cresol even at high concentranions did not affect the production of
methane compared 1o the control, These observations sugpested that o-cresal did not inhibit
methanogenesis directly but at concentrations =3 SmM i, possibly, affected
miCTOOrEanisms whose growth preceded those of the methanogens and Induced redoa
conditions which were favourable for the methanogens. For example, Ferry and Wolfe
(1976} showed thar the methanogenic fermentation of benzoate required the tooperation of
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several groups of bacteria and thai the methanogens served only as the werminal of ganisms
of the catabollsm

From these resulis is uppeared that the refuse methanogenic fermentation was
negatively affectad by the addition of, especially 2000 mg [, phenol prior o the sdditon
of the mineral sals, Promotion of the fermentation could then have resulted from:

a The buffering effect of the added bicarbonate: and/or
b. The addimon of essential nutrients; and/or
c. Although only small valume changes resulted. phenol dilunon

A possible buffering effect of the added bicarbonate was substantiaed by the resules
of Figure 3.3 B since the pH recovered markedly following the addition. This. i turn,
resulted i an increass in the methane concemration either due w the pH change or the
provision of methane precursors. The beneficial effecy of the addinon were alse evident In
the decreases in the phenol concentrations of both Columns C7 and C11 ahthough the
effects on the VFAs of Column C11 were not sustained,

Simulored Rain Columm

The ressdual phenol concentrations of the pontrol {04) were al all nmes very low (<4 8
mg /' | (Figure 3.4 A}, In contrast, the 1000 mg | ' co-disposed column (C8) exhibied very
high soncentrations of up o 840 mp [ afier 7 days and these remained refanvely constin &
around 240 mg ' until day 43 afier which & further reduction was recorded. |1 has been
demonsraed thal upon repeated wenmg and drying of the adsorbate the adsorption of
wenobioncs & sipmiwantiy wonger and the subseguent desorption of the senobionics s reduced
(C A du Plessis, personal communication), In this instance, however_ it appeared that the
aperilmg regime resulted in rapid leaching and, therefore, desorption of the added phenol from
the column resulied in very low phenol cambolism. Due to the initial perfusion regime and the
sutsequens addimon of rmin (180mJ/ per week) it was calculawd that approximately 81 % of the
added phenol was leached (rom this column. This further appeared 0 indicate that he
adsorprion of phenol o refuse was very weak (Ses Chupier 6). For the 2000 mg I co-disposed
column (C12) a stightly longer time was required to anain
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very low phenol concentrations although significant leaching (79%) was also evident for
this column. The phenomenon of weak adsorption was again recorded with the second
phenol resupplementation and was gvidenced by the rapid breakthrough and subsequem
leaching.

The pH values (Figure 3.4 B) of all three columns were below 7 prior to the
addivon of mineral saits after which slight increases were recorded with the pH values
again decreasing following the phenol resupplementations (RS1 and R52),

The concentrations of ‘wotal” farty acids (Figure 3.4 C) were, irrespective of the
influent, close to the same order over the entire length of the experiment although Cotumn
C12 was charncterised by, initially, higher concentrations. The relatively low
concentrations recorded for these columns could have boen due w either low rates of fny
scid production or, more likely, as a result of the leaching out of these acids.

Although the methane concemrations recorded for these columns (Figure 3.4 D)
wiere varfable they were, in general, relatively low. The low “iotal’ VFAs concentranons
could, therefore, not be accounted for by increased methanogenesis. Despite the addition of
water. which has been shown to enhance methanogenesis, the intermitten wetting and
drying appeared 10 inhibit the methanogenic process. The reasons for the enhanced methane
concemrations recorded for Column C12 following the second phenol resupplementation
were not clear as the fermentation indicators (pH and “total” VFAs concentrations)
remained reiatively constant which would seem 1o indicate that microbul adaption o the
phenol had oocurred.

133 The Effects of the Perfusion Strategy on Phenol Co-Disposal and Refuse
Degradarion

Water Perfused Columns

As previously discussed, the comrol columns at all times displayed very low phenal
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concenuations and, thus, did not appear 10 have been affected by the type of perfusion
strategy employed. The residual phenol concentrations are shown in Figure 3.5 A

All the columns were characterised by inital pH declines ( < pH6) although,
subsequently, the leachate recycle column (C2) and the batch reactor (Columa C3) auained
neutral pH values on days 148 and 369, respectively.

The pH values of the single elution (C1) and rain simulated (C4) reaciors increased
but only following the addition of mineral salis probably as a result of the added HCO,
'CO,*. The lowered pH values of the refuse subjected 1o leaching have been anributed by
Zmder, Anguish and Cardwell (1984) 1o the Nushing out of buffer (HCD, ) thus decreasing
the buffering capacity of the refuse. Supporting evidence for this was gained by the
relatively low concenrations of VFAs in the columns which had also been subjected w0
leaching. The increase in the pH of Column C2 leachate was coincident with a decline in
the “wotal” VF As concenrrations. Column €3 also showed similar results but not unti after
the addivion of mineral salns

The significant effect of the perfusion strategy on methanogenesis is indicated (n
Figure 3.5 D. The low methane concentrations recorded for the single elution and rain
smulated reactors could also have resulted from the low VF As concentrations and/or low
pH values Further, the continuous leaching of the VFAs could have resulied in a slower
esublishment of a balanced refuse fermentanon due 10 the removal of labile substrates.
Fimally. the physical effect of liquid channelling, through preferential pathways 10 the
refuse. could have resuhed in rapid Now regimes

Unlike wemperature and pH manipulation, increasing the moisture contem and
movement through a landfill is relatively simple and is usually effected by means of
leachate recycie. Klink and Ham (1982) illustrated thar moisture content per se and
effects of leachate recycie on refuse catabolism and methanogenesis still remain o be
mvﬂ.ﬁmh,uhhmﬁﬂuﬂw&“wﬂu-ﬁ-m
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form of pH neutralization did not offer any advantages (Buivid ¢f al., 1981 Barlaz, Milke
and Ham, 1987). Pohland (1989a:b), on the other hand, indicated that accelerated refuse
subilisation and conversion of labile substrates was evidem in leachate recycle test cells
compared 1o single elution cells. This enhancing effect was thought 10 be caused by one of
the following:

a Maintenance of a desirable moisture content throughout more of the refuse sample;
b. More uniform dutribution of a suitable pH value;

& Recycling and distribution of nutrients and enzymes etc; and

d. Dilution of inhibitory products (Buivid er al., 1981, Westlake, 1990).

The 1emporary Increases in the methane concentrations following minera! salis

addition could have been due to the added carbonate which is one of the methanogenic
precursors, These increases were, however, shon lived and soon decreased.

1000 mg | Phenol Perfused Columns

The residual phenol, pH, "total’ VFAs and methane concentrations for Columns C5
to CB. recorded during this study are shown in Figures 3.6 A - 3.6 D. Initially, the single
elution column {C5) showed relatively high residual phenol concentrations afier which the
values stabilised between 200 and 400 mg { . Clearly, however, a1 all times the phenol
concentrations of the single clution column were higher than the leachate recycle , baich
and simulated rain columns. This was as expected although the phenol removal rate and,
thus, the relative mass of phenol degraded, was higher in the single elution column than the
other three columns (Table 3.3). In the leachate recycle column the residual phenol
concentrations rapidly decreased to less than 200 mg [ " (day 60) while 92 days were
required by the batch columns to attain a similar residual phenol concentration. The
leachate recycle column, thus, showed an enhanced phenol degrading capacity. Watson-
Craik (1987); Watson-Craik and Senior (198%a) demonstrated similar enhanced
methanogenic biodegradation of a model phenol-containing wastewater perfused through
laboratory-scale refuse columns. This operating regime resulted in 100% attenuation of the

influent phenol and increased methane release rates, Similar enhancing phenomena were
recorded by

133



Figure 36  Clanges in Residusl Plessd Comevmrasons | AL pH (81, Toml' Volerile Famy Acids Comcesmranions (0] aml Meihane Crcensraions. (D9 o
MO Phennl Co-Ciiseeal Colues Cperated with Single Blabon (05, Leschme Recyeie (T8 Batch Mude () dmd Bemodatesd i i
During in Incubation Mersd ol 595 Day

P B e

0 i M0 N o400 400 600 TOO
f T Dl

[-cs ~c8 -ct - ca)

B — —S—— ———
n @ sty LTI TS
TS ; » T
T r:—."--'.n'l..... B o e =
ies e % i 8
L -
. - -}{f_‘ e
5-5 t.".
[ -
e Lo —
@ 100 00 MO 4D0 SO0 BOG  TDA
Tirme (Days]
=C5=08=-L7 «Ca|
. i E—— i

B P sy b b 8
L I o L e I L =



Sulistl { 1996b) with the co-disposal of o-cresol and municipal refuse. These higher rates of
methane release, as @ resull of leachate recycle, were attribuled wr

k. The reinroduction of sulphate jons and VFAS as electron acceptars and carban
sources, respectively.

h. The role of leachate recycle in maimaining the buffering capacity, and maimaining
leachate pH wvalues suimble for the growth of methanogens; and

c The recycling of leachare conaining bigh concentrations of organic acids which
promoted the acld hydrolysis of refuse components and Increased the pool size of
substraies for acewopenesis, which was required for acetotrophic methanogenesis

The simulated rain column showed raphd leaching and desorption of the phenol in
the early stapes with very low phenal removal accounted for by cambolism_ Although no
data have been presented on the effects of pH on the desorption of phenol from refuse,
Artiola- Foruny and Fuller (1982} reported accelerated desorption of phenol from smis
under acidic conditions, Therefore. desorption in the simuiated rain column could have

been promoied in the early stages of the study by the low pH values.

The promoted refuse fermentation as 3 result of leachate recycle (C8) was also

evidenced by the hogher pH values since this was the only column 1o atain 2 neutral pH
pricr 1o the addinon of mineral sals. Further, from Figure 3.6 B it can be seen that the pH
vilues increased simulianeously as the "wral” VFAs concentrations decreased. The hatch
reactor (C7) appedred 1o be stressed as & result of the 1000 mg | phencl co-disposal @
indicaied by the low pH values which remained low umril after the mineral sais addition.
Wason-Craik (1987) recorded a similar accumulation of YFAs with subsequent catabolism
promoied by moisture movement. The severe effect that both single elutlon and simulated
rain had was evident in the low pH values recorded for these two columns. Further, unlike
the leachate recycle and haich operated columns, these two columns exhibited only
ransient increased pH values following the mineral sals addition. It is worth noting that
the leachate recycle and bawh operated columns continuously maintaimed pH values around
neutral despite the two resupplementations (RS | and RS2,
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The single elution and rain simulated columns were, compared o the leachare
recycle and batch operated columms, characterised by low VFAs concentrations (Figure 3 6
C) in the leachates. The cominuously lowered pH values exhibited by the single elution and
the simulated rain columns were, thus, most probably as a result of the leaching of the
buffering capaciy and not due to an accumulation of ‘lotal' VEAs. However, the relatively
slow recovery in pH values of the baich operted column can be ascribed w0 the increased
‘total’ VFAs concentrations which only significantly decreased following the mineral salts
additon,

Notwithstanding the consistently low pH values and increased phenol concenmations
a methane concentration of S4% (viv) was recorded for Column C3 on day 148 afier which
progressive decreases were recorded. One possible explanation for this enhanced methane
release could be as a result of the enhancing effect of liquid movemem. The leachaw
recycle column (C6) similarly demonstrated elevaind methane concentrations which alsp
decreased from a maximum of 78% (v/v) on day 177, However, it is worth noting that
following the first phenal resupplementation (RS1) there was 2 general decreass in the
methane concentrations which then sieadily increased again afier the second
resupplementation (R52). 1o similar bioreactor studies, Fedorak and Hrudey (1984)
reporied phenol attenuation without severe methane inhibition, with phenol concentrations
£2000 mg /', sithough they suggested that the phenol-degrading acid formers were
imhibited & concentrations =800 mg [ ', It is, therefore, surprising that the buch operated
column [C7) showed signs of ihibition as demonstrated by the low methane concenirations
(Figure 3.6 D). Following the mineral sals addition progressive increases were recorded
which seemed 10 suggest an alleviation of elemental limitation. 1 must also be recognised
that the microorganisms in the refuse used had not been acciimated o phenol before bemg
challenged which could possibly explain the protracted period of inhibition as indicated by
the low methane concentrations. The general increases following the phenol
resupplementitions. also tended 1o indicate the positive effect of microbial adaption,
Although nitrate and sulphate concentrations of 3.1 and 10.6 mg 1 ', respectively were
recorded prior 1o the mineral salts additions, the phosphate concenirations were below
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detecton himis which would seem 10 sugges that elemental limmarions existed The
umulated rain colemn (C8) was characterised by continuously low methane concentrations
{Figure 1.60})

2000 mg | Phenol Perfused Columns

The residual phenol, pH, "total’ VFAs and methane concentrations of the columns
determined during the course of this study are given in Figures 3.7 A - 3.7 D. The single
elutiom column (C9) showed the highes! residual phenol concentrations followed by the
leachate recycle column (C10) which, i wrn, exhibited higher residual phenol
concentranions than the batch operated column (C11). Both Columns C10 and C11 only
exhibited phenol concentrations approaching zero afier the addition of mineral sahs (Figure
3.7 A). The simulated rabn column (C12) again demonstrated that a significant
concentration of phenol was leached from the refuse especially during the wmal 80 days
afthough low concenirations (<54 mg (' | were recorded for a considerable tme and
values approaching zero were anly recorded after 369 days. The remaining fraction has
often been referred to as the ‘resismnt fraction” in previous desorption swdies which have
also demonstrated the difficulty of desorbing this fraction (Kan, Fu and Tomson, 1994)

Despite the "recovery” of the pH values for the (D00 mg [ ' leachawe recycle
column (C6} the equivalem 2000 mg ! * column {C10) only amained a neutral pH after
664 days. Surprisingly, the addition of the mineral sains did nos effect a significam pH
merease for this column although 2 marked increase was evident following the second
phenol resupplememation {Figure 1.7 B). The bach operated column (C11) alo showed
slight increases followmg the mineral salns addition with a neutral pH reached and
mamizined following the two phenol resupplementations (RS] and RS2). The single elution
and rain operated columms, with one exceprion, did not exhibit & pH value greater than 6.5
during the course of the experiment

The relatively low pH values recorded for Columns C 10 and C11, prior (o the
pheriol resupplementations, can be explained, in part. by the continued high concenrations
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of VFAs (Figure 3.7 C). Unlike the bawch operated column, the leachate recycle column,
desplre the neutral pH, constantly exhibited increased ‘wtal' VFAs concentrations, The
leaching from the single elution (C9) and simulated rain (C12) columns could be seen in
the continuously low concentrations of VEASs in these columns, The low methane
concentrations detected |n the recycle (C10) and batch (C11) columns prior 1o the mineral
salts additions were unlikely 1o have resulted from substrate limitation. A more likely
explanation was the possible slow establishment of a suitable redox potential as, prior o the
mineral salts additions. the leachate nitrate concentrations of Columns C10 and Cl1 | were
3.12and 3.1 mg { ', respectively while the equivalent sulphate concentrations were 8.9
and 6.5 mg | ', However, following the addition of mimeral salts the concentrations of
these alternative electron acceptors declined rapidly. Further, the nitrite concentrations
prior 1o the additions were 139 and 8.4 mg /' but these also declined following the
additions, It is encouraging to note, however, that, notwithstanding the addition of <4000
mg /" phenol, none of the fermenmtion indicalors (pH, “otal’ VFAs snd methane)
demonstrated significant inhibition due 1o shock loading.

The low methane concentrations in the single elution (C9) and simulated rain (C12)
colummns (Figure 3.7D) were ambiguous as the nirae and sulphare concentrarions
approximated to the pre- and post-mineral salts addition concentrations. The mineral salts,
however, had a significant effect on the methane generation and this could have been due 1o
the added precursors such as bicarbonate. Displacement of such precurson would,
however, have been characterittic of the single elution column (C9). Further, it mus: be
poinied oul that following the mineral salts addition the rain simulated column displayed a
brief increase m methane concentrations although a dramatic increase i > 40% (viv) was
recorded after the second phenol resupplementation (RS2} The reasoms for this positive
enhancement of methanogenesis are not clear as no mdication of enhanced refuse
degradanion was apparent from the cambolism parameters such as pH or “oml' VFAs. This
would seem  indicae thar microbial adaption was most likely responsible for the
mcreased methane concentrations.
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3,34 Conclusions

It can be concluded that, according o the refuse fermentation criteria of pH. "rotl’
VFAs concentrations and methane concentrations, the co-disposal of 1000 and 2000 mg /'
phenol by single elution (Figures 3.1 A - 3.1 D) did not appear 1o significantly inhibir
refuse catabolism. The enhancing effect of 1000 mg {* phenal co-disposal (C5) on
methanogenesis was apparcnt although it was not clear how the added phenol effecied such
concenirathon increases as the concemtration of the added phenol was, in all probability, low
i comparison with more labile subswrates. Significant accumulations of nitrate and/or
sulphate were not recorded for this column although the re-direction of electron transport
away from the mirate or sulphate-reducing bacteria towards the methanogens could have
been implicated. Watson-Craik, Sinclair, James, Sulisti and Senior (1993) reported similar
increased methane productions resulting from differential inhibition and re-directed electron
flow which were induced by phenol co-dispasal in refuse columns, Also, the actual pas
generabion rate was nol measured during the course of this study which would have
facilitated 2 more accurate appraisal of the rates of methane production. To make a
definitive assessment of the amounts of phenol conversion radio-labelled compounds would
have w be used. Also, it is important to note the slight inhibition of these parameters, pH
and ‘toal VFAs reiease, following the phenol resupplementations indicated a degree of
microbial inhibition.

For the leachate recycle operated column {C6), the addition of 1000 mg | ' phenol
did no: seem 10 negatively affect the onset of anserobiosis or the terminal process of
methanogenesis. In contrast, with Column C10 (Figure 3.20) it appeared that although the
process of acidogenests was not severely affected by the added phenol, the subsequent and
intertelated processes of VFA catabolism and methanogenesis were affected. These results
agreed with the findings of Watson-Craik (198%:c) who observed thar acenc acid
accumulanons comncided with depressed methanogenesis.

Unlike the 1000 mg | ' challenged column (C6) the increase in influent phenal
concentration {2000 mg | " ) did negatively affect the refuse fermentation and resulied not
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only m a lowered pH and concomimnt accamulation of 1otal” VFAs and decreased methane
concentrations bur also in the inhibition of nirae., and subsequem reduction of nirite, a5
well as sulphate reduction. This seemed to indicae that other key members of the
inleracting associations could have been more vulnerable o the added xenobwoic and thas
remrded the mineralisation of the perturbant. Senior and Balba {1987}, for exampile.
reported that the pnperobic fermenttion of aromatic compounds required sulphate-reducing
or methanogenic activity w mainwin low culral concentrations of both acewmie and
hydrogen.

The batch operated columns (1000 and 2000 mg | " ) extubited suppressed
methane concentrations compeared to the refuse only control prior @ the mineral sals
additions after which. and despite the phenol resupplementations, the co-disposal columns
exhibied increased methane concentrations, Further, the increased phenol removal rates
exhibited by Column C11 compared 1o C7 (Table 3.3) were not unexpected as |t has been
shown that (ncreased |nfluent concentrations can effect increased phenol catabolism
(Wamon-Craik, 1987), As with the leachate recycle columns, accumulations of the electron
accepiors, nitrate and sulphate, demonsirased the sensitivities of the bacteria which precede
the methanogens.

It appeared that the simulated rain operatmg regime resulied in rapid leaching and_
therefore, desorption of the added pheno! with concomitant low phenol catabolism.

For the 1000 mg (' challenged columns the operating regime with the highest
phenal removal rate was undoubiedly single elution (Table 3 3), However, this method
resulted m decreased pH values Thus, if this method of operation was practised a1 a site
mobilisaton of heavy metals could result.

Taking imo consideration the methane release rates. pre- and post-minera) saits
addition, leachate rerycle appeared 1 be the best practical option. The batch mode column
indicated that this operation resulted in refuse fermentation inhibition whes pH, “wal’
VFMﬂmmumﬂumnndmeﬂmmhmwcmudHMyMﬂmm
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However, following the minerals salts addition and the phenol resupplementations this
method, compared to the leachate recycle column, gave comparable increased phenol
removals. In a study made by Warson-Craik (1987} a leachate recycle sirategy maintaimed a

rate of attenuation higher than a single elution column.

From the results of the present study it was apparent that the operaung regime
employed plays a greater role in both refuse degradation and phenol catabolism than the
concentration of the xenobiotic co-disposed. However, following the phenol
resupplementations, with the exception of the single elution columns, the leachate recycle
and barch operated columns exhibied phenol removal rates of the same order which

seemed 1o indicate thar at that stage the operating conditions plaved a less significant role
{Table 3.3)

Also, the resulis seemed to indicate that full-scale co-disposal operations should
endeavour to enhance the iguid flux through the refuse, This conclusion has been siressed
by the UK, Deparrment of the Environmem (1994) who stated that flushing bioreactor
conditions are needed for successful co-dispasal. An environment conducive both to
microbial activity and the removal of solubilised materials depends on adequate moisture
content and flux through the wasies (Depariment of the Fovironment . 1684)  This then
leads 10 @ separate requirement for contamment, and possibly recirculation. The hydraolic

retention time, which is site specific, should, therefore, be assessed with specific attention

being given 1o channelling or impermeable zones.
3.3.53 The Effects of Mature ('Aged’) Refuse on Phenol Co-Disposal

Refuse disposed in landfills passes through sequential stages of degradation hefore
all of the |abile maner has been stabilized (Barlaz, Schaefer and Ham, 1989a; Westlake,
18901 The landfill is considered o be smble as soon as no further degradanion takes place

and when the catabolic products in the leachate and gas are minimal (Chapman and Ekama.
1597 ).



Numerous rescarchers have anempted to classify the differemt decomposinon stages
which refuse must pass through to give the terminal end products of CH, and CO, (Barlaz.
Ham and Schacfer, 1990; Large, 1983). One of the first such classifications was presented
by Farquhar and Rovers (1973) who relied mainly on gas composition data 10 characterize
refuse decomposition. The process of degradation was divided into four stages. The stages
identified were designated as Phase |, Aerobic: Phase 2. Anaerobic Non-Methanogenic;
Phase 3, Anaerobic Methanogenic Unsteady, and Phase 4, Anaerobic Methanogenic
Steady.

Presem landfilling techniques, in general, result in numerous individual ceils or
layers being formed each in its own phase of degradanion. Further, doe o the longevity of
modern and deep landfills the major proportion of the refuse will be 'mature’ before the
site 15 closed. This implies that the relevant microbial associations will have established and
the mineralisation of organic compounds will be proceeding. The process of refuse
degradation 10 the terminal end products, methane and carbon dioxide, ts a dynamic and
highly complicated process and clearly cannot be reduced into simplistic compartments
(Senior and Balba, 1990).

In this study the phenol chalienged columns (CS-12) were used as the controls for
the experimental “aged” refuse columns (D |-D6).

Singie Elurion Columns

From Figure 3.8 A it can be seen thai the residuai phenol concentrations of the
single elunon, 1000 mg / * perfused, column (D1), over a period of 350 days, did not
notably differ from those recorded for Column C5 with mean removal efficiencies recorded
of 39(0.21g kg d') and 42% (0.24g kg d"), respectively. After 80 days operation the
PH values recorded for the ‘aged’ refuse leachate were lower than the values recorded for
Column C5 (Figure 3.8B). This was not unexpected as Watson-Craik (1987) demonstrated
that “fresh’ (I month) refuse had a buffering capacity which was considerably higher than
n mature (2.3 years) refuse samples. The slighi increase in the pH of D) after 70 days,
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compared o Column C3, could have resulted from both a relatively low ‘total” VFAs
concentraton (Figure 3 BC} and a greater inoculum size m the marure refuse. The laner
explanation appeared less |ikely as the headspace methane concentrations recorded for
Column DI progressively declined as the experiment progressed (Figure 3.8D). The
deciine in methanogenic acuvity in Column D1 could have resulted from an exhaustion of
methane precursors although the “total’ VFAs concentrations (Figure 3.8 C) did not suppart
this possilrilivy. Fullowing the phenol resuppleinenation (R52), bowever, e metlane
concentrations increased agam.

It. therefore, appeared that “aged’' and mewmbolically active refuse did not offer any
advantages over fresh refuse as regards phenol atenuarion and degradanon.

Similarly, the results of the 2000 mg | perfused columns operated with single
e¢lution (D4 and C9) were comparable during the imirial 350 days (Figure 3.8 A). The
average phenol removal of Column D4 was 56.8% {0.48g kg' d"), while the equivalen
values for Column C9 were 57.3% (0.57g kg' d'). From these resulis it can be seen thas
with an increase in the influem phenol concentration, from 1000 mg [~ w2000 mg [7. 2
concomitant increase in phenol degradation resulied, Wamson-Craik and Senior (1990)
similarly indicated elevated removal rates with mcreased organic loading raes although
these rates decreased with influent phenol concentrations =565 mg ¢

Despite the lower pH values of the “fresh’ refuse column (C9) (Figure 3.8 B)
compared with Column D4 both columns exhibited, during the first 370 days. pH values of
< pHb. The lower pH values in Column C9 were not unexpected since this column was
characierised by significantly higher VFAs concentranions (Figure 3.8 C). Norwithstanding
the higher VFA4 concentrations, the methane headspace concentrations were comparabie
with both columns showing Jow (< 8% v/v) methane concentrations. The lower VF As
concenrations recorded with the mature refuse were probably due 1D the previous
degradation of labile substrates rather than pheno! inhibited acidogenesis.
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Leachate Recycle Colummns

The iniual (days 1 to 50) resideal phenol concentrations of Column D2 were
indicative of the apparem [mability of "aged’ refuse to readily adsorb phenol (Figure 3.9 A).
Knox (1989) similarly Indicated that the amount of xenobiotic (phenol} adsorbed was
dependent not only on the type of compound but also (o a great extent on the age of the
refuse, Despile the apparent decline in phenol adsorption, however, the residual phenol
concentrations rapidly decreased afier appronimately 50 days from which point Columns
D2 and C6 demonstrated comparable concentrations. This increased desorption of phenol 1n
Column D2 1ogether with the mean phenol removal rate of 0.0033g kg* d ' compared o C6
(0.0082¢ kg" d') supgested that the mamwre refuse did not invariably act as an efficient
source of inoculum for phenol degradation. Similar results were reported by Watson-Craik

{1987}, who indicawed that “mature® (>3 years) refuse effecied lower phenol removal rates
compared with “active™ (4 month) or “fresh” (1 month) refuse.

Although, |ike the single elution columns, the mitial pH values of the mawre refuse
leachate were lower than the 'fresh’ refuse equivalent the subsequent rapid decline
residual phenol concentrations appeared o coincide with gradual increases in the pH values
(Figure 3.9B). The "fresh’ refuse column on the other hand demonstraied a rapid increase
in pH, possibly due 1o is higher buffering capacity, and this coincided with decreases in
the "lowl" VFA concentrations (Figure 3.9 C). The VFAs concenirations of the mature
refuse suggested that the labile acids had been cambolized. This was as expected since the
establishment of a balanced fermentation often resuits in dramatic pH and VFA
concentration changes, For example, Robinson (1989) indicated that ar the Crompton
Basseil Landfill site in Southern England, U. K. that the eachate extubited a dramatc pH
rise from 5.7 1o 7.9 with a concomitan decrease in the COD value from 64 000 mg ' to

2600 mg (' as the volatile farry acids were membolised over a 12 month period.

Despite the relatively low concentrations of VFAs recorded in Column D2 leachate
the methane concentrations remained remarkably high (+/- 45% v/v) until the phenol
resupplementation when a decrease was recorded (Figure 3.9 D). The higher methane
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concemrations in the early stages of the experiment were possibly due o, Initially, higher
numbers of anarrobic and methenopense bacteria m the mature refuse. The headspace
methane concentrutions pf Column C6 on the other hand showed dramatic rises o &
maximum of 73% (v/v) on day 155, only @ decline w0 a mintmum of |6 % on day 329,
These decreases in methane copcentrations have been discussed previously (Section 3.3.2)
where || was concluded thar the rapid degradation of labile subsirares would subsequently
result in lower methane generation, This conciusion was supported by the apparem

decreases in the 'total’ VFASs concentrations after approximately 75 days, The results from

the mature refuse column did noi, however, support this view.

The 2000 mg ! ° phenol perfused column (DS) also showed higher initial (day | 1o
200 resydual phenol concentrations although these rapidly declined 1o reach a concenration
of 63 mg | * after 59 diys and maintmined a removal rate of 0.007g kg™ ¢' compared to
ihe 'fresh’ refuse column (C10) removal rate of 0.0013g kg &' This cambolsm could
also have been faciliared by anomalously high pH values which were at all tmes above 7
(Figure 3.9 B). This enhanced removal of phenol and neutral pH values could have resulied
from the higher inoculum size in the “aged’ refuse and the rapid establishment of & stable
fermentztion. However, the higher pH values also reflected the Jower ‘total' VFAs
cemcen(rations (Figure 3.9 C)

The dramatic effects that mature, compared to "fresh”, refuse. in the presence of
phenol perfusion, had on the methane concenrations can be seen in Figure 3,9 (D),
Column D3 evolved methane &t 3 conceniration of 45.2% (v/v) after 36 days, This
enhanced methane concentration could have resulwed from a combination of the increased

pH, and lower phenol and VFAs concentranions as well as increased microbial activity and
numbers.

From these results the enhancing effect thar the combination of leachate recycle and

mature refuse had on refuse catabolism and phenol removal was evident
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Batch Operated Columns

Initially, the batch operated, mature refuse, column (D3) showed increased residual
phenol concentrations (Figure 3.10 A) probably due to low adsorption. Subsequently, a
dramatic concentration reduction was apparent after approximately 50 days. After
approximately 75 days the mature refuse column demonstrated lower residual phenol
concentrations than the "fresh™ refuse control column (C7), possibly due to the inherent
number of catabolic microorganisms in the refuse, and averaged a phenol removal rate of
0.0076g kg~ d'. Barlaz, Schaefer and Ham (1989b) reported that of all the bacterial groups
required for anaerobic mineralisation of refuse, it is the methanogenic bacteria which are
the most lacking in ‘fresh’ refuse, probably as a result of their oxygen sensitivity,
Therefore, the metabolically active mature refuse probably had a greater inoculum size
which resulted in a more rapid progression of the fermentation, The 'fresh’ refuse column
(C7) mainwained an average phenol removal rate of approximately 0.0012g kg’ d”' and the

phenol concentration in this column after 350 days was still 132 mg .

The decreases in residual phenol concentration of Column D3 resulted despite
relatively low pH values which, subsequently, increased markedly after approximately 100
days (Figure 3,10B). The ‘fresh’ refuse column, on the other hand, demonstrated
consistently low pH values over the experimental period of 350 days. The initial decreases
in pH of the mature refuse leachate could have been due to the excavation and packing

processes which could have disrupted the fermentation balance although no rotable

accumulation of VFAs was recorded (Figure 3.10 C).

The decreases in phenol concentrations and the subsequent pH value increases of
Column D3 could have resulted from an active microbial population as evidenced by the
sustained high methane concentrations (Figure 3.10D). These results are consistent with
those of Senjor and Balba (1987) who indicated that phenol degradation required an active
methanogenic population. The consistently lower pH values of Column C7 leachate could

have been due, partly, to the relatively high ‘total’ VFAs concentrations (Figure 3.10 C).
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Therefore. the lower methase concenranom recorded for Columa C7 idays | w0 200) were
not dur w© subsirase limaaton

Unlike the other mature refuse columns. Column D6 at all times was charactersed
by lower phenol concentranions than the fresh refuse control (C11) and exhibited an
sverage phenol removal rate of 0 00Sg kg ¢ which, unlike the “fresh’ refuse columns,
was lower than the equivalent 1000 mg [ * perfused column = This phenomenon could be
ascribed w a gresser initial microbial population which was able 10 rapadly adapt 10 he
perturtam and thus effect phenol catabolism. Further . the shghtly hugher pH values of the
mature refuse could also have been a contribuory facor. The lower microbial inoculum
size o the “fresh” refuse resulted in protracied periods of both adaption and phenol
catabolism as well as ihe eswablishmem of 3 balanced fermentation as cvadenced by a
consistently low (< 6.2) pH regime (Figure 1 (0 B). Ths was further mdicased by the
enhanced acidogenesss i relanion o acwdorophy Despie the higher concesrations of
‘wtal” YFAs recorded for Column C1 1 (unlike Column D6). the methane concentranions
remained low ynd attained 3 concensation of 16 (v/v) after 131 days. The enbanced
microbial activity in the mature refuse sppeared 1 cffect » thon lag phase and clevamed
methane congentrations as well as enhanced phenol removal rates These could have been
due 1o euher higher numbers of microorgansms. especially methanogens. or to adaption 1o
e wencbiotic. The laner explanation o possible since refune from the Uminzi landfill sine
could have been exposed 10 phenol due the operanion of the wie & 3 co-disposal landfill

in peneral, it can be concluded thas the made of operation in relation 1o the use of
mature and “fresh” refuse was crwical For cxample, the single elution columns exhibued
no sgnificam enhanced refuse and phenol degradation in the aged refuse columm
However, wiuh the leachaw recycle and baich operated columms phenol casboinm was
promoted by co-dnposal with mature refuse
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3136 The Effecs of Perfusion Sorategy on Refuse and Phenol Cambolism in Mature
Refuse

1000 mg | Pheno! Perfused Colummny

Columns 01-D3 were challenged with 1000 mg | phenol and operated as
detatled in Secnon 3.2, From Figure 3.11 A it can be seen that the phenol concentrations of
both the recycle (D2) and the batch (D3) operated columns decreased rapidly from initally
high values while the single elution column (D) remained above 600 mg /' for most of
the study period. The single elution column averaged a phenol anenvation of 38 5% which
was equivalent to 0.21g kg' d”. The barch and recycle columns, on the other hand,
averaged phenol removal rates of 00033 and 0.0076 g kg"' d”, respectively. From these
results i be seen that single elution was the mogt effective strategy if the objective was
o maximise the removal of phenol. One reason for this could be that in the recyele and
batch operated systems the leachate phenol concentranions progressively decreased with
time thus the recirculation column {D2) was operated &t sub-maximum removal rates for
much of the study, Although the column was competent to remove 1000 mg | * pheno!
from the influem (ar a mean dilution rate of 0.03 h'), a remova! raie of 0.006 g kg™ wei
refuse d ' was recorded during the first 98 days while iowards the laner part of the
experiment (days 98 and 131) the mean removal rate decreased 10 0.0004 g kg’ wet refuse
8" A similar result was obiained by Wasan-Cratk (1987) who reported that the
continuously declining mfluem phenol concenranon resulted in a mean rate of removal
decrease from 0,12 1 0 087 mg pheno! om™ refuse d° between davs 122 and 531 of her
stugdy

The columns were all innially characierised by low pH values (Figure 3.11 B)
although pH increases were recorded afier about 100 days. Unlike in the equivalent "fresh’
refuse column (C7) the batch column (D3) anained a neutral pH on day 122 while the
leachate recycle column (D) required 325 days before the same value was reached This
was unexpecied as the “fresh’ refuse colymns all demonstrated mereased pH values in the
presence of leachate recycle. Further, Watson-Craik and Senior (1991) reparted that
leachate recycle acrually increased and mainmined the buffering capacity of refuse.
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The “wotal' VFAs concentrations also appeared 10 contradict these higher pH vaiues
m D3 as this column showed higher VFAs concentrations than the recycle column (D2),
Both these columns. 10 tern, exhibited higher concentrations than the single elution column

(D) particularty in the carly stages.

The enhancing effect that recycle and batich mode operation had on refuse
catabolism was also supporied by the methane concentration results (Figure 3.11 D) which
were at all times higher than in the single clution column.

2000 mg | ' Phenol Perfused Columns

The fermentation parameters recorded for these columns are detailed in Figures 312 A -
D. The single elution column perfused with 2000mg / ' phenol (D4} was charactersed by
an average removal of 56.8% which was equivalem 10 a removal rae of 0.48g kg "¢ As
with the “fresh” refuse columns, the mature refuse columns also demonstrated increased
phenol catabolism with increased influent concentration. The leachate recycle (DS) and
batch (D6) columns on average mamuined removal rates of 0 007 and 0.005 g kg ' d”.
respectively. As with the 1000 mg { * challenged columns, these columns recorded the
greatest phenol removal when operazed with single clution while, unlike the 1000 mg [
perfused columns, the leachate recycle column demonstraied greaser removal capacity
compared o the batch operated column.

From Figure 3.12 B n can be seen that only Column D3, which was operated with
leachate recycie, experienced a neutral pH from the early stages of the experiment. The
batch operated column (D6) showed a gradual increase in pH to amain a neutral pH on day
325, Despiie these lower pH values recorded with Column D6, this column, like the
recycle column, showed enhanced but comparable methane concentrations throughout the
swdy (Figure 3.12D). The continued high concentrations of residual phenol and the low pH
values appeared to inhibit methanogenesis in the single elution column (D4). The 1ol
VFAs concentrations of Column D6 were relatively high in the early stages of the
experiment, thus indicating a pool of labile substrates for the methanogens. In contrast, the
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leachaie recycle column (DS) at all times showed low concentrations, Similarly, the single
elution column {D4) was characterised by low 'total' VFAs concentrations thus, possibly.
explaining the low concentrations of methane recorded (Figure 3.12 D).

1.3.7 Conclusions

As discussed for the "fresh’ refuse experiments, the results of the mature equivalen
refuse chalienged with either 1000 or 2000 mg !~ phenol indicated that the perfusion
regime determined the effectiveness of the refuse fermentation and/or phenol catabolism
when pH, ‘toral’ VFAs concenirations and methane concemrations were used as the
amalynical criteria.

Despite the seemingly inhibited refuse catabolsm, the average phenol removal
rates, for both the 1000 and 2000 mg | challenged columns, prior 1o the phenol
resapplemenmation (Table 3.5) were highest in the single elution operated columns.
Similarly to the "fresh’ refuse columns, a significant increase in the phenol removal rate
was evident with mcreased influem concentrations. However, the equivalemt 'fresh’ refuse
ungie elution columns (C5 and C9) (Table 3.3) demonstrated increased removal rates
compared to the mawre refuse columns (D1 and D4) {Table 3.5). The mean phenol
removal rates following the phenol resupplementation were not calculated as,
unfortunately, insufficiem data poinis were recorded for accurate scrunny.

It must be moeed that subsequen: o the phenol resupplementanon the single elution
coiumn_ unlike the leachats recycle and baich operaied columns, exhibited strong decreases
wm pH values, For & foll-scale co-disposal Iandfill site an equivalent reduction in pH could
be potentially hazardous with regards to the mobility and desorption of xenobiotics,
especially heavy metals.

In conwras, leachate recycle through the refuse mass clearly demonsirazed enhanced
refuse catsbolism as well @ higher phenol removal rates when compared o the bawch
operated sysiems,
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Table 3.5  Mean Pherol Removel Rates for the Single Elution, Leachase Recyole and
Barch Opersted Columns. Packed with Mature Refuse, Dering an Incubation
Period of 186 Days

Mean Phenol Removal Rate
Prior to Phepol

(] Single Elusion
| B2 Leachair Recycle 0033
D3 Barch Mode 30076
Iil D4 Single Elution 0.48
' 03 Leachate Recycle 0, 0EFT
| Df Batch Mode | 0005

Further, the benefii of maure refuse for the purpose nf phenod | | ) and YK my
') eo-dupowal in comenctom with leachate recyele and baich operanon regimes was clexy
since sigmificamly moressed pH valuesy and methine comentratomns esulied. The mean
pheno! removal rees indiceed thar (the leachue recycle and haich operaied column, with
the eaception of Column D2, with mature refuse (Table 3.5} meinmmed enhanced raies
compared 1o the equivalol “fresh’ refuse columm (Teble 3.3). Also, and possibly more
uportantly. the leachse recycle a well ay the baich opermed columns did pot demonsoae
iny marked microbial mhibition with the phenol recupplemenmnon In g andfill stuston
thm could be exmremely mmpormn = the co-disposed compound will, m all probability be
aided & Ireques intervals wiich could o effec. challengr the microorganinms
repearedly Further, due lo the apparem tobusiness of the leschee recycle and batch
opernied enlumns it was though! tha! these columes would alse be more wolerant of the
simmultmnecus and sequential co-disposal of differem xenohiotos



CHAPTER 4

ASSESSMENT OF THE IMPACTS OF ANAEROBICALLY DIGESTED SEWAGE
SLUDGE CO-DISPOSAL WITH REFUSE ON REFUSE CATABOLISM

4.1 Introduction

The increasing need for efficient and environmentally friendly processes for sewage
sludge disposal has been highlighted in Section 1.8. Furthermore, as discussed earlier
(Section 1.8.12), the potential benefits that can be accrued from sewage sludge co-disposal
with refuse are still under debate. The objectives for this study were, firstly, to determine
the effects of anaerobically digested sewage sludge co-disposal on refuse catabolism and.
secondly. to determine the most effective co-disposal strategy to optimise refuse

catabojism.
4.2  Experimental Procedure

Sewage sludge was added to refuse in discrete layers as indicated in Figures 2.1 and
2.2 10 model, as closely as possible, actual field conditions where sludge is usually poured

into a trench, excavated in the refuse mass, and subsequently backfilled (U.K. Department

of Environment, 1988).

For convenience, the columns (A1-A12) operated with a refuse:sludge Joading of
4.5:1 were designated "high loading" columns, while the columns (B1-B12) operated with

a loading of 9:] were designated "low loading” columns.

The column headspaces were not initially overgassed and thus the redox potential of
the refuse mass was allowed to self generate through the activities of the in situ
microorganisms. The initia) perfusion regimes (Section 3.2) and "start up” procedures
(Section 3.3) were identical to the phenol co-disposal columns and minera) salts additions

were again made (Section 3.2.1).
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The anaerchically digested sewage sludge used. unless otherwise indicated, is
referred to simply as “sludge”. A summary of the modes of operation as well as the sludge

ratios and eluents used are given in Table 4.1

Table 4.1 Perfusion Strategies and Operaung Condions for Indnadual "High”
and "Low" Load Dual Co-Disposal Columns

f Column Number and Eluent T Mode of Operation
Sludge Ratio

Al (&.5:1) B1(9:1) Distilled Water Single Elution
A2 (4.5:1) B2 (%:1) Distilled Water Leachate Recyele
Al (4.5:1); B3 (9:1) Distilled Water Batch
A4 (4.5:1), B4 (9:D) Disulled Water Smulated Rain
AS (4.5:1) BS(9:1) 1000 mg ' Phenal Single Elution

| A (4.5:1). B6(2:1) 1000 mg ' Phenal L=achate Recycle
AT (4.5:1); BT (9:1) 1000 mg | Phenal Batch
Ad (4.5:1): B8 (9:1) 1000 mg | Phenol Simulated Rain
A9 (4 5:1); B9 (%:1) 2000 mg ! Phenal Single Elution
Al0(4.5:1); B10 (9:1) 2000 mg { Phenol Leachate Recycle
A11{4,5:1); BI1 (9:1) 2000 mg " Phenol Baich J
Al24.5:1) BI2 (9:1) 2000 mg { " Phenol Smmulated Rain

4.3  Results and Discussion
431 Microcosm Cperation

[n pracuce. the maximum concentration of sludge which can be disposed of In any
landfill site depends on varous site specific factors such as the refuse rype and age, and the
refuse and sludge moisture contents (UK. Department of Environment, 19883, In a study

made-at the Coastal Park landfill site, Cape Town It was determined that the highest ratio

(1)




which could be used without compromising the operative working conditions was 4. 5°1
(wrw) (Novella, 1992). This was. therefore. the highest sludge loading used in the present
study

412 Refuse and Anaerobically Digesied Sewage Shudge Co-Disposal

Single Elution Columns

The single clution columns (Al. Bl and C1) (Figure 4 1 A). in general. were
characterised by relatively low ressdual phenol concentrations (331 mg [ ') although.
especially in the early stages ( < 120 days). the shudge supplemented columns (A and B1)
showed slightly higher residual phenol concentranons thas the refuse conmrof (C1). These
increased phenol concentrations . in the presence of siudge addimons. cowid have been due
1o gither phenol concentrations inherent in the sludge or moreased phenol release due 0
higher degradation rates of phenol-contaming compounds such as lignin  Unfortunately . the
former was not verified as no slodge controls were inciuded while the lanter could have
been due w the miccobial inoculum added with the siudge |ncreased mcrobal activity
resulting from sludge additions has been nowed by Blakey (199)) who reporied enhanced
refuse degradation rates due 0 sludge additions  Further, over the expernimental penod the
“high load” column was charactensed by higher residual phenol concentrations than the
“low load” column which. in murn. had Migher concentrations than the control. Following

these early, and relatrvely high. concentrations all the columns showed residual phenol
concentration decreases afier 120 days.

During the first SO days, the columns were all characierised by decreased effluem
pH values (Figure 4 | B) although the control column (C |) recovered v amam a pH of 6 on
day 92. at which point. Columns A} and B! had pH values of 4. 7. The mineral salty
addition on day 359 resuited in pH increases for the effiuents of Columns C1 and B and
neutral pH values were atained afier 414 and 437 days, respectively. These increases
could, however. in part, be attributed 1o the carbonates added with the minera) salts
medium and, in turn, could also explain the subsequent decline in pH values as the added
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carbonate was utilised. Column Al did not appear to respond 10 the same extent as CJ and

B1 10 the mineral salts addition and never autained a pH greater than 6.2

These lower effluent pH values as a result of siudge co-disposal were unexpected as
Chapman and Ekama (1991) calculated that anaerobically digested sludge co-disposal added
between 1800 and 2300 mg I* H,CO, alkalinity (as CaCO;). Further, in bjoreactor studies
with anaerobically digested sewage sladge co-disposal, Daneel (}993) recorded marked
increases in the pH for sludge supplemented bioreactors compared to refuse controls. With
activated sewage sludge co-disposal a similar result was obtained by Sinclair (1994) who
reported a direct relatjonship between the sludge loading and the length of time for which
the pH remained at its most acidic. The addition of activated sludge in high loadings
resulted in the most rapid attainment of stable (more neutral) pH values. Jn contrast, Wise
et al., (1986) reported that sewage sludge additions in relatively low concentrations (75-400
mg ') stimulated gas production although bigher concentrations inhibited the degradation
process. It must be stressed, however, that it is difficult to compare the results of studies
relating to sludge addition as different studies have used different refuse:sludge ratios and

different sludge types and age.

The low pH values recorded for the "high load" column (A1) could, in part, have
been due to the increased 'total” VFAs concentrations (Figure 4.1 C) which, until day 220,
were higher than in the "low load” column (B1) which, in turn. were higher than the refuse
control column (CI). The "total’ VFAs concentrations of the effluents of Columns Bl and
C1 declined after approximately 220 days and coincided with increases in the leachate pH

values. A similar decline for Column Al was not recorded until after the minera) salts

addjtion.

The increases in VFAs concentrations as a result of sludge additions have also been
recorded by other researchers. For example, Chapman and Ekama (1992) reported tha
sludge co-disposal resulted in VFAs concentration (determined as acetic acid) increases of
between 2000 and 5000 mg ' in comparison with refuse controls. These increases. in

turn, resulted in a net lower leachate pH of 5.5 (with sludge addition) in comparison with
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6.0 (withour sludge addition). The authors also showed that the sludge-supplememed
lysimeters imually (< Bweeks) were characterised by higher alkalimity concentrations than
the refuse control but these, subsequently, rapidly decreased as the VFAs concentrations

increased and the pH values decreased, Similar oends can be seen i Figure 4] for
Column Al In general as the VF A< concentrations of Column Al increased from day | m

day 100 there was a concomitant decrease in the effluent pH value 10 8 minimum of 4.2.
Although not examined here, it has been shown {Kasali, 1986) that there is a correlation
berween ‘toal” VFAs concentration and pH.

Typically, acetaie constituted the greatest part of the 'woml’ VFAs Also, for all the
columns the valerate and hexanoate concentrations were low and rarely exceeded 300
mg { . Concentrations of these higher molecular weight fatty acids in leachare are usually
significantly lower than the shorer-chain acids such as acetate and propionate which are the
end products of the f-oxidation of fany acids,

From these results, therefore, it appeared that despite an alkalinity increase through
sewage sludge addiion, enhanced acidogenesis resuited in increased effluem VFAs
concentrations and lower pH values A similar phenomenon was observed by Couns, Dunk
and Pugh (1990), who measured VFAs pool sizes at depths of 5, 10 and 15m in samples
obtained from boreholes in sis test cells and recorded both acetate and botyrate
concentrations >20mM in all cells. However, in a cell which had received sewage slodge,
the acetate concentrations exceeded 60mM a1 a depth of 15m

The types of powenual pollutants resulting from siudge co-disposal with refuse can
be placed into five main categories (Wamson-Craik. Sinclair and Senior, 1992a):
o Clases:
b Volatile fatty acids;
. Metls.
d Nimogenous compounds; and
Pathogens.

L]
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The primary gaseous products present in landfill gas (LFG) are, generally,
considered 1o be methane and carbon dioxide (Letcher, Jarmain and Daneel 1994; Senior,
1986). Although, LFG production has, rradionally, been regarded as a liability and a
problem, due to the risk of explosions and fires, and the necessity to install gas venting
systems, present emphasis on gas utilisation has changed this thinking,

Despite the lower pH values and increased VFAs concentrations, the “high load™
sewage sludge column was characterised by elevated methane concentrations (Figure 4.1
D). From this figure it is clear that for the “high load™ column, the addition of sewage
sludge affected the time required for the onset of methanogenesis. A similar, but more
dramatic, decrease in the lag phase was also recorded by Blakey (1991) who concluded that
sewage sludge supplementation not only greatly improved the quality of the methane
content but also promoted the methane generation rates by a factor of up to 10, The
increased methane concentrations recorded for the “high load” column could have resulted
from either the increased concentrations of labile (acetic acid) substrates, added or
generated, or the addimon of greater numbers of methanogens.

The “low load" columns did not appear 10 benefit from the added siudge in contrast
with the results of Wise er al., (1986) who reporied thar sewage sludge addirions in
relatively low concentrations (75-400 mg [*) sumulated gas production, although higher
concentrations inhibited the degradation process. Watson-Craik, Sinclair and Senior
(1992b) also showed that with increased acuvated sludge:refuse ratios, the relative
enhancing effect declined. as indicated by the lower methane generation rates. The reason
for these apparently contradicrory results was not clear as no evidence of microbial
inhibition was recorded for the “low load” column when pH and VF As release were used
as the analyucal criteria.

Of interest, however, was the apparent brief period of active methane production in
the co-disposal reactors. From Figure 4.1 D it can be seen that the methane concentrations
of Column Al decreased after attaining a maximum of $7% (v/v) on day 398 10 3.5% (v/v)
on day 507. This short period could have been due 10 numerous factors but in particular the
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depletion of the labile substrates. A similar conclusion was drawn by Biakey (1991) who
demonstrated initially high methane concentrations (50-60% v/v) and generation rates of
0.45 m’ ' volatile solids d” in co-disposal experiments with subsequent cessation of gas
generation recorded between six and twelve months after commencement of the study. The
refuse controls, on the other hand, showed increasing gas generations over the same time

period.

In contrast, in the present study, the “low load” column appeared to be inhibited as
very low methane concentrations were recorded during the first 289 days although
significant increases were evident following the mineral salts addition. Similarly the control
(C1) was also characterised by Jow methane concentrations until after the minerals salts

addition which again effected increased concentrations.

Other components of LFG, such as ammonia and hydrogen sulphide, can be
generated under specific conditions and are. potentially, toxic. In general, gaseous
ammonja should not pose a significant problem since leachate pH values appear to vary
between 3.7 and 8.5 (Rees, 1980) with the result that most of the ammonia should be
present in solution in the ionised form (NH,”). Significant concentrations of this nitrogen
component can, however, be present in a landfill system. For example, Sinclair (1994)
showed that the ammonium ion is the predominant inorganic nitrogen species present in
activated sewage sludge and can approximate to 50% of the total available-N. Thus, the
practice of anaerobically-digested sludge co-disposal should further increase the
concentration of this ion. The presence of high ammonia/ammonium concentrations in
sewage sludges, particularly those of industrial origin, could be problematic and could
actually compromise further treatment/disposal options (Sinclair, 1994). The bactericidal or
bacteriostatic effects of high NH/NH,™ concentrations is not clear as Jarrell and Saulnier
(1987) indicated that at a pH of 6.5 monocultures of methanogens could withstand
ammonia concentrations far in excess of 3000 mg /. Similarly, Senior and Balba (1987)
reported concentrations <2000 mg ! in Jeachates from microbially active landfills which
indicated that the microbial populations were capable of tolerating high concentrations.

However, Soubes, Muxi, Fernandez, Tarlera and Queirolo (1995) indicated that 4000 mg {
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of NH,® effecied 1 50% reduction in methanogenesis and that the inhibitory effect of
ammonia appeared 10 change according to the different bacterial species. For example.
Methanosarcina like cells were unaffeciad by a seven day exposure to 8000 mg /' of NH,’
whereas a Methanothrix-like populanion was reduced by 99% under the same condiions. Of
panicular imeres: was the finding that the residual actvity, determined after the removal of
the toxxc ons, showed that the inhibition caused by a seven day exposure w 500 mg /' of
Cr'* was parually (66%) reveried whereas, for ammonia imhibition. the effect was
permanemt (Soubes & al , 1995).

In this present study, Column Al at all imes exhibited higher "wal’ ammona
concentrations (until day 386). No noable differences between the “low load” column and
the refuse control (Figure 4.2A) were recorded  This was unexpected as Blakey (1991)
recorded that the masses of ol organic carbon (TOC), BOD, COD, suiphate. iron,
manganese. zinc, nickel and lead leached from co-dnposal bioreactors were lower than
from the refuse control although the releases of ammons (NH, ") and 1ol phosphorus
were higher in the co-disposal columm. Watson-Craik. Sinclair and Semior (1992b)
reported similar increases i leachate "10tal’ ammonia concentrations = co-disposal columns
compared with refuse controls with the amount of NH /NH,* increasing as the rano of
sludpe o refuse also increased. As additional NH,/NH," would have been added with the
co-duposed sludge the comparable concentranons of the “low load” column and the control
could have been due 10 the following:

2 Dissimilatory nurate reduction © ammonia which could be a protective mechanism
against nitrite accumulanion (Brock and Madigan, 1991) In this regard 1t s
interesting 10 note that pror © the mineral salt addmon the nrne concensrations in
the co-disposal columns were below detection limits while for the refuse control
concentranons of 1.7 mg [ ' NO, were recorded. Further, according to Senior
(1991) the C:N ratio in the organic fraction of refuse often exceeds 50 | with the
result that aerobic, and even amaerobic, dissimilation may be nitrogen hmned Ths
sinzation of high organic conents and hmited nitrogen sources has, according 1o
Tiedje (1988).
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been shown 10 ofies favowr dissimilatory nirae reduction © ammonm whch could
explam the relatively high ammona concentranom in the refuse control

b Nurification s an ovsdative process which could be active in refuse. especially
during the early smpes when pockets of awr are likely 10 be rapped. As the columm
were not overgamed with an mert gas air could have been oapped within the refuse
Also. during the packing of the columns with the sewage sludge 5o effors was made
© mantie anaerobioss which, o wrn. could have fact ieed sgnificam
mtrification rases. and

3 The 1ype of dudge used & also of paramount importance as well 2 the type and
degree of preveasment. The sludpe used m this study could have been low =
ammonsa due w0 aarification as » result of prevreanment sieps.

However, according w Sinciaw (1994) until the facion which fluence the witimae
fate of nraee in 3 landfill ccosysiem are dentified. 1 defficult 1o speculate on e effecs
which sludge addimions W tefuse have On nirale reductive processes

The iow concemtranions of mitrase determined for all the microoosm ¢ffiyents were
not weespecied  Despite the possidbiiaty of adding addmional murase with the sudge. this jon
A o an efficiem clecwon scoepior during desarficacion (Tede. 1988 Sinclair 1994)
Further . the reicase mases of the suiphase and phonphane o were found w0 be Indepe ndem
of the \oading swawgy

Apart from the posential poliutans. such a8 NH,/NM, * and heavy memls added as
nmhﬁm.ﬁumﬂn—uu——l““
nurogen and phosphorus, which could be beneficnl w B landfill scovyssees 25 @ has been
wdicared that refuse masses may be either niroges (Sensor and Balba, 1967) or phosphares
(Semor, 1991) imited. 1o view of the. the powntial of wudge 0 wupply these nutrens hay
been recognised (Boivid of af . 1981, Barlas & of . 1990y For esample. i» 2 laborasory
undy. Leuschner (1989) opersted s lyumesers under various condwons of buffer



mitrogen. phosphorus, anaerobically digested sludge and septic tank residue additions. The
author reported that the reactors seeded with both nutrients {nitrogen, as urea, and
phosphorus) and buffer exhibiied methanogenic lag phases approximately 70 days shorier
than control reactors which had no added nutrients. Further, the continuous addinon of
nutrients following the initistion of methanogenesis did not appear to improve the rate of
methane formation compared 1o buffer only controls which suggested that the process
exeried a different nutrient demand during different stages of the fermentation, with the
greatest nutrient requirement during the initial stages. The addition of sewage sludge o
refuse also resulled in a reduced lag phase before the onser of methanogenic actvity which
then occurred at a significantly higher rate than in any of the other reactors. It was
suggested that the most lkely reason for this was the addition of nutrients presem in the
shudge, with the increased microbial inoculum cited as the major reason for the improved
gas generation raes, Due 1o the possibility of refuse masses becoming mitrogen limited st i
difficult to speculate whether nitrogen additions would constitute a positive improvement or
impact the environment negatively by nitrate and/or NH,/NH, ™ toxicity.

Leachaie Recvele Columm

The residual phenol concentrations of the leachate recyele columns (A2, B2 and C2)
are given i Figure 4.3 A which indicates tha relatively low phenol concentrations
(between 5 and 20 mg | ') were detected during the first 200 days. It is intcresting w0 note
tha! no distinct varations in the residual phenol concentrations between the sludge loaded
and refuse only columms were detecied,

It s currently accepled that leachate recycle can sigmificantly enhance refuse
degradation and this has been discussed earhier (Section 3,3, 3), However, depending on the
loading ratio, leachate recycle appeared © affect the refuse/sludge degradation processes
differently as indicated by the pH values recorded. For example, for the sludge
supplemented columns, the “high load” column (A2} sppeared 10 benefit more from the
leachsse recycling and atmined a near neytral pH on day 201 while the equivalen “low
load” column (B2) required 670 days (Figure 4.3 B). Both the sludge supplemented



Figmee dV Chamges im Residnd Miewal Copczmmiom (A1 pH (8), Tetsl’ Voisiie Faily Aol Comrmratime O Sl Mohane Cosorems s Iy
“Wigh Lomd™ WAL “Lom Loud™ (B amd Refine Only Comntred {1 Dol Cywred wab Leschste Recyele Darvmg o lestaiion Perusd o §9% (v

. - ; S
E = JIHEK + o
E L .
TR0 i, ma e S
1|. L L
- A0000 \ b 3
= "‘ E ..' x
g 000 3 . =y -
2 EJ : Ve
i vl | e TN
5 TEE B CEECEETE T o Wo 0 M0 40 S0 =0 T
Tems iTiayes Tirrwe [Diayy | i
(= a2 - &2 - m) - A2 - B2 ~ C2]

[= ]

g
3
!
&
r
¥
Methang Convsrirgies (S
4 B B B8




columns showed lower pH values than the control. Similar depressed pH values resulting
from anaerobically digested sewage sludge addnion were noted by Leuschoer (1989) who
also reporied that the sludge addition resulied in negligible methane production. In contrast,
in a lysimeter which contained sludge and buffer (CaCO,) additions both the pH and
methane production increased rapudly. It was also hghlighted that the sludge addion dd
not enhance methane production but did significantly increase the rate of refuse degradation
since the lysimeter which received siudge plus buffer and nutrients was characterised by a
very shortened lag phase (Leuschner, 1989). On the other hand. Sinclay (1994) reponed
that for both leachate recycle and single elution columss, which were subjected 10 2 second
addinion of acuvated sludge. a significam rise in pH was effected. The author auributed th
directly 10 the concomitant increases in leachate “total’ ammona concentratsons

The increases in pH of the refuse control column (C2) were coincident with
decreases in the ‘total’ VF As concentrations as shown in Figure 4.3 C. From this figure &
s also clear that the increases in pH values of the “high load” column (A2) could. in pan,
be ascribed to the low "weal’ VF As concentrations detected afier approximately 50 days. In
contrast the ‘total” VFAs concentrations of the “low loaded” column (B2) increased and
only decreased following the mineral salts addinon. These decreases in ‘total’ VFAs
concentrations did not immediately effect increases m the pH values for this column which
was surprising as Kasali (1986) showed a correlation between ‘total’ VFAs concentration
and pH.

The reasons for the higher VFAs concentrations. compared to the refuse control,
detecied in the “low joad” column leachate (Figure 4.3 C) were not clear although a few
possibilities exist. For example, farry acid production, in excess of camabolsm. may have
been greater in the presence of the low studge loading. Leuschner (1989) mathematicaily
estimated substrate decay rates based on the conversion of the biodegradable volanile sohds
to methane and volatile acids. The author indicated that the addition of anaerobically
digested sewage sludge increased the decay rate from 0.228x 107 ¢ 0 3.24 2 10° ¢* and
hence. stimulated the hydrolysis of particulae material
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The most striking difference in the individual fatty acid concentrations of the
varipus treaiment leachates was observed for propionic acid (Figure 4.4 B). Both the high
sludge loading and refuse control columns were characterised by similar initial high
concentrations which decreased after approximately 120 days, The low sludge loading. on
the other hand, exhibited a progressive increase in concentration. It seemed |ikely.
therefore, that with the low loading the addition of the sludge had a stimulatory effect on
the generation of the intermediate propionate which then accumulaed due 1o fis slower
turnover rate (van Lier, Grolle, Fripters, Stams and Letiinga, 1993}, Similar transiemn
propionate accumulations were observed in other refuse column stwdies (Wason-Craik and
Senior. 1989,

During the inial stages the "high load” column (A2) showed increased methane
concentrations (Figure 4.3 I} compared with the control and reached a concentranon of
41% (vi/v) after approximately 50 days. Following this, Columns A2 and C2 exhibited
similar wends and atained thewr respective maximum methane concentrations of 74_3 and
TB% (v/v) after 183 days, afier which the methane concentrations declined. Although the
methane concenmanions of A2 recovered following the mineral salts additon and remained
relaively kigh until the termination of the smdy, the refuse control, after first increasing,
progressively decreased 1o a terminal concentration of 11,1% (v/v) afier 695 days. The
“low load"” column (B2) also initially { < 50 days) showed |ncreased methane concentrations
compared to C2 although, subsequently, the concentrations declined to near zera prior o
the mineral salts addition, following which marked increases were again recorded, The
enhancing effect which the "high load” (A2) had on microbial catabolism of refuse, as

recorded by increased pH values and methane concentratlons, could be ascribed (o one or a

combimation of the following:

g, The increased inoculum size;
h The higher concentration of added buffer: and
c. The added substrate i the form of labile organic material i the sludge.
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However. the low sludge loading did not appear to effect a similar increase in
microbal activiry and low methane concentrations resulted. A similar observation was
reporied by Stegmann and Spendlin (1989) who stated that the addition of sewage sludge
with a low solids coment was probably insufficient 10 act as an inoculum. Leuschner (1989)
showed in six laboratory-scale digesters than the addition of sewage siudge was an excellent
source of microbial inoculum, although the reactors which received sludpe together with
buffer and nutrient additions recorded enhanced refuse degradaton and methane
production. In the present study, the benefit of adding nutrients. which included carbonate
(as CaCO,), was apparent for the “low load” column which indicated the possibility of
nutrient deficiency and/or low buffering capacity. Despite the addnion of nutrients which
are inherently present in sewage sludge the results of this stuody, as well as the sm digesters
studied by Leuschner (1989), seemed to indicate that either insufficient labile nutrients
were present in the sewage sludge or the nutnents were recalcitrant. The mneral salts
addition contained not only macro-nutrients but also micro-nutrienss such & vitamins which
may not have been present in the added sludge. For example, Speece and Parkin (1986)
reporied that a domestic sewage digesier at Baltimore, MD. was not operating properly and
had a “total’ fatty acid concentration of 2000 mg [ . When a sampie of the sludge was
“spiked” with 50 mg / * FeCl,. the methane production rate increased by 167% compared
with a control. This stimulation with FeCl, addinon was nowed in spite of the fact that the
soluble ron concenwration was 12.4 mg /' The authors speculated that many anaerobic

digesiers suffer from race meml deficiency even when the feed stock s rich in wace
metals.

The residual “loml” ammont pios (Figure 4 2 B) for the leachate recycle columms
indicated that the refuse control macrocosm (C2) was characermed by the highest residual
concentranons i the early stages with 3 decrease recorded afier 107 days followed by an
increase. In contrast. the “high load” column (A2) showed a decrease after 112 days which
@\ not subsequently increase. The observation of higher ‘1oml’ ammonia concentrations in
mmmﬂm“mu-hﬂmim“m
should add NH,/NH," w© the sysiem. Sinclair (1954) also reponied » similar phenomenon
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and found & higher overall |oss/mobilisation of 33% nirrogen from an acuvated sludge co-
disposal system compared with a refuse control (21 %),

The results for the control and the “low load” columns |iustrated two phases of "otal®
ammonia release je. imtal (+/- 100 days) flushes of high concentrations after which
declines were noted only tg be followed by further imcreases. Similar 'total” ammonia
release phenomena were recorded by Sinclair (1994} who noted that the Initial "flush” of

ammama tended o last for about two weeks and this he atsributed to three factors:

& The presence of "free* ammonia NH,” /NH; in either the sludge or refuse;
b. The presence of labile N-containing compoeunds which generated NH,™ /NH,
durimg catabolism; and/or

(i The dissimilatory reduction of nitrates within the system to form ammaonia.

The leachate nitrate concentrations of all the columns were at all nmes very low
which was not onexpecied as niiraie (s an effecuve electron acceptor. Similar low
concentrations of nitrate were observed by Barlaz er al.. (1989a) in refuse-filled laboratory
lysimeters and were anributed to the utilisation of nitrate for the oxidation of available
sugars o carbon dioxide and water via denitrification, Therefore. the importance of facior
number three above is expected to be relatively minor,

Baich Operated Columns

The residual phenol concentranions (Figure 4.5 A} of the refuse control column (C3)
indicated., in general, low (<5 mg { ') values with a maximum concentration of 14 mg /
' recorded on day 200, In general, the sludge-supplemented columns also demonstrated
relatively low phenol concentrations although, in the early stages, the “high load” column
showed the higher concentranions (<34 mg ),

Column C3 was charactensed by a sharp decline in pH (Figure 4,5 B) from near
neutral to pH 5.4 gver a period of 15 days, The pH then remained depressed until
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approximately day 230 after which a progressive increase was evident which reached a
neutral pH after 370 days. From the initial pH value of 5.5 of the "low load™ column (B3)
there was a further decrease 10 a minimum of 4.4 on day 90 before increases were recorded
to a neutral value on day 252. During the first 240 days, however, the pH values of
Column B3 were significantly lower than the control (C3). The “high load"” column {A3)
also exhibited lower pH values than the control during the first 212 days although these

values were higher than the “low load” column.

The effects that the added sludge had on the “total' VFAs concentrations are shown
i Figure 4.5 C. From this figure it can be seen that the "total’ VFAs concentration at the
start of the experiment was near zero in Column C3. In contrast, the initial concentration
increased as the sludge loading increased. This seemed to imply that the fatty acids were
either generated to a great extent from the added sludge, a phenomenon also observed by
Sinclair (1994), or the generation was promoted by the sludge addition. Although the pH
values of Column B3 during the first 50 days were lower than A3 the VFAs concentrations
were the converse. Further, it is interesting to note that despite the very low initial "total*
VFAs concentrations of the refuse control, the concentrations increased to values greater
than both the sludge-supplemented columns and decreased only after the mineral salts were
added.

As with the leachate recycle columns, transient accumulations of propionic acid

were also recorded with these batch operated systems (Figure 4.4 C).

The methane concentrations (Figure 4.5 D) of C3 tended to be erratic although a
concentration of 58% (v/v) was recorded after 148 days after which the concentrations
progressively declined. Concomitant with, and despite, the initial low pH values of the
“low Joad" column (B3) methane concentrations of 44 % (v/v) were recorded after 52 days,
Surprisingly, however, these relatively high methane concentrations soon decreased to near
zero after 282 days. These decreases coincided with a rapid decrease in the ‘total’ VFAs
concentration although it is doubtful whether this could have been the sole reason for the

decline in methanogenesis. Notwithstanding the protracted period of depressed pH values
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recorded for Column A3 a methane concentration of 71 % (v/v) was recorded on day 153.
Of interest, however, was the ininal (< 148 days) higher methane concentranions recorded
tor the "low load ™ microcosm compared o the equivalent high sludge loaded column, Why
enhanced methanogenic microbial activity was more evident with the lower loading was
unclear. With the higher loading no apparent evidence of inhibition was observed when
asccumulations of VFAs, pH values or electran acceptor concentrations were used as
analytical cnteria. This more rapid onset of methanogenesis as a result of sewage sludge
additions has been noted by other researchers (Wise ef al., 1986; Leuschner, [989) and
mmplies that a more balanced refuse fermentation had been attamed. As a result of a
balanced refuse fermentation an increase in methanogenesis 5 usually concomitanm with a
rise in the pH values (Semior, Watson Craik, Sinclair and Jones, 1991} which, together
with the buffering capacity afforded by sludge co-disposal, could explain the early

atminment of a neutral pH for the "low load” column..
Simulated Rain Columny

The residual phenol concentrations for the "high”, “low load® and refuse control
columns are given in Figure 4.6 A Low (<5 mg { ') concentrations of phenol were
recorded for the refuse conwrol (C4) and, in general. for the "low load” column (B4} while
the “high load" column (Ad) showed, particularly In the early stages, shphtly increased
phenal concentrations.

All the rain simulated columns exhibited similar lowered pH values {Figure 4.6 B)
which were, with a few exceptions. all below pH 7 prior w the mmeral salts additions
Following these additions, Columns A4, B4 and C4 showed slight increases in pH while
only C4 mainained pH values > 6.5. The relatively low leachate pH values of these
columns were unexpected as the “total’ VFAs concentrations {Figure 4.6 C) were, In
general. low for all these microcosms. One possible éxplanarion for this could be the
leaching effect of the water which would end to remove the inberent buf fering from the
refuse/sludge columns, Therefore, even in the presence of relatively low faty acid

concentrations, large flucations m leachate pH would be possible,
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The methane concentrations recorded during the operation of these columns are
given in Figure 4.6 D which shows that ail the rain simulated columns, irrespective of the

co-disposal rano, were characterised by low methane concentrations. Following the
addition of the mineral salts the refuse control and the "high load” columns gave positive
responses which were, however, wansient and the concentrations rapidly declined to near
IETD.

The influence that rain has on the methanopenic fermentation of a refuse mass 15 oot
clear and may only be of relevance near the surface of the sie. Clearly, in this region
refuse degradanon and the resultmg fermentanon balances will be very differem compared
with the majority of the refuse mass as air ingression could result in the mamtenance of
aerobic or miroaerophilic condmons. Further, inieracting variables such as moissure.
temperature, pH and redox potentiz! may also be very different compared with the bulk of
the refuse mass and could effea significantly different refuse/sludge degradation processes.

433 Effecss of the Perfusion Strategy in Anaerobically Digested Sewage Sludge
Co-Disposal with Refuse

“High Load" Columns

In general, it can be seen from Figure 4 7 A that all the “high load™ columns (A] (o
Ad) displayed erratic residual phenol concentrations which subsequently declined to very
low concentrations following the mineral salts additions, However, the single elution
column (A1) displayed the highest residual phenol concentrations during the firss 70 days.
These elevated concenirations could have been due to the increased desorption of the
phenol due to the increased fluid movement through this column. The single elution and

leachate recycle columns were subjected o different hydraulic loadings as described in
Section 2.5.1,
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During the first 50 days, as indicated in Figure 4.7 B, all the microcosms were
characterised by pH values below 5.7 and this phenomenon has been fully discussed earlier
(Section 3.3.2). The single elution column (A1) leachate, with one exception, was
characterised by pH values <5.5 prior to the mineral salts addition following which there
was an increase to pH values > 6. The column operated with Jeachate recycle (A2), on the
other hand, demonstrated a rapid increase in pH to attain a value of 6.9 after 71 days. The
batch-maintained microcosm (A3) showed decreased pH values until the addition of the
mineral salts after which a significant increase was noted and a neutral pH was atained on
day 408. Perhaps surprisingly, the rain simulated microcosm (A4) gave erratic results
although a neutral pH was recorded on day 277. This pH value was, however. not
maintained and the pH progressively declined to 5.4 following the mineral salts addition

only o increase again and stabilise around pH 6.

The low pH values recorded for Column Al, especially prior to the mineral salts
addjtion, could be ascribed, in part, to relatively high "total” VFAs concentrations (Figure
4.7 C). Although decreases in the "1o1al' VFAs concenirations were observed before the
mineral salts addition, major decreases were only evident following the addition. This
seemed 10 indicate that the refuse fermentation was still in the acetogenic stage. It is,
however, important to again note that recorded discrete fatty acid concentrations represent
balances between genesis and trophy and provide only limited information about turnover
rates. An accumulation of fatty acids could be detrimental to the fermentative process. The
reason for this is that the acid-forming bacteria have higher growth rates than the
acetoclastic bacteria which could result in "souring’ of the system and. eveniually,
inhibition of the methanogens. This could be detrimental 10 full-scale co-disposal operations
with regards to methanogenesis as well as pheno) catabolism. For example, Godsy,
Goerlitz and Grbi¢-Gali¢ (1992) demonstrated that the cooperation of several bacteria

utilising different substrates and electron acceptors are required for phenol catabolism to
methane and carbon dioxide.

The column operated with leachate recycle (A2) exhibited moderately high acid

concentrations which rapidly decreased after approximately 45 days and were subsequently
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lower thas the sngle elunion column. Ths was usewpecied s the mode of operation of the
ieachaw ducard columm would be expecaed © effecuively reduce the fany acwd
concessrmom. Sanclaw (1994) reponed that leachae produced from recycie columas
packed with refuse or refwe/vadge minures, contained higher concenrations (wsasaily by a
facsr of 1-3) of mdividual famy acids than those generated from corresponding columm
with ungle clution operstion. However, in the present study. # was not possible 10
determine whether this was duc 1 increased fatty acsd genersiion or ishibmion of fary aced
decomposition within the recycle columns

One possidiliny for the higher "ol VF As comcenwratiom o the suingle cluton
column \eachate. after approaimasely 0 days. could have been the continued low pM
values coupled with the relatively low methane peneranonm whch would otherwne wiilne
the farry acsds. The methase concentrations (Figure 4 7 D) recorded durmg the firm 162
days for Column Al were relsovely msgmifcam bu siowly increased 0 amain 2
concentration of 1% (vv) proe w the mmeral sals sddeion  Subseguently . increases
the methane concessrasions © 3 maxamypm of 57 4% (vv) on day 408 were recorded after
which the concentrations decreased © )} 7S (wiv) oo day SO7 before again incremsing
Unilike the single clution colums which was charactersed by a relatively shon perod of
clevaled methane concentratom, Column Al showed comunuous’y high methane
concentrations with 4% (v/v) recorded afier 683 dayn

h » imeresung © note the relatively short periad of active methane generanon &
recorded 0 the headspace concentrations of the single elution column compared with boeh
e leschane recycie and bawch mode operated columns. For example, Columns A) anained &
mavimym concentration of 71% (v/v) on day 201, although there was a sicady decline ©
3% (v/v) oo day M7 which coincided with the muneral salts addition. These increased
methane concentraions contrasied the depressed pH values of below 6 Following the
muneral salts addition further increases were again noted although they were nol maintained
and » methane concentration of 16.1 % (v/v) was recorded on day 683



The rain simulated column, despite initia) neutral pH values, exhibited low methane
concentrations and only briefly exhibited concentrations greater than 20% (v/v) following

the mineral salts addition (Figure 4.7 D).
"Low Load" Columns

The residual phenol concentrations, pH values, "total’ VFAs concentrations and
methane concentrations of the “low load” columns subjected to leachate discard (B1),
Jeachate recycle (B2), batch mode (B3) and simulated rain (B4) are detailed in Figures 4.8
A - 4.8 D. During the early stages (< 100 days) the columns exhibited relatively high
residual phenol concentrations with subsequent decreases after approximately 280 days.
During this initial period, and similar to the "high load™ columns, the single elution column

(B1) showed the highest leachate phenol concentrations.

All the "low load™ columns, with the exception of B1, showed the characteristic
rapid decline in initial pH values. In contrast to the "high Joad” column subjected to
leachate recycle (A2) when a neutral pH was recorded on day 68 the equivalent "low load”
column required 624 days to attain the same pH. The "high load” batch operated column
(A3) did not exhibit a pH > 5.8 prior to the mineral salts addition whereas with the "low
Joad” column (B3) a neutral pH was reached on day 157. It is difficult to speculate whether
the recorded differences resulted from microbial activity or were due to the variability and
heterogeneous nature of the refuse. Following the mineral salts additions, however, a
general increase in the pH values of all the columns was recorded. 1t is also interesting to
note that, in general, the period required for pH increases 10 occur in the "high Joad”
columns was seemingly shorter than in the equivalent "low Joad” columns which could

have been due to the increased buffer capacity added with the higher sludge load.

The steady increase to a neutral pH, for the batch operated column (B3), was
coincident with a decrease in the "total’ VFAs concentrations. Likewise, the slow recovery
in pH for the leachate recycle column was concomitant with increased fatty acid

concentrations which only decreased significantly following the mineral salts addition. On
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the other hand, the single elution and simulated rain operated columns were characterised
by low 'total' VEAs concentrations possibly as a result of the increased Jeaching inherent in

the operating regimes.

The ﬁegativc influences that the single elution and simulated rain regimes had on
methanogenesis are clear from Figure 4.8 D although brief increases were recorded
following the mineral salts additions. The enhanced methane concentrations as a result of
leachate recycle, and especially batch operation, were clear although the reason for the Jow
methane concentrations of the latter, following the mineral salts addition, remains to be

resolved.
4.3.4 Conclusions

The results of the sludge co-disposal study in the presence of a single elution regime
indicated the importance of the sludge:refuse ratio. For example, the "high load” column
exhibited reduced pH values whereas the pH values of the "fow load" column leachate did
not differ markedly from the refuse control. Therefore, the alkalinity present, as a result of
the sludge additions to Columns Al and Bl, was insufficient to act as a buffer against the
high 'total VFAs concentrations recorded. Similarly, the methane concentrations of the
"high load™ column, despite the lower pH values, were enhanced while the "low load”
column concentrations were depressed. Another difference between the two loadings was
the increased 'total’ ammonia leached from the "high load™ column in comparison with the
“low load” column which, in turn, was lower than the refuse control. The low pH values
combined with higher "total” VFAs concentrations of the "high load" columns suggesied
that refuse masses subjected to single elution regimes and "high" sludge Joads could be

inhibitory although methanogenesis could be slightly enbanced.

The leachate recycle columns, similarly, demonstrated different effects depending
on the loading rate. The "high load" column was characterised by enhanced refuse
catabolism as indicated by the increased pH values and methane concentrations which

coincided with lower "total'’ VFAs concentrations. The “low load” column, on the other
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hand, did not appear 1o benefit from the sludge addition as the pH values and methane
concentrathons were reduced. Following the mineral salts additions the co-disposal columns
showed markedly enhanced methane concentrations. It is also interesting to nowe thal the
leachate ammonia concentrations, for both sludge loadings, were lower than the refuse
control. It may be concluded that, unlike the single elution column, the “high” sludpe load
tended 10 enhance refuse catabolism in the presence of leachate recycle.

The two sludge loadings of the baich operated columns exerted similar effects on
the refuse fermentation. For example, both the "high” and "low” load columns inmally
showed lower pH values than the refuse control. Also during the first 62 days the co-
disposal columns recorded increased ‘total' VFAs concentrations which subseguently
decreased below the refuse control concentrations. The onset of methanogenesis was
shortened for benh the co-disposal columns. For aptimization of refuse caabolism, the “low
load ™ regime with leachate recycle should be the method of choice. However, for
maximum methane generation the “high® sludge load appeared to be a bener aliernative.

Taking into consideration the fermentation parameters of pH, VFAs release and

methane concentrations. the addition of sludge 10 refuse in the presence of simulated rain
did not appear 1o significanily affect the fermentation.

The movement of liquid through the single elution and simulated ram “low load”
columns did. in effect, decrease the "wtal” VFAs concentrations, the pH values and the
methane concentrations Leachate recycle and baich operation, on the other hand, gave
shorter methanogenesis lag phases and pH recovery nmes. It must, however. be noted that
for these parameters the baich operated column showed enhanced refuse degradation
compired 1o the leachate recycle column.

For the “high load™ columns the single elution and simulated rain regimes inhibited
refuse mineralisation as indicated by the continuously low pH values and methane
concentranons. The leaching of famy acids was also prevalent. In this instance, anlike the
“low” load columns, the leachate recycle eolumn gave » more rapid attainment of a newtral
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pH and enhanced methane concentrations which coincided with reduced "total' VFAs
concentrations. Jt can, thus, be concluded that, depending on the sludge:refuse ratio, the
operating regime is extremely important in optimising refuse degradation processes. In
general, leachate recycle appeared to be the most favoured method of operation. This is in
agreement with Boari, Mancini and Spinosa (1989) who reported that studies in Germany
showed that the time required before stable methanogenesis commenced doubled in the

absence of recirculatjon.

From the study made by Sinclair (1994) it was concluded that the optimum stage for
sludge addition to landfilled refuse, to minimize the polluting strength of the leachate, was
at a point when the leachate faity acid concentrations were beginning to decrease. At this
stage there should be sufficient available carbon to allow microbial uptake/conversion of
any NH,”*/NH; generated from the sludge, whilst the fatty acids generated from the sludge
should not significantly Jower the pH of the microenvironment to cause a “souring” of the
fermentation. However, due 10 modern landfilling techniques, where sjudge is most often
poured into pre-excavated trenches, it is difficult to envisage how it would be possible to
limit sludge disposal 10 refuse 10 a stage of the fermentation. The alternative technique of
creatjng individual cells could possibly faciljtate thjs co-disposal method although, at

present, few landfills in South Africa, are operated in this mode.

Numerous researchers have indicated, although not investigated in the present study.
that a further benefit of sludge co-disposal is the reduction of leachate heavy metal
concentrations (Hill, 1989: Beker and van den Berg, 1989; Blakey, 1991). Also,
Lichtensteiger. Brunner and Langmeier, (1989) reported that a few months after disposal,
the Kjedahl nitrogen content of co-disposed liquid sludge decreased by about 50% while
after 13 years significant concentrations of xenobiotics such as polychlorinated biphenyls
and alkylbenzenesulphonates could be determined. This serves to illustrate that xenobiotics

which are often given littie auention, due probably to low concentrations, could possibly
constitute a long term problem.
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CHAPTER 5

ASSESSMENT OF THE IMPACTS OF THE DUAL CO-DISPOSAL OF
ANAEROBICALLY DIGESTED SEWAGE SLUDGE AND PHENOL WITH
REFUSE ON REFUSE CATABOLISM

5:1 Introduction

Sewage sludge, which has usually undergone various degrees of treatment, has
often been used as a source of inocula for numerous microbial studies (Ferry and Wolfe,
1976. Mountfort and Bryant, 1982; Grbi¢-Gali¢, 1985: Flyvbjerg. Jorgensen, Arvin,
Jensen and Olsen, 1993). Therefore, the dual co-disposal of sewage sludge together with
phenol could, potentially, alleviate some of the problems inherent in the disposal of both
these wastes. Thus, the objective of this component of the research programme was to
examine the effects of dual co-disposal of sewage sludge and phenol with refuse on refuse

catabolism.
5.2  Experimental, Results and Discussion
5.2.1 Microcosm Operation

In the dual co-disposal experiments the two sludge:refuse ratios used were:
a. Ratios of 1:4.5 which were designated “high Joad” columns: and b. Ratios of 1:9 which
were designated “low Joad™ columns (Section 3.2). Together with the two sludge ratios two
phenol concentrations (1000 and 2000 mg /') were co-disposed. The columns were
subjected to mineral salts additions as described in Section 3.2.1. Further, pheno
resupplementations were made with the first phenol resupplementation (RS1) concentration
equal 1o the jnitial phenol perturbation concentration. This resupplementation was made
when the residual phenol concentrations of the Jeachate recycle and batch columns had
approached zero. The second resupplementations (RS2) which were double the initial

phenol concentration were also made when the residual pheno! concentrations approached
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rero. Therefore, the single elution columns, which were continuously perfused, were only
subjected to an increased phenol concentration during the second phenol resupplementation.
The simulated rain columns, due o operational difficulties, were not subjected to the first

phenol resupplememation (RS1).

Due 1o the number of variables examined in this study, as well as the number of
columns used, the resulis and discussion are structured as follows: a. Firstly, sewage
siudge, “high™ and “low" loadings, together with either 1000 or 2000 mg | ' phenol co-
disposal with refuse are considered in relation to the microcosm mode of operation (single
clution, leachate recycle. bach and simulated rain): b, Subsequenly, the effecis of the
perfusion strategy {water, 1000 and 2000 mg { ' phenol) for both the “high” and “low"
loadings are considered

5.22 “High Load” and “Low Load” Amerobically Digested Sewage Sludge and
1000 mg [~ Phenol Dual Co-Disposal with Refuse

Single Elution Columns

The changes in leachate concentrations of the residual phenol, pH, ‘o)’ VFAs
concentrations and headspace methane concentrations for the “high load® column (AS),
“low load" column (B5), phenol co-disposal column (CS) and refuse control column (C1)
are shown in Figures 5.1 A - 5.1 D, respectively

During the first 70 dayx the sewage sludge and phenol co-disposal columns (AS and
B} exhibited marked increases in leachate phenol concentrations of between 400 and 900
mg |, compured with the phenol co-disposal column (C5) where phenol concenrarions of
approximately 270 mg | were recorded (Figure 5,1 A). The increases in the residual
phenol concenrations could have been due w inherently higher phenol concentrations as a
resull of the sludge addition or higher degradation rates of phenolic compounds.
Unforunately, the former could not be verified as no shudge only controls were used while
the lutter could have resulied from Increased microbial activity, Alternatively, the addition




Figure 5.1  Changes in Residual Pheno! Comcenirations (AL, pH (B), "Total” VFAs Concentrations (O3 aml Metlinne Concentestions (D) for “High Losd™ (AS5),
“Livw Load™ (BS), Pheml Co-Disposal (C5) aind Refuse Only Control (C 1) Columns Operated whili Stogle Eluthon Durlng
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of sewage sludpe could have limited the adsorption of the phenol o the refuse which could
also explain the rapid breakthrough of the phenol, Following this period of relatively high
residusl phenol concentrations, all the columns exhibited decreases and stabilised around
500 mg (. After the addition of the mineral salts, however, the sewage contaiming
columns (AS and BS) recorded further decreases in the residual phenol concemranons while
the pheno! co-disposal column C5 exhibited a slight increase. These decreases. in Columns
A5 and BS, were not maintained and by day 551 all the columns again indicared leachare
concentrations of approximately 500 mg (. The “high load™ (A3). “low load® (BS) am!
phennl co-disposal (C5) columns averaged phenol removal rates of 00.297, 0.31 and 0.20g
kg* d', respectively. Following the influemt phenol concentration increase (2000 mg | '),
the leachate residual phenol concenirations of the “high load® column (AS) did not appear
1o increase significantly wiile the equivalem "low load® column recorded sharp increases.
Subsequently, however, these high concentrations decreased 1o the pre-increase
concentrations. The phenol co-disposal column, following the influent concentration
increase, exhibited similar rapid breakthroughs of phenol with, subsequent, decreases
From the resulms. prior to the influeni concemration increase, it appeared that the dual co-
disposal of sewage sludge and phenol with refuse did not effect a marked increase i phenol
catabolism compared with the phenol co-disposal column. Following the concentration
increase increases in the phenol removal rates were recorded for the “high load”. “low
load” and phenol co-disposal columns, w0 0.73, 0.46 and 0.59g kg d”, respectively. From
these results, however, the positive effect of sludge addinon was evident for the "high
load” column bur not the “low load™ column since the latier exhibited a Jower removal rate
than the phenol co-disposal column.

The sludge-amended columns (AS and BS), in general, were imtally < 17 days)
characterised by lower pH values compared with the phenol co-disposal column (C5). By
day 150, however, all the column leachawes exhibiied comparable pH values of
approximately 5.7. Following the mineral salts additions the pH values of Columns BS, C5
and C1 approached or anained neutrality. These elevared pH values were, however . not
maintained and subsequently decreased. The influcnt phenol concentration increase,
peneral, resulted in slight decreases in the pH values. It is interesting 10 note that ihe refuse
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control. Colemn C1. which was not challenged by phenol, demonstrated similar reduced
pH values as the co-dsposal columms. This seemed 10 sugges! thal the co-disposal per se of
sludge and/or phenol was pot responsible for the lowered pH values. Therefore, the
operaling regime was the major determinant of pH  Also, one possible reason for the
increased phenol removal rates, prior 10 the concentration increase, of the "low load”
column (BS) compared with the “high load” column (AS) could have been due to the higher
pH values immediately prior o and following the mineral salts addition. The critical role of
pH on phenol caabolism has been discussed previously (Section 3.3.2).

From Figure 5.1 C it can be seen that the continuously low pH values, prior to the
mineral salts addition, could not have been due 10 'total’ VFAs accumulations. Thus, the
transient increases in pH values described above, following the additions. were most likely
as 8 result of the buffering compounds added with the mineral salts. Also, the low "tol’
VF As concentrations were most probably as a result of the leaching effect of the perfusion
regime rather than low rates of acidogenesis. The lower pH values recorded for the sludge
amended columns, during the first 20 days. could have been due 10 the higher “1owml” VFAs
concentrations. These results were in agreement with the VFA release wends reporied by
Sinclaw (1994) who concluded that the added sewage, in refuse columns, was responsibie
for the major comribution 1o the ‘wtal’ VFAs concentration. Afier the influent
concentration increase there was a slight accumulation of "toal” VFAs in the co-dmposal
columns which scemed 10 suggest 3 measure of microbal inhibiton. The inhibiting effey
of phenol perfusion can result s VF A accumulation. For example. Sasangee and Ghosh
(1990} repored that an anaerobic microbial association required 24 hours 1o metabolise a
1% (wiv) glucose solution as 3 carbon source aithough when 100 mg | * phenol were
added W 3 umilar glucose solution the microorganisms reguired 48 hours and there was a
larpe accumulation of volatie fatty acuds

The methane concentrations recorded for these columns during the study are given
in Figure 5.1 D. The “high load” columa (AS) showed progressive increases in methane
concentrations o 24 % (v/v) on day 137 with subsequent decreases. The reasons for the
mm_muﬂ-wmmmu—ﬂuw



Notwithstanding the erratic nature of the methane concentrations of Column AS, following
the mineral salts additions, it can be seen that the influent concentration increase resulted in
decreases in the methane concentrations 10 6.1 % (v/v) at the termination of the study.
However, it must be pointed out that at this stage the refuse (C1) and the phenol co-
disposal (C5) columns recorded concentrations of 8.7 and 11.3% (v/v), respectively. The
"low load” cojumn (B5) exhibited suppressed methane concentrations until the mineral salts
addition following which the methane concentrations increased although they were erratic
in nature. One possible explanation for the sharp decreases in methane concentrations of
Column BS after 547 days could have been the subsequent declines in pH values following
the mineral salts addition. More interesting, however, is the observation that subsequently,
and especially following the influent concentration increase, the methane concentrations
again increased. This could possibly have been due to microbial adaption 1o the co-disposed
molecule or, alternatively, the establishment of favourable environmental conditions such
as redox potential. Circumstantial evidence of this was the accumulation of nitrite (168 mg
1"") in Column BS prior 10 the mineral salts addition with the disappearance of this
compound following the addition. Therefore, it seemed that, prior to the addition, the
reduction of nitrate to the terminal compound nitrogen gas was limited. The reduction of
nitrate, as well as sulphate, facilitates the establishment of reduced conditions. The negative
effect of the dual co-disposal of sewage sludge and pheno} compared to the phenol co-
disposal column (C5) was clear from the latter's enhanced methane concentrations prior to
the minera) salts additions. However, the sludge supplemented columns, and especially

Column A3, recorded higher methane concentrations following the salts additions.

The fermentation trends determined during this study seemed to indicate that,
compared with the refuse control column (C1), negligible microbial inhibition resulted,
when using pH and "total VFAs concentrations as the analytical criteria, from the dual co-

disposal of sludge and phenol. Also, microbial activity, and especially methanogenesis, was
enhanced with high sludge loadings.
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Leachate Recycle Columns

The leachate phenol concentrations, pH values, “tonal’ VFAs concentrations and the
methane concentrations of the leachate recycle columns (A6, B, C6, C2) are shown
Fguwes32A-352D

During the firs: 40 days the sludge amended columns (A6 and B6) exhibited residual
phenol concentrations of between 200 and 870 mg [ * compared with <200 mg | ' for
the phenol co-disposal column (C6). This phenomenon of increased breakthrough of phenol
could be ascribed 10 lower adsorption raies for phenol as a result of sewage sludge addmon
which could have altered the vanous refuse surfaces. Sinclar (1994). for example, reported
that following an experimental period of 300 days smmilar co-disposal columns were
dismantled and the columns which had conmined sewage sindge were more slimy (0 aature
than the refuse controls.

Following thes nitial stage of high residual phenol concentrations. the “high load”
column (A6) was characiersed by increased phenol catabolism and by day |12 displayed
very low concentrations. Average phenol removal rases of 0.006 and 0.033g kg' d' were
reconded fou the pro- and posi-resupplementateon (RS 1 and RS2) periods, respectively The
equivalent “low load” column (B6). on the other hand  required 387 days 1o anain similar
low phenol concentrations and . likewse. recorded increases in the phenol removal rate
from 0 0016 w 0.023g kg ' ¢ following the resupplementanions (RS1 and RS2) During
the first 44 days the residual phenol concentranons of Column CS were lower than both the
sludge amended columns although 227 days were required 10 attain concentrations
spproaching rero. Average phenol removal rates of 0.005 and 0.06g kg ' d ' were recorded
for the pre- and posi-resupplementation (RS2) periods. respectively From these resuly o
appeared that the addition of sludge at a refuse siudge ratio of 4 3:1 Increased the rase of
phenol catabolism and that the equivalent "low load”™ column did not effect the same
promouon. These results are in agreement with those of Siegmann and Spendiin (1989)
who concluded that sewage sludge co-disposal in low ranos did not supply sufficent
mocula 10 enhance biochemical processes. The resupplementation (RS 1) with [000 mg [

]



Figure 5.2  Changes in Residual Phanol Concentrations (A), pH {B), *Total' VFAs Concenirations (C) and Methane Concentraiions (D) for "High Load™ (A8),
“Low Load” (B6), Pherol Co-[Mspoeal (C6) and Refuse Only Comtrol (C1) Colummns Operated with Leachate Recycle
During an Ineubation Period of 695 Days
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phenol effected a rapid breakthrough of phenol in both the sludge amended and phenol ¢o-
disposa) columns but was followed by rapid decreases. After the resupplementations,
phenol catabolism and, thus, phenol removal rates, increased possibly due to acclimation of
the microorganisms to the added phenol. A similar pattern of increased removal rates was
reported by Watson-Craik and Senior (1989a) who found that following five individual
phenol resupplementations of co-disposal columns the rate increased with each. The authors
concluded that the possible continued phenol selection pressure, together with the
reintroduction of displaced microbial species and essential metabolites, due to Jeachate
recycling, resulted in the selective enrichment and subsequent uniform distribution of
phenol-catabolising populations with resultant improved bioreactor efficiencies. Also, in
anaerobic digestion studies, without leachate recycle, Satsangee and Ghosh (1990)
concluded that an increased time of acclimation of the mixed microbial population

significantly increased the phenol degradation rate.

After the second phenol resupplementation (2000 mg { ') similar rapid
breakthroughs and subsequent declines were recorded in Columns A6, B6 and C6. These
removals most probably resulted from phenol catabolism although physico-chemical factors
could also have influenced the retention of phenol. Retention may be influenced by a range
of factors (Artiola-Fortuny and Fuller, 1982; McBride 1994) of which ony surface area
and pH were likely to have changed during the course of the study. However, with both
phenol resupplementations (RS1 and RS2) the time from resupplementation to the
auainment of very low phenol concentrations was short and it was, therefore, expected that
the surface area would not have changed significantly. Further, as indicated in Figure 5.2
B, following the phenol resupplementations the pH values did not change sufficiently 1o

effect such a dramatic difference in phenol degradation. A similar conclusion was reached
by Watson-Craik and Senior (19892).

Despite the initial dec)ines in pH values for al} the columns the pH values (Figure
5.2 B) of the sewage sludge amended columns (A6 and .B6) were, during the first 14 days,
lower than the phenol co-disposal (C6) and refuse (C2) columns, By day 68 only the "low
load™ column (B6), which required 249 days. had not attained a neutral pH. Furthermore,
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it should be noted that despitz the phenol resupplementanans all the columns mainained

rhis smus

As reporeed previously {Section 4 1.2) the VFA releases. during the first few days
1« 20 days) were the highest in the sludge amended columns and could have been duc o
the higher concentranons added n the shudge. Also, the “low load” column {B6) recorded
prowracted elevated wal” VFAS concentrations compared W the phenol co-disposal (C6)
and refose {02) columma. Nateworthy, however, wis the otgurrence of low wml” YFAS
ooncentranions for the “high load™ column which, unlike the other columns. did nor show a
sulneguem rise n “wital ' VFAs concetranons afier approximately 71 days The longeviry
of the more acilic condinom in the “low load” column (B6) cap, therefore, be explaned,
in part, by the increased '1oml” V'FAs concenmations of this column wnul duy 277
Sulmequently, significam concentration reductions were recorded which enincided with
seady mcreases in the pH values Dexpite the phenol resupplementznons (RS1 and RSY)
there was no resulung sccumulation of the ‘wal' VFAs

The highest mitial | < 100 days) methane concentratiom were recorded with the
“high load” column aithough by day |40+ all the columns had smained concemmations
>80 (vivl, Warson-Craik and Senior (198% .¢) teported that the perfusion of a refuse
eolumn with Y76 mg [ ' phenol resulted in headspace methane concemrations of 0 17%
(v/v) and an sccumulation of acetste (870 mg {'). T was, therefore, suggessed tha the
methanogens were more susceptible than the acelogens 10 the inhibitory effects of phenol
In this present stdy, however. the addinon of 1000 mg | * phenol did not effect & sumilar
methanogenic inhibivon of 'tol’ VFAs accumulation in the long te=rm. The methane
concentrations for #ll the columns following the mineral salts addirions as well &5 the
pheno] resupplementations were erratic in uature. However, in peneral, the studge amended
eolumns, and especially the “low load® column, recorded greater methane concentrations
than bath the phenol co-disposal and refuse columns. These results seemed 1o indicate the
possible beneficial effects of adding additional methanogens with the sludge.
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It can. therefore, be concluded that the mitial perfusion of the columas with 1000
mg | *. n the early siages, resulted in slightly decreased pH values for the “low load”
coluymn with & concomitant transient accumulation of ‘total’ VFAs. In general. however,
the leachate recycle operated columns, with dual co-dmsposal of sewage siudge and phenol,
Mnﬂth”%hnmﬁﬂﬂhﬂ-ﬂ.
‘wotal° VFAs and methane concentrations were the analytical cruerna. Finally, the “high
load* operated column exhibised not only enhanced phenol catabolwm bt also ncreased
refuse fermentation and methane generalion

Basch Operated Columns

The residual phenol concentranons. pH. “weal’ VF As concentrations and methane
concentrations for the baich operated “hugh load” (A7), “low ioad” (B7), phenol co-
disposal (C7) and refuse (C3) columns are given in Figures 33 A - 53D

As recorded for the leachase recycle columns the baich operated columms, amended
with sewage sludge (A7 and B7), initially ( < 64 days). displayed higher resadual phenol
concestrations compared with the phenol co-disposal and refuse colemns (Figure 5.3 A).
Ths more rapid breakthrough of pheno! could have boen due 10 8 decreased adsorption
capacity 38 described above. The “low load”™ column (B7) averaged phenol removal rates of
0 0014 and 0.023g kg ' &' pre- and posi-phenoi resupplementations (RS 1 and RS2),
respectively  Therefore, the “low load” colums cxhibised slightly higher icachae phenol
concenarations than the equivalen “bogh ioad” column which mamtained phenol removal
rates of 0 0012 prior w and 0 08ty kg ' ¢ following the phenol resupplementanons (RS |
and RSY) The phesol co-duposal column (C7) recorded phenol removal rates of 0.0012
and 0.05g kg ' ¢ pre- and posi-phenol resupplementations (RS] and RS2). respectively
Therefore. despite the higher ressdual phenol concenirations recarded for the sludpe
supplemented columns (AT and B7) the three experimental columns exhidited remarkably
simular phenol removal rates. The additions of the mineral salts cleasly had a posative effect
on phenol caabolsm as. following the addmons. the three experimental columns revealed
steady decreases (Figure 5.3 A). The phenol resupplemenanions resulied in rapid
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breakthroughs of the added molecule although subsequent rapid decreases were recorded.
Further, following the phenol resupplementations all the columns, irrespective of the co-

disposal regime, demonstrated phenol removal rates of the same order.

The refuse coniro) column (C3) showed the characteristic declipe in pH during the
first 120 days (Figure 5.3 B) after which there was a steady increase to 2 neutral pH which
was reached on day 229. As with the leachate recycle columns the sludge amended
columns, and especially the “low load™ column (B7), exhibited Jower initial (< 19 days)
pH values than the equivalent sludge free columns. The phenol (C7) and sludge amended
(A7 and B7) co-disposal columns were characterised by Jowered pH values until the
addition of the mineral salts. Subsequently, the pH values increased although Column A7

displayed a slower recovery to a neutral pH.

One possible explanation for the increases in the pH values, following the salts
addition, of the co-disposal columns could have been the rapid decline in the "tota)' VFAs
concentrations (Figure 5.3 C). It is worth noting that as with the leachate recycle operated
columns, the “high load™ column (A7) recorded lower initial (< 74 days) ‘total' VFAs
concentrations compared with the "low Joad™ column (B7). However, during this early
period, these two columns recorded higher concentrations than the equivalent phenol co-
disposal and refuse columns. Subsequently, however, the sewage amended columns
exhibited lower "total’ VFAs concentrations until day 227 when the refuse control column
showed a dramatic decrease. No discernible accumulation of ‘total' VFAs resulied

following either of the phenol resupplemeniations.

From Figure 5.3 D it is clear that there were no distinet differences between the
methane concentrations of all the columns until day 118 when the methane concentrations
of the refuse control column sharply increased. Surprisingly, the “low load” column (B7)
attained a methane concentration of 61% (v/v) on day 309 while the equivalent “high load”

column recorded a concentration of 8.1% (v/v) and only increased 10 a maximum of 61 %
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(v/v} after the mineral salts addition. Following the mineral salts additions there were
general increases in the methane concentrations of all the columms which were subsequently
followed by concentration decreases m response 1o the phenol resupplementations,
However, i is interesting that, with a few exceptions, the experimental columns, and
especially the "low [cad” column, exhibited merthane concentrations greater than the refuse

control column,

From these results it appeared that the dual co-disposal of sludge and phenol did
mitially inhibit the fermentation of refuse a8 indicated by the protracted periods of low pH
values and increased “total” VFAs concentrations, as well as the extended lag phase 1o the
onset of active methanogenesis. However, the inhibitory effect of the dual co-disposal was
lower than that exerted by the phenol co-disposal column. Also, the dual co-disposal of
sludge and phenol did not effect increases in the leachate phenol concentrations or refuse
catabolism compared with the pheno! co-dispakal column. It was also apparent that the
“low load” column exhibited higher pH values and methane concentrations than the “high
load” column. The dramatic effects that the mineral sals additions had on the parameters
discussed above were alse evident in the transient accumulations of the electron acceptors
nitrate and sulphate. For example, prior 1o the mineral salts additions, the “high load"
column recorded nitrate and sulphate concentrations of 186 and 31 8 mg /', respectively,
while following the additions the concentrations decreased w below detection limits. Also
of interest was the accumulation of nitrite (135 mg [ '), of the “high load" column, before
the mineral salis addinon which, similarly, declined to an extremely low value following
the addition. Uinlike the refuse control column (C3), similar accumulations of nitrate,
sulphate and nitrite were recorded for the "low load” (B7) and phenol co-disposal (C7)
columns. These results seemed 10 indicaie that the practice of either phenol co-disposal or
the dual co-disposal of phenol and sewage sludge. operated in baich mode, negatively
affected the interacting microbial associations particularly the nitrate and sulphate-reducing
bacteria. According to Senior {1991). the practice of co-disposal is a superimposition on
the refuse cambolic processes. Therefore, the dual co-disposal of sewage sludge and phenol
with refuse could intensify the negative impacts of this practice. It is, thus, éncouraging 1o
note that these results indicated that the dual co-disposal did not effect increases in
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mcrobal whidinos whes compared o pbenol co-duposal. In fact, the "low load”™ colums
showed ha enbanced refuse cambolsm was coincident with the dual co-d sposal of pheno!
and vudge

Smulated Ran (olumns

The leachate residual phenol concentranions recorded for the e umulated columas
(Figare § 4 A) showed rapid breakthroughs and subsequemt declines 10 very low
concentrations by day 7% Without radio-labelied phenol 1 was smpossible 10 derermine the
degree of phenol catabolism compared with the amount of phenol leached from the
refuse/sludge. In this insance, however .t s befieved thas the rapsd declines n phenol
concenirations were due 10 the washows effect of the moving hiquad rather than phenol
catabolum For example the st op procedures (Seciion 1.2) resulied in the addion of
0.7g phenol 10 the experimenmal columas, aficr which the columms were perfused a 2 e
of |80m of deulied water per week Taking @m0 contideration the leachate phenol
concentrations § was calculated. for Columa AR that 0.578g or K2 5% of the phenol had
been lcached during the firw 43 days of operanon. As a result of operational difficulues
these colgmes were noe resupplemented with phenol (/000 mg [/ ) as were the other
columns However resupplemesation with 2000 mg / * phenol (RS7) was followed by
rapsd decines in the leachate phenol concemyanons afier initwl breakthroughs These were
aso thought 1© be manly due 10 leaching and desorption of phenol

The pH values. wioh one exceprion, were, prioe 1 the muneral sl addmons,
suppressed. Foliowmng the additions Columa C4 showed ramsient pH increases (Figure
$ 48) Semilarty the !’ VFAs concentrations. subsequent o day 7. were low and
further concentranon reductions followed the muneral sals addion (Figure $ 4 O)

The methane concentrations (Figure 5 4 D), m generyi. infered low methanogenc
activity priod 10 the mineral salt addinons following which bref increases n
concenuations were recorded for Columes AS. B8 and C4. These increases could hawe

been due 0 the addivon of methanogenic precursors such as carbonate The ncreaes in the
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methane concentrations of the sludge amended columns following the second pheno)
resupplementations (RS2) were surprising. Why this should have had a stimulating effect
on the methanogenic population was not clear although it was concomitant with slight

increases in the pH values.

The recorded parameters such as the rapid washout of phenol, the low pH values,
the consistently low "total” VFAs concentrations and the inhibited methane generation
seemed to indicate that very hittle refuse and phenol catabolism occurred and that desorption
and subsequent washout of the phenol was the most likely outcome of this practice. This
washout phenomenon was more pronounced in the rain simulated columns than the single
elution columns which were continuously perfused with phenol. Also, the leachate recycle
and batch operated columns were, in effect, closed systems and, therefore, restricted any

washout,

5.2.3 Effects of Perfusion Strategy in the Dual Co-Disposal of Anaerobically
Digested Sewage Sludge and 1000 mg ! Phenol with Refuse

"High Load" Columns

The effects that the operational regime had on the phenol concentrations, pH values,
‘total” VFAs and methane concentrations, for the “high Joad™ columns (A5-A8). are shown
in Figures 5.5 A -5.5 D.

Not surprisingly, the highest residual phenol concentrations (Figure 5.5 A) were
recorded for the single elution column (A5) as this column was continuously perfused with
1000 mg ! phenol. The phenol breakthrough was rejatively rapid with 897 mg !
phenol recorded on day 15. However, by day 110 the concentrations had stabilised between
400 and 600 mg /” until the addition of the mineral salts which resulted in temporary
phenol concentration decreases. Surprisingly, Column A5 demonstrated similar leachate
concentrations pre- and post the second (2000 mg /') resupplementation. As discussed

earlier (Section 3.3.2) both the organic loading rate and hydraulic loading are important
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factors in phenol catsbolism in refuse. For example, Watson-Craik (1987) demonstrated
that phenol removal increased as the influem concentration increased up to approximately
1500 mg | . This fact, together with possible microbial adaption and the elimination of
possible elemental deficiencies could have accounted for the increased rate of phenol
removal following the phenol resupplementations. For example, prior 1o the mineral salts
addition Column AS maintained an average phenol removal rate of 0.297g kg* ' .while,
following the resupplementations (RS1 and RS2), the phenol removal rate increased w0
0.73g kg d". Both the sludge additions and the increased influent phenol concentration.
thus, appeared 10 effect mean removal rate increases, notwithstanding the nitial
breakthrough of phenol in the sludge amended columns which was, as discussed above.
more rapid.

The leachate recycle column (A6), similarly. showed high initial breakthrough
whereas_ unlike the single clution column. substantial decreases to low concentrations of 10
mg |~ were recorded on day 110, after which the leachate concentrations remained low.
Despite the antainment of these low residual phenol concentrations, for Column A6, the
average pheno! removal rate was 0.006 g kg ' d'. The possible reasons for these lower
removal rates, compared 10 the single elution column (AS). could have been the lower rates
of liguid movement. For example. Column AS was subjecied to continuous movemem of
the nfluent while the equivalent leachate recycle column (A6) was subjected to a liquid
flux of 50-75m/ per week. |1 is now widely accepied that fermemation promotion by water
addition involves two separate variables: the waier content per se and 118 movement through
the refuse mass (Kiink and Ham, 1982). Further. m effect, the leachate recycle column had
to contend with an ever decreasing concentration of phenol while the single clution column
was challenged by a constant concentration, A similar conclusion, with refuse columns,
was reported by Watson-Craik and Senior (1989a). The authors indicated that the lowest
hydraulic loading rate (7.2 m/ h') was characterised by 8 mean phenol anenuation rate of
0.02mg kg ' d'. while an eight-fold increase m the loading rate affected an anenuanon
increase 10 0.202 mg kg' d”.

The lack of liquid movement through the batch operated column (AT) appeared to,



compared with the leachate recycle column, result in higher leachate phenol concentrations
which fluctuated around 200 mg [ from day 43 until the addition of the mineral salis.
Notwithstanding this prolonged period of high phenol concentrations, the phenol
anenuation rate ncreased significantly following the phenol resupplementations. The
reasons for the enhanced phenol removal rate could have been microbial adaption and/or
the elimination of any nutrient limitation by mineral salts addition. Alternatively, the
pheno! resuppiementation could have resulted in a certain degree of liquid movement, due
1o a limited amount of recycling 1o ensure that the influent had permeated throughout the
column, although the impact of this was expected to be minimal.

As discussed above, the rapid decline in residual phenol concentrations for the
simulated rain column (AB) was most likely due 10 leaching of the molecule which was
facilitated by the speedy desorption of the added phenol from the refuse.

The pH values of the respective columns are shown in Figure 5.5 B from which 1t is
clear that the differem perfusion regimes directly influenced the pH values. During the
carly stages ( < 50 days) the columns were characterised by decreased pH values. However,
notwithstanding these initial decreased pH values, the leachate recycle column attained a
neutral pH by day 72 and remained around this value, despite the phenol
resupplementations, until the termination of the study. The single elution (AS) column, on
the other hand, never atained a pH value > 5.7 until after the mineral salts addition which
resulted in pH increases 10 a maximum of 6.7, Unlike, the leachate recycle column, the
single elunon column recorded temporary pH decreases following the phenol
resupplementations (RS1 and RS2). The baich operated column (A7) also resulted in low
pH values and the mineral salts addition did not appear to effect a sustained increase in the
leachate pH values. Surprisingly, however, neutral pH values were recorded following the
resupplementation with 1000 mg { . The pH values for the rain simulated column (AB)
were, in general, irregular and lowered although a neutral pH was recorded on day 138

The consistently low pH values recorded for the single elution column (AS) were,
according 10 Figure 5.5 C, not as a result of an accumulation of "1otal’ VFAs as the
concentrations decreased from 4301 o 13 mg /" by day 22. A more likely explanation
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was the leaching out of buffering compounds. The beneficial effect of leachate recycle was
demonstrated by sieady declines in the 'total’ VFAs concentrations which coincided with
increases in the pH values. 1t is also worth noting that. for the leachate recycle column,
neither of the phenol resupplementations resulted in further accumulations of ‘wial” VFAs.
The low pH values recorded for the baich operated column (A7) could have been due to the
sustained high concentrations of "total’ VFAs. Furthermore, the addition of mineral salis
did not appear 1o immediately effect rapid decreases although. by day 500, the 'total' VFAs

concentrations had decreased significantly with concomitant increases in the pH values.

The washout or leaching of the fary acids, which are the immediate precursors to
methane production, as a result of a single elution regime. have been shown o significantly
affect methane generation potential. For example, Leuschner (1989) calculated the volumes
of leachate produced and stoichiomerry. in 210 litre drums filled with refuse, and
concluded that the practice of leachate discard resulted in the potential loss of 410 lires of
methane. A similar effect could have been operative in Column AS as progressive increases
in methane concentrations (24% v/v) were recorded until day 129 after which the
concentrations declined, These decreases could have resulted from labile substrate
depletion. Despite the occurrence of phenol degradation, as discussed above, this was
apparently insufficient to maintain the elevated methane concentrations. Notwithsanding
the irregular natre of the methane generation rends, following the mineral salts addirion,
Column A3, In general, exhibited methane concentration increases with subsequent
decreases recorded following the 2000 mg [~ resupplementation. An enhanced methane
concentration of 66 % (v/v) was recorded for the leachate recycle column (A6) on day 201,
after which the concentration declined until the addition of mineral salts. With one
exception. the methane concentrations for this column appeared 1o be suppressed following
the resupplementations (RS1 and RS2). However, this apparent inhibition was not
concomitant with either an accumulation of ‘total’ VFAS or notable pH decreases, The
batch operated column (A7) was characterised by a pool of 'wml’ VFAs, due w
acidogenesis, although the simultaneous process of acidotrophy appeared to be suppressed
until the addition of the mineral salts. Following the addition significant increases in the



methane concentrations were recorded which coincided with decreases in the "total’ VFAs
concentrations. These higher methane concentrations were, however, not maintained and,
subsequent to the second resupplementation (2000 mg [ ), concemrations as low as 4.3%
(viv) were recorded. A further increase to 43% (v/v) could have been due to the ability of
the microorganisms 10 adapt to the added phenol with the resulting mineralisation of the
molecule to methane. The rain simulated column (A8), with one exception, did not appear
to preduce nor sustain elevated methane concentrations. This was apparent despite the
mineral salts addition although slight increases were noted following the second

resupplementation (RS2).
"Low Load” Columns

The effects that the operational regimes had on the residual phenol concentrations,
pH values, “total’ VFAs and methane concentrations, of the "low load” columns (B5-B8).

are shown in Figures 5.6 A - 5.6 D.

As recorded for the single elution “high load™ column, the equivalent "low load™
column operated with Jeachate discard (BS) exhibited the most rapjd phenol removal rate
(Table 5.1) which further increased following the resupplementations (RS2). Unlike the
“high load™ leachate recycle column (A6), which recorded a higher phenol removal rate
compared with the batch operated column (A7), the equivalent "low load”™ leachate recycle
and bartch operated columns exhibited similar removal rates (Table 5.1). As discussed
previously, the "low load™ rain simulated column was characterised by the Jeaching of a

large portion of the added phenol and correspondingly very low rates of phenol catabolism

resulied,

The "low load™ columns were characterised by suppressed pH values with none of
the columns recording marked pH increases prior to the mineral salts additions. Following
these additions, with a few exceptions, the Jeachate recycle and batch operated columns
exhibited neutral pH values which were maintained despite the two phenol

resupplementations. The low pH values of the Jeachate recycle and batch operated columns,
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prior 10 the mineral salts additions. could have been due 10 the accumulation of “1otal’
VFAs (Figure 5.6 C) which subsequemtly declined. The single elution and rain simulated
columm, on the other hand. which were subjecied 1o relatively rapid liquid movement,
exhibued low ‘wial’ VFAs concemranons. The low pH values of these columns, in the
presence of low ‘wal’ VFAs concentrations, were most likely due 10 the leaching out of
the buffermg capactty. Finally, it s worth noting that the two resupplementations did not
result in any detectable accumulations of “total’ VFAs.

The effects that the differemt operating regimes had on the methane concentrations,
for the “low load”™ columns, are clear from Figure 5.6 D. Both the single elution and rain
simulated columns exhibited very low methane concentrations prior 10 the mineral salts
addmons. The ieachate recycle and baich operated columns, on the other hand, recorded
concentrations > 60% (v/v) on day 309. Further, of great imerest were the methane
concentrations which were, m general, > 30% (v/v) following the two resupplementations.

As discussed carlier for the “high load” columns (Section $.2.2). ransicnt
accumulanions of nitrate and sulphate were again recorded, especially with the basch
operated column, prioe 10 the mineral sals additons.  Subsequently . these accumulations
decreased 10 below detection limas.

5.2.4 Conclusions

The mean phenol removal rates for the different operating regimes are given in
Table .1 The residual phenol concentrations of both the “high load” and “low load”
columns seemed 1o indicate that the mode of operation should be coupled 10 the leachate
treatment requirements.

For example. if the leachate is 10 be discarded (for example w0 municipal sewer),
without any further reatment, then the lowest possibie concentration of phenol would be
the preferred option.
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Table 5.1 Mean Phenol Removal Rates for the Single Elution, Leachate Recycle and
Barch Operated Phenol Co-Disposal (C5 - C6), *High Load" (A5-AT} and
*Low Load® (B5-B7) Columns During an Incubation Period of 695 Days

Cnhmmﬂn.l!-lndenfﬂpuﬂhn Mean Phenol Removal Rate Mean Phenol Removal Rate
- Prior to Phenol Following Phenol
(g kg dY) (e hg' &)
A5 Single Elution 0.297 0.73
B3 Single Elution 0.31 0.46
C5 Single Elution 0.27 0.59
Ab Leachae Recycle 0, 006 0.033
B& Leachate Recycle 0.0016 0.023
Ch Leachate Recycle 0.005 0.06
Al Batch 0.0012 0.046
B7 Batch 0.0014 0.023

In this instance, leachate recycle should be implemented as this mode of operation
facilitates the reduction of the co-disposed phenol concentrations, On the other hand, il the
maximum removal of phenol s desired, then single elution, especially with an increased
siudge-refuse ratio, would be the favoured method of operation. This method could.
however, result in suppressed pH values which, i wrn, could inhibit refuse degradation
by, for example. “souring” of the fermentation or mcreased heavy metal mobility. In
general, the dual co-disposal of phenol and sewage sludge in batch mode could negatively
influence nen only the leachate quality (increased ‘total’ VFA's), but also methane
generation. One possible reason for the decreased effectiveness of the batich mode of
operation could have been the lack of moisture flux which, according w the U_K.
Depanimem of Environment (1994), is essential for successful co-disposal. It has been
suggested that the sysiem should be controlled so that the hydraulic retention time (HRT)

within the refuse mass should be between | and § years (UK. Department of Environment.
1964},
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The HRT for the single elution columns was approximately two days while for
saturated landfills it could be considerably longer, from several months to several years
(Knox. 1989). In practice, in full-scale landfills the HRT can be hmited by the lower
permeability of the refuse which s a function of the refuse 1ype and compaction. For
example, plastic. which often constitutes a major portion of municipal solid waste, would
tend to decrease the permeability and facilitate perched water tables (Daneel, 1993). The
refuse used in this present study was hand sorted to remove all plastic and glass thus
faciliaing the Mux of lguld, Tocreasing the Nea of nwisiure through @ landGl sie
therefore, utilising the enhancing effect of liquld movement, could be accomplished by
decreasing the compaction ratio which, however, would also decrease the available airspace
and Jongevity of the site.

From the resulw for the alternanve electron acceptors. nitrate and sulphate, it
dppeared as if the interrelated processes of nitrae and sulphate reduction were inhibited and
this is further discussed in Section 5 2.8

52.% "High Load™ and "Low Load" Amaerobically Digested Sewage Sludge and
2000 mg | Phenol Dun! Co-Disposal with Refuse

Single Elution Columny

The changes i residual phenol concentrations, pH values. '1otl” VFAs and
methane concentrations for the columns perfused with 2000 mg [ and operated with
single elution are given in Figures S.TA - 3.7 D

The phenomenon of more rapid phenol breakthrough in the presence of sewage
sludge addiions has been discussed earfier (Section §.2.2). Initially | < 34 days), similar
high leachate phenol concentrations, resulting from the addition of sewage sludge. were
recorded recorded for the sludge amended columns (A9 and BY). Despite the increased
concentrations due o rapid desorption in the sludge amended columns, these columns
averaged sigmicant phenol removal rates. For example, the “mgh load” (A9 and “low
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load " (BY) columns, priot to the phenol resupplemenianons, mainwined phenol removal

raies of 0.7 and 0.35g kg ' ¢, respectively while following the resupplementations the

rates mereasad o |3 and | 28g kg' d', respectivels The “high load” column, therefore

exhibited enhanced phenol removal compared with the phena! co-disposal column which
averaged pre- and post resupplementanion phenol removals of (.61 and 0.66g kg' d'

{Table 5.2). It was evidem that slodee addmions. and particufariy the high sledge loading

effected sygnificant increases i phenol catabohsm.

Table 5.2

Mean Phenol Removal Rates for the Single Elution (A9, BS, C9), Leachaie
Recycle (A0, BI0, C10) and Baich Operated (A11. B11, C11) Columns
During an Incubation Period of 695 Days

Column No. | Mode of Operation | Mean Phenol Removal Rate Mean Phenol Removal Rate
Prior to Phenol Following Phenol
Wﬁm Ruuppltﬂe:ilthm
AD Smgle Elution 0.7 1.3
BY Single Elution 0.35 | 28 :
o Single Elunon 0.6 0.66
AlD Leachate Recycle 0.0013 0.05
B10 Leachate Recycle 0,0035 0,058 i
Cio Leachate Recycle 0.0023 0,043
All Batch 0.0032 0.055
Bl Barch 0.0031 0.062
C1l Batch 0009 0 (39 i

{ne possible reason for the recorded phenol removal rate increases oompared with

the phenol co-disposal column, could have been the positive promonon recorded. for
Columns A9 and B9, following the mineral salts additions.



From Figure 5.7 B it can be seen that the single elution regime suppressed the pH
values with brief increases recorded following the mineral salts addition. Therefore, it
appeared that the buffering capacity afforded by the sludge addition (Section 4.3.2) was
insufficient to buffer the fermentation against pH decreases. More importantly, with
regards to full-scale co~disposal operations, the phenol resupplementations, in general,

appeared to further induce pH decreases.

During the first 20 days the "total’ VFAs concentrations were higher in the sludge
amended columns (Figure 5.7 C) as discussed previously (Section 4.3.2). The subsequent
rapid decreases were most likely due to the leaching effect of the operating regime. The
negative effect that leachate discard had on methanogenesis was clear (Figure 5.7 D). Also,
it was apparent that, apart from the brief period following the mineral salts additions, the
sludge amended columns exhibited lower methane concentrations compared with the phenol
co-disposal (C9) and refuse control columns (C1). The reasons for the suppressed
methanogenic activity were not clear. However, one possibility could have been that,
unlike the previously discussed columns, these columns did not, following the mineral salts
additions. exhibit decreases in the concentrations of the alternative electron acceptors.
nitrate and sulphate. Despite this apparent microbial inhibition phenol catabolism
continued, as evidenced by the mean phenol removal rates which are shown in Table 5.2.
This was unexpected as Senior and Balba (1987) reported that phenol catabolism required

the effective processes of either sulphate reduction or methanogenesis to act as hydrogen
sinks.

Leachate Recycle Columns

During the first 34 days the sludge amended columns (A 10 and B10) were
characterised by higher residual phenol concentrations (Figure 5.8 A) than the phenol
column (C10). After approximately 110 days the sludge amended columns again, in
general, exhibited higher leachate phenol concentrations than the equivalent phenol co-
disposal column (C10). Following the additions of the mineral salts, however, all three

columns recorded similar residual phenol concentrations. Despite these higher leachate
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phenol concentrations, recorded for the studge amended columns, the phenol removal rates
approximated to or bettered the phenol co-disposal column. For example, the "high Joad"
(A10), "low load” (B10) sludge amended and the phenol co-disposal columns exhibited
mean remova) rates of 0.0013, 0.0035 and 0.0023g kg™ d”', respectively. Also evident
from Figure 5.8 A was the positive effect that the mineral salts additions had on phenol
catabolism. Subsequent to the phenol resupplementations (RS1 and RS2) the sludge
amended and phenol co-disposal columns recorded phenol removal rate increases (Table

5.2) to comparable rates.

A possible reason for the increased phenol removal rate, recorded for the "low
load” column, could have been the recovery of the pH (Figure 5.8 B) to attain a neutral
value after 241 days. At the same time, the equivalent “high load” column exhibited a pH
of 5.8. The importance of near neutral pH values in phenol cataboljsm has been discussed
earlier (Section 3.3.2). Therefore, the co-disposal of 2000 mg ! ' phenol with the higher
sludge:refuse ratio appeared to effect protracted periods of suppressed pH values which
only recovered to attain neutral values following the mineral salts addition. However, the
benefit of sludge additions, to the pH values, was evident as the phenol co-disposal column

(C10) exhibited an even slower recovery.

The co-disposal of sewage sludge in refuse has previously been shown to enhance
the release rate of 'total’ VFAs (Section 4.3.2). For the present study, however, this was
only evident during the first 41 days. The “low load” column (B10) recorded higher total’
VFAs concentrations compared with the “high Joad" (A10), phenol co-disposal (C10) and
refuse control (C2) columns (Figure 5.8 C). Notwithstanding these initial higher VFAs
concentrations, both the sludge amended columns recorded lower mean VFAs
concentrations until day 123, after which the refuse control concentrations decreased
rapidly. The dual co-disposal of sludge and phenol with refuse, therefore, could be

beneficial in negating VFA accumulations compared with the single co-disposal of phenol.,

The negative effects of the "total' VFAs accumulation and concomitant suppressed

pH values on the "high Joad™ column were reflected in the relatively Jow methane
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concentrations. For example, a2 maximum methane concentration of 19% (v/v) was
recorded prior to the mineral salts addition. Likewise, high "total’ VFAs concentrations and
Jow pH values, of the phenol co-disposal column (C10), effected similar low methane
concentrations. The positive effects of elevated pH values and declines in "total’ VFAs
concentrations, on the other hand, were reflected in the enhanced methane concentrations
recorded for Columns B10 and C2. The benefit of sludge additions was also apparent
following the minez.'al salts additions and phenol resupplementations as, in general, the
sludge amended columns recorded higher methane concentrations. It, therefore, appeared
that the sludge Joading as well as the phenol concentration could effect different
fermentation balances. For example, the “high load” 1000 mg /™ perfused column (Figure
5.2), operated with leachate recycle, exhibited enhanced phenol and refuse catabolism,
whereas the equivalent 2000 mg !~ challenged column exhibited a degree of microbijal
inhibition when pH, "total' VFAs and methane concentrations were used as the analytical

criteria,
Batch Operated Columns

The changes in residual phenol concentrations, pH values, "total’ VFAs and

methane concentrations are shown in Figures 5.9 A -5.9 D,

During the first, approximately, 131 days the "high Joad" column (A11) recorded
the highest leachate phenol concentrations possibly due to the rapid desorption rates as a
result of the sludge addition. The sludge amended columns (Al1 and B11), as well as the
phenoj co-disposal column (C11), recorded decreased residual phenol concentrations after
approximately 71 days with subsequent strong increases after 223 days. Possible reasons
for the subsequent increases, especially for the sludge amended coJumns, were not apparent
although physico-chemical phenomena such as adsorption/desorption could have been
involved. Both the "high" and "Jow" load columns averaged similar phenol removal rates
(Table 5.2) despite the, in general, higher leachate phenol concentrations of the "high load"
column prior to the phenol resupplementations (RS1 and RS2). From the rates shown in

Table 5.2 it can be seen that the sludge additions effected slight increases compared with
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the phenol co-disposal column. Further, the phenol resupplementations effected increases in
the phenol removal rates for all three columps although the highest removal rates were
again recorded in the sludge amended columns. From Figure 5.9 A it is clear that the times
required for the phenol concentrations to approach zero, after the initial breakthroughs,
were significantly shortened following the phenol resupplementations and could have been
due 10 the elimination of possible elemental deficiencies and/or microbial adaption.
Alternatively, microbial activities could have been enhanced due to the establishment of
more favourable physiological conditions. For example, the nitrate/nitrite concentrations

appeared to accumulate prior to the mineral salts additions but subsequently declined.

From Figure 5.9 B it can be seen that during the first 19 days. the sludge amended
columns, and especially the "high load” column, exhibited low pH values. The refuse
control column (C3) and the phenol co-disposal column (C11) auained neutral pH values
after approximately 220 and 414 days, respectively while the equivalent sludge amended
columns, All and B11, required 391 and 551 days, respectively. For a)l three co-disposal

columns increases in the pH values were recorded following the mineral salts additions.

In the early stages (<75 days) of the study the sludge amended columns, Al1 and

BI1, were characterised by higher "total” VFAs concentrations (Figure 5.9 C) compared
with the refuse control (C3) and the phenol co-disposal (C11) columns. Subsequently,
however, the “high load” column exhibited lower "total' VFAs concentrations than the
other columns until day 252 when the refuse contro) column showed a dramatic decrease. 1t
is. (hus, surprising that these lower VFAs concentrations. for the “high load” column,
were, compared with the “low load™ column, not reflected in pH increases prior to the
mineral salts additions. The sludge additions 1o Columns Al1 and B11 did not appear (o

effect increases in the phenol removal rates (Table 5.2) or the pH values compared with
Column Cl11.

However, the benefit of sludge additions was clear with regards to the methane
concentrations (Figure 5.9 D). For example, nowithstanding the protracted period of

suppressed pH values of the "low load™ column (B11), methane concentrations > 60%
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(v!v) were recorded afier 200 days. On the other hand, the equivalent phenol co-disposal
column (C11) recorded very low concentrations of approximately 1,7 % (v/v) over the same
time period. Also of interest was the continued enhanced methone concentrations recorded
for the co-disposal columns (A1, B11, C11). From Figure 3.9 D1 it 18 clear that foilowing
the mineral saits additions and the phenol resupplementations the headspace methane
concentrations, with a few exceptions, were greater in the co-disposal columns than the
refuse control (C3), The decrease i methane concentrations from an initial maximum was
described in Section 3.3.2 where 1t was concluded that substrate limitation was the most
likely cause. These protracted methane concentration increases, of Columns All, B11 and
C11, therefore, seemed o imply that the practice of co-disposal with either sludge or
phenol addinons could supplement the refuse with labile substrates which, i turn, could
enhance methanogenesis. Alternatvely, mcreased methane concentrations resuling from
differenttal mhibinon and re-directed electron flow could be implicated and has been
discussed earfier (Section 3.3 .4).

The increases in the phenol removal rates following the phenol resupplementations
were ascribed above (o the possible eswblishment of a favourable environment, particulariy
a low redox potential. However, the methane concentration results did not support this

possibility as high concentrations, especially for the sludge amended coiumns A1l and
Bil, were recorded prior to the mineral salts additions and resupplementations. The

heterogeneous nawre of refuse could, however. have faciliaied the formaton of micro-
niches where methanogenesis was enhanced despite, in general. unfavourable physiological

conditions.
Simulated Rain Columny

The rapid leaching of the added phenol, described earlier. was aleo evident in these
columns (Figure 5.10 A). For example, during the first 110 days approxmmately 73% of the
added phenal was leached from the “low load” column The pracuce of leachate discard has
beer associated with low pH values and attributed 1o the removal of the buffering capacity

(Pohland, 198%h), The moiswure movement through the rain simulated column appeared o
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effect similar leaching characteristics which, in turn, resulted in lower pH values for the
durarion of the study (Figure 5,10 B), Similarly, the trends of the 'towl’ VFAs
concentratinns reflected the washout of these components (Figare 5. 10 C). The mhtbiung
effect of this practice, on refuse degradavon, was also ¢vident in the generally low methane
comcentrations (Figure 5. 10 D) recorded for the columns, However, it is worth noung that
the phenol resupplememations effected methane concentration increases for the

experimental columns.

5.1 & Effects of Perfusion Strategy in the Dual Co-Disposal of Anaerohically Digesied
Sewage Sludge and 2000 mg | Phenol with Refuse

“High Load " Columns

The changes in residual phenel concenmations, pH, “toml” VFAs concentranions and

methane headspace concentrations are shown {n Figores 511 A - 5,11 C

Generally, the single elution operaed column (A5} recorded higher |eachate phenol
concentrations than the other columns operated with leachate recyele (A 10), bach mode
(A11) or simulated rain (A12). The higher residual phenol concentrations of Column A9
were, however, prior to the mineral salts addition, concomitant with higher phenol removal
rates (Table 5.2). The equivalent leachate recycle and batch operated columns (A 10 and
ALL), in general. exhibited residual phenol concentrations >500 mg !~ prior 1o the
mineral sals additions with sharp declines following the addivons, The simulated ram
column (A12), on the ohier hand, was characterised by rapid leaching of the added phenot
with 2% of the phenol washed out by day 92. Following the resupplementations (RS and
RS2} phenol removal rate increases were recorded, especially for the single eluvon column,

while the leachate recycle and batch operated columns demonstrated similar removal rates.

Prior 1o the mineral salis additons the columns. with a few exceptions, recorded
relatively low pH values (<pH6). Surprisingly, however, the simulated rain column
exhibited pH values > pH6 after 171 days. Following the mineral salis additions the single
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elution and simulated rain cojumns, with one exception, recorded pH values <6.5. The
equivalent leachate recycle and batch operated columns, on the other hand, exhibited
elevated pH values although slight decreases were recorded following the phenol

resupplementations.

During the first 14 days the effects that the operating regime bad on "total' VFAs
concentrations were clear (Figure 5.11 C). The higher "total' VFAs concentrations
recorded for the single elution and simulated rain columns could have been due to either
increased acidogenesis or the mobilisation and leaching out of acids as a result of the liquid
flux which, subsequently, resulted in continuously low concentrations. The equivalent
leachate recycle and batch operated columns exhibited progressive increases in the "total’
VFAs concentrations which subsequently approached very low concentrations following the
mineral salis additions. The slight pH decreases recorded for the leachate recycle and batch
operated columns following the phenol resupplementations could have been due 1o the

coincident slight increases in the ‘total' VFAs concentratjons.

During the first 100 days of the study the simulated rain column exhibited
surprisingly high methane concentrations which were, however, not maintained. The
leachate recycle and batch operated columns, prior to the mineral salts additions, exhibited
methane concentrations of 31 and 19% (v/v), respectively. The positive effects of the
additions, for Columns A10 and Al11, were reflected in the sharp increases in the methane
concentrations to >60% on day 458. From Figure 5.11 D it appeared that the phenol
resupplementations negatively affected the methane concentrations of columns A 10 and
A1l] although further increases were recorded towards the termination of the study. Also of
interest were the increases in methane concentrations of the simulated rain column (A12)
following the second resupplementation (RS2). It, therefore, appeared that the
resupplementations enhanced methane production. These increases in methane

concentrations could have been due to the addition of Jabile carbon (phenol).
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“Low Load”™ Columm

Not sneapeciedly | like the “high load” column_ the yngle clunon columa (B9} wh
few exceptions. exhibied the highest leachas phenol concestranons (Figure 312 A) and
the grestest pheno! removal rate (Table 5 2) which agam ncreased significamily following
the phenol resupplementations (RS] and RST) Prior w0 the mineral salts addwion the baich
operaied column (B 1) exhibised lower residual phenol concentrations than the leachan
recycie columa (B10) although both averaged similar phenol removal rases (Table §5.2) pre-
and post the phenol resupplementations (RS and RSY) The simulated ram columa (B12)
was characiersed by rapid Ieaching of the added phenol

Amlogous 10 the "high load” colemes. descrided above. the columms exhibund ow
pH values prioe o the mmneral win addacm followmg whxh the columeas recorded pH
increases These clevased pH valurs were. however, not masnmained for columm B9 and
Bi] The leachaw recycle snd bakch columes. on Ow other hand. amasmed neutral pH valees
on dayy Y9 and 600 respectively

The relatrvely siower recovery i the p values of the bach colums (B1 1)
compered wih the leachaw recycie columa (B10) could have been dur © the conumuously
hagher el VF As concentranions in the former Both the single clunon and simalated rain
columas wery charptierned by washout of the waal VFAs The wppressed pH values for
thewt 'wo colummn could thes st lave been due 10 an acvwmslation of these acxdy and were
meve likely due 0 the leaching of the compounds respomible for the buffering capacay

The cohancing effecs that the keachass recychng and baxch regimes had on refuse
formemanon were eviden in (he progresaive ncTeases 16 the methane CONCEMTENON 0
>80% (vv) oo day 200 Despie the rreguler nature of the methane concentranos resuin
foliowmg the mineral win addwion . the leachawe recycle and baxch opersted columns o
peneral, exhibied higher methane concentranons than both the simulased racn and vingle
clunon columns. Further, from Figure 3 12 D. &t appeared that the phenol
resupplementations resulied in addinional methane concemratos decreases Similar 1o the
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"high lnad" columns, the simulated rain exhibited an increase in methane concentrarions
following the second resupplementation to & ierminal valoe of 32% {viv) These,
subseguen, methang concentration increases could have been due w one or o combination
of the following- & The addition of a labile carbon source (phenal ). b. The enhancing
effect of hquid movement: ¢ Microbial adaption 1 the added molecule. and d, The
elimination of posible nuriem limitations However, all the above femors would also have
been operative in the single elution column which did not recerd similar increases in the
methane concenirations.

5.2.7 Conclusions

From the resulis discussed above it can be seen that the addition of sludge in “high”
\oads slightly mereased the phenal removal rates compared with the phenol only column.
The reason for the lower removal rates recorded for the "low® load columns, prior w the
phenol resupplemenmtions. » nol clear as the analyncal parameters of pH values, "l
VFAs and methane concentrarions did ool vary greatty from the other wo co-disposal
columms (AR and C9). Although the single ¢luton columns exhibited higher phenol
removal raies compared with the other operating regimes this practioe was also coinciden
with reduced pH valves and rapid washout of the buffering capscity and methane
precursces. However, il i worth soting that, following the pherol resupplemenations, the
single elution, sludge amended, columns were characterised by mcreased phenol removal
raies, notwithsanding the contivved low methane concentrations.

The segnifican) influence of pH on refuse and phenol cambolism (Table 5.2) was
evudent from the results exhibited by the leachate recyele columns, The enhanced refuse
and phenol catabolism exhibied by the low load” column (B10), compared with the
eqarvalent “high joad” column, could have. in part. been due 1o the more rapid atminmen
of & neawral pH. On the mher band the the “high load®, baich operated column, exhibiled
enhanced refose and phenol catabolism. I, therefore. seemed that. for these experimental

columms, the optimum sludge loading was dependent on the operanona) regime emploved.



Unlike the 1000 mg [ ' perfused columns (Figure 5.5), with one exception, none of
the “high load” co-disposal columns challanged with 2000 mg [ ' (A9, A10, A1l Al2),
prior to the mineral salts additions exhibited a pH >6.4. Similar 10 the 1000 mg ('
perfused columns, the single elution columnns with either “high” or "low" sludge loadings
were, despite continuously low pH values and methane concentrations, characterised by the
greatest phenol removal rates. Thus, irrespective of the sludge and/or phenol loading the
single elution regime exhibited the greatest phenol removal rates. Further, similar to the
1000 mg [ ' perfused “high” and “low" sludge load columns with leachate recycle the
equivalent 2000 mg ! perfused columns, A10 and B10, overall exhibited the most
enhanced refuse degradation when pH, methane concentrations and “total’ VFAs were used
as the analytical criteria.
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CHAFTER &

THE RELATIVE IMPORTANCE AND INFLUENCE OF ADSORPTION AND
DESORFTION IN THE ATTENUATION OF PHENOL IN REFUSE

6. | Imtroduction

According w0 MclBiride (1994) the fate and wansport of contaminants and, therefore
the efficacy of co-disposal are largely controlied by two processes, adsorption. an abiotic
process. and bioconversion or biodegradanon Effecuve co-disponal, therefore. » relam

upon the sorpuve properties of the municipal wasie, 3 well & the microbal degradacion
reactiom which occur wherever putrescible maseral n buried.

The effect of adworption as a retenmion mechanism & esually (Hlestrated by means of
an adsorpion isotherm which & constrected with a wide range of aqueous concentrations of
the adsorhane (co-dnposed compound) each equilibraed with the adsorbent (ie the refuse)
(Weber . Best and Ganese. 1993) The shape of the resulting sotherm reflect the adsorprion
mechanism involved and. m partcular . the ieractions involved between the adsorbate and
adsorbernt (McBinde  1994)

Fowr mam types of aotherma have heen defined 1) The S-type. or solvems affinury
motherm ocours when he adsorben has & lower affinsty for the soluwe (adsorhaie) than
dom for e wolvem @ low concemranoms of the adsorbate; 7) The C oype. or constam-
parumos. sotherm coowrs whes the adsorbent has an equal affinity for the adsorbame snd
the soivemt. & &l conpemrations. while the avallabidwy of sies remams comstant a1 all
concenwgnons op w aseration point. J) The Laype or Langmuw  jsotherm occurs when
the adsorbest has & greater affiniry for the adsovbase than o does for the solver & low
adsorbase concentratione (n s case . however @ the adsorbate CONCENITALION INCTERMS
adsorpnon decreases due o the reduction in svailable adsorpiion ses. and 4) The H-type.
o bigh affiny . sotherm occuns when the adsorben has » high affinry for the adsorbane
and hemce removes all of the adsorbate from soluton emdl & serfaces we complesely
covered by the swolute &t which ume addmional adsorbase remains 18 solution (Sposito
I9E). Weber and Miller, 1989, Weber & o/ | 199, Mclirgs, 199



The isotherm reflects the strength of the bonding mechanisms involved and it has
been suggested that the strength increases in the orderof H > L > C > S (Weber ef al.,
1993). The strength of the adsorbate-adsorbent interaction determines how strongly the
adsorbent will adsorb the adsorbate and, hence, in turn the reversibility of adsorption. The
strength of these interactions is indicative of the form of adsorption involved. Strong
interactions are indicative of chemical adsorption in which a covalent or electrostatic bond
forms between the adsorbent and adsorbate. Weak adsorption is characteristic of physical
adsorption in which the bonding interaction is not very energetic (McBride, 1994) and
usually involves hydrogen bonding. In some instances adsorption involves a combination of
the two and usually one type predominates depending, largely, on the nature of the

adsorbate.

It is acknowledged that a large portion of this phase of the study was conducted by

S. Costley, as part of 2 Bsc (Hons) project, whose assistance is greatly appreciated
6.2  Results and Discussion
6.2.]1 Adsorption Isotherm
In the adsorption experiment, the mass of phenol which had been removed from the

solution phase at the end of the study was assumed to be adsorbed on the refuse according
to Kan, Fu and Tomson (1994):

Quasorved = (Ciag - Coa) Vo /Ws 6.1
where: Guasonre = Lhe mass of phenol adsorbed on the refuse (mg kg);

Ciaiat = the initial phenol concentration (mg '):

Cis = the amount of phenol remaining in sofution at the end of

the experiment (mg /);
V., = the volume of the solution ()): and

W, = the weight of the refuse sample (kg).
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To eliminate the possibility of microbjal degradation of the phenol, which would
influence the apparent amount of phenol adsorbed, sterile refuse microcosms were
required. Sterilisation by autoclaving, for example, had previously been associated with
changes in the soil matrix (C.A. du Plessis, personal communication) and hence it was
decided that gamma-irradiation would have the least impact on the refuse matrix. Thus, any
decline in the amount of phenol in solution was assumed to be due to adsorption. After
incubation the amount of phenol adsorbed was determined (Kan ef al., 1994) and following

this an adsorption isotherm was constructed (Figure 6.1).

Figure 6.1  Average Pheno} Adsorbed on the Refuse (q,y.m.q) 10 Relation to the Solution
Phase Phenol Concentration (C, )
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The isotherm clearly illustrates two regions of adsorption suggestive of an S-type
isotherm or, alternatively, of multilayer adsorption. The plot shows an initial low rate of
adsorption between phenol concentrations of 50 and 600 mg /' with an increased rate of
adsorption with higher phenol concentrations. Determijnation of the percentage phenol
adsorbed clearly indicates the different adsorption phenomena in the two regions. For
exarople, below 600 mg I, no more than 19% (w/v) of the pheno! was adsorbed, whereas

above 800 mg I, on average, 75.3% (w/v) phenol adsorption occurred. These results were
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unexpected and contrary to trends previously recorded where higher adsorption usually
occured at lower concentrations and, characieristically, displayed a plareau indicative of

saturation of the adsorptive sites (Knox er af.. 1993).

Previons smidies have indicared sntherm data poants which confirm strong linsariny
between adsorbed and solute concentrations {Karickhoff, Brown and Scort, 1979; Rogers,
McFarland and Cross; 1980; Reinhart, Gould, Cross and Pohiand, 1990). Therefore, o was
expected that a linear isotherm would be obtained, ie. increased adsorprion associated wah
mcreased imtial phenol concentrations, Furthermore, phenols have been shown 1o have a
higher affinity for organic materials than for water in adsorption studies made in soil mediz
which also indicates thar the phenol should exhibit a high rate of adsorption to the refuse
(Bohn, McNeal and O'Connor, 1985).

However, this sdy failed 1o illustrate a linesr isotherm. Phenol is moderately
saluble in water {Londry and Fedorak, 1992). It has been shown that below the maximum
water solubility of the compound adsorption is controlled by the adsorbent

The low adsarpuion levels associated with the low phenol concentrations may have
been due to the stronger affinny of the refuse matrin for the water molecules than the
phenol molecules or, alternatively, affinity between adjacent phenol molecules may have
been greater than the affinity of phenol for the refuse surfaces. Furthermore, organic
molecules tend 1o be non-polar thus preferring &n environment less polar than water.
However. if another less polar phase, such s soil surfaces, is available the organic
molecules are In fact forced out of the agueous phase onio the less polar phase (Bohn er al.
1985). Hence, the solubility of the refuse surface could fargely bave determined phenol
adsorption.

These results emphasized the need for additional studies 10 focus on the surface
properties of refuse and their affect on adsorption. The ability of phenol 10 form hydrogen
bonds may sumulate i banding with other phenol molecules of, ahermatively, with water
molecules, thereby reducing its apparent adsorption. Furthermore, water has a tendency to
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compete effectively for adsorption sites and a1 low phenol concentrations, the water may
effectively out-compeie the phenol molecules for adsorption sites (McBride, 19941

The second region, which occurred berween 800 snd 2400 mg I''. was associared
with & rapud increase in the mean phenol adsorption concenrations. On average, 73% of
the phenol was adsorbed indicating & high affinity of the phenol for the refuse which was
further highlighted by the low agueous phase concentrations. Unlike most sotherms_ a
platcay indicating saturanon of adsorption sites was not reached with the phenol
concentrations used in this study as the amount of phenol adsorbed comtinuously increased.
Region rwo suggested higher afTinily berween the refuse and the phenol molecules which,
in turn, allowed for moreased adsorption.

The results ob@mimed. therefore, sugpested an S-type isotherm which is a non-linear
sotherm and conves with respect o the abscissa (Knon er al., 19931 and (llustrates an
increase in the affinity of the adsorbent for the adsorbate after the initial adsorption. This
has been attributed 1o strong intermolecutar bonds (Haung, 1983) and the divergence from
lincarity is assumed o be due w0 multilayer sdsorption (Kaufman, 1983, Bohn e al .
I985). If applied to the currens results, region one sppeared to reflect the initial low
affinity betwsen the adsorbent (refuse) and the adsorbate (phenol}, During this period small
amounts of phenol may be adsorbed to the refuse surface forming o monclayer of
sdsorption. Further increases in the concentration result in the build up of the monolayer
i multilayers. It has been suggesied that once a manolayer of adsorption has occurred, ot
may become thermodynamically more favourshle for adsorbate molecules to begin
‘sacking’ on top of other adsorbaie molecules. Hence, higher concentrations are associated
with the adsorption of adsorbate molecules to other adsorbate molecules already adsorbed
to the adsorbent. Furthermore. phenol molecules have been shown 1o form strong
intermolecular bonds which could promote multilayer adsorprion.

The occurrence of an S-type isotherm may also account for the lack of a plateay
since if adsorption al higher concentrations was due 1o phenol molecules forming
multilayers then the adsorptive capacity of the refuse, which normally determines the
degree of saturation, would be of less imporance. In this instance the degree of saturation
would be deiermined by the continued ability of phenol molecules b adsorb 10 cach other
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An alternative explanarion for the nature of the isotherm, 15 the possibility that the
adsorption sites exhibir different degrees of affinity for the adsorbate. In such cases. the
sites with higher affinities would be filled first. Al higher concentrations. the less
favourable adsorption sies become occupied and hence may account for the increase in
adsorpnon (Knox er al., 1993). However, such an isotherm would be limited by the
adsorptive capacity which, once saturated, would prevent further adsorption.

Adsorption has also been suggested o ocour In two stages, an initial fast siep
followed by & time dependent second adsorption siep during which the compound diffuses
deeper into the adsorbent (Reinhar ef al . 1990), The presence of high concentrations of
phenal could have allowed for faster diffusion of phenol into less accessible adsorption sies
accounting for the apparent high adsorption rates at high capacities.

The nature of the adsorption isotherm can, further. be used o predicl possible
movemenl of solutions of different phenol concentrations through the refuse marix. For
example, It can be used 1o determine the retardation of phenol as well as its mobility. The
low amoun! adsorbed in region one, implied a relanvely high amouns in solution which
sugpested o low rate of phenol retardation and an increased possibility for 8 high degree of
leaching, However, when solutions comtaiming higher phenol concentrations are applied,
rerdation by means of adsorption is enbanced which . likewise, suggests a reduced degree
of dispersion. Hence, adsorption with high phenol concentrations appears 1o be more
successtul at retarding the movement of phenol in the refuse mamrix.

6.2.2 Desorption of Phenol

Figure 6.2 illusirates the adsorption and desorption breakthrough isotherms from
refise challenged with a phenol concentration of 200 mg I Please note that C, represents

the initial phenol concentration while € represents the phenol concentration in solution.
The breakthrough of phenol was very rapid as indicated by the slope of the curve with 50%
(wiv} resulting within 2 pore volumes. Influent and effluent parity, was achieved after ©
pore volumes. This was in agreement with the previous adsorption isotherm. Subsequent
desorprion was also very rapid with 75% (w/v) resulting within 4 pore volumes.
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Figure 6.2  Breakthrough Curve of a Refuse Column Challenged with 200 mg /' Phenol

Influent

Figure 6.3, likewise, illustraes the breakthrough curve for the 2000 mg /' phenol
challenged system which exhibited a similar rapid breakthrough; 50% (w/v) occurring
within 2 pore volumes. Subsequent desorption was also very rapid; 90% (w/v) desorbing
within 5 pore volumes. The remaining 10% (w/v) required approximately |8 pore volumes

for complete desorption.

Figure 6.3  Breakthrough Curve of a Refuse Column Challenged with a 2000 mg [’
Phenol Influent
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Figure 6.4 illustrates (he sumilarity berween adsorption of the 200 and 2000 mg I
phenol mfluent solutions. With both concentrations S0% (w/v) breakthrough resulted at 2
mmm.wmdwmmmmhm
columns, Variations in the desorption raies were only apparent afier approsimately 73%
(w/v) desorprion has occurred as the 2000 mg /' phenol challenged series required almost
rwice as long 10 desord than the 200 mg /' phenol solution which suggested a higher
adsorptive affinity a1 2000 mg I

Figure 6.4  Breakthrough Curves for Both the 200 and 2000 mg /' Phenol Influent
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These experiments ilustrated no delay in the breakthrough of phenol, with cither of
the two concemtrations. Smilay resuln were obwined by Knon (1989) who med column
lysimeter siudics and suggested that early breakthrough was possibly due 10 shon-Circating
within the refuse, henoe reducing the opporteaity for adsorpron. The channelling of liquids
through preferental pathways may result in a raped flow through of the compound and
hence allow limle time for adsorption (Wassos-Craik and Senor . 198%0)

Higher concentrations s the adsorption sotherm were assoCiated with higher
adsorption. Hence the adsorpoion curve corresponding 10 & pheaol concentranon of 2000
mg [ was expected w exhibit 3 pradiens lew sirep than the equivalem 200 mg /' curve A
shallow gradient would be assocmed with a high adsorptive capacity. Howewer  the mitial



gradient did not differ from that exhibited by the 200 mg /' adsorption curve as in both
curves SO% (wiv) breakthrough of the phenol solution occurred within 2 pore volumes.

It was expecied that desorption would be more rapid in the 200 mg ' concentration
system and, therefore, would require less pore volume changes to desorb the phenol as a
result of the lower adsorprion affinities associated with lower phenol concemrations.
However, comparisons of the two resulting desorption curves failed w highlight any
significant difference in the slope of the two curves. This suggested that the phenol
concentration and its related adsorption affinity had no affect on the rate of desorption.
Variations between the rwo curves were visible only in the laner stages of desorprion. For
example, the 2000 mg /' solution required an additional 5 pore volumes compared 1w the
200 mg ' solution for complete desorption. This may have been due o the higher number
of phenol molecules which were adsorbed with a greater affinity. The remaining fraction
has ofien been referred 10 as the “resistant fraction” in previous desorption studies. Other
studies have also demonstrated the difficulty of desorbing this fraction (Kan e al . 1994)

The shape of the breakthrough curves obtained with both concentrations was
suggestive of relatively weak interactions between the refuse matris and pheno! molecules.
This is a characteristic of physical adsorption which is furthermore characierised by
multiple layers of adsorption (McBride, 1994), as suggested by the |nitial adsorption
sotherm,

The fact that adsorbed phenol s desorbed relatively rapidly by water is disturbing
since the nature of the andfill, with is many anencation mechanisms, uswally resulis in the
downflow of a leachate composed of many different compounds. The presence of other
compounds can effecuvely reduce the palarity of the Jeachme which encourages desorption
of hydrophobic compounds. Sawhney and Kozlosk| {1984) found that despite phenol
exhibiting exiensive adsorpuon on clay. large amoumnts were sull found to be present in the
leachate. They concluded that the anserobic conditions present in landfills may inhibit
adsorpuion and consequently enhance the movement of phenol hrough the refuse mass.
These resuls suggested that adsorption of phenol by the refuse cannot be relied on 1o remin
the molecule indefinitely in the landfill and that leachate concentrations of previously

an



adsorbed compounds could increase significantly Ths may. however. result in greater

availability of the compounds for biodegradation although elevated concentrations of the
wenobiotic could be detrimental 10 the microorganisms
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CHAPTER 7

THE IMPACT OF PHENOL CO-DISPOSAL ON INTERSPECIES INTERACTIONS
IN A HEXANOATE OR BUTYRATE-CATABOLISING MICROBIAL
ASSOCIATION BY USE OF A MULTI-STAGE CONTINUOUS CULTURE MODEL
SYSTEM

Y | Introduction

The methanogenic fermentation of both constitutive refuse polymers and co-
disposed organic molecules necessitates the concerted metabolic activities of a range of
physiologically distinct microbial groups (Senior and Balba, 1990). Further, to investigate
the effects of phenol co-disposal on interspecies interactions of jsolated associations
requires the segregation of each physiological component of the association. Multi-stage
chemostats were considered by Parkes and Senior (1988) to be ideal models for studying
anaerobic transformatjons as for each association, the component physiological groups can
be separated by careful manipulation of key parameters such as dilution rate and electron
donor type and concentration thus facilitating sequential use of transient concentrations of
electron acceptors in the presence of generating redox gradients (Senior and Balba, 1990).
The result of which is the simultaneous separation of the 'habitat domains' of each
physiological type with significant overlapping of the ‘activity domains' (Wimpenny, Lovitt
and Coombs, 1983). Thus, interspecies interactions and component species may be studied

without violation of the constraints of the complete association.

In the study reported here, spatial separation of the component species of an
anaerobic hexanoic acid-catabolising association was attempted in the presence of two
ex0genous electron acceptors, nitrate and sulphate, with the objective of examining the

microbiology underpinning the dual co-disposal of phenol and anaerobically digested
sewage sludge with refuse.
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7.2  Experimental Procedure

Initally six, four-stage models were constructed, however, since fermentation
balance results indicated that complete separation had not been affected, with wall growth
implicated as a causal factor, washout experiments were initiated. Unfortunately,
perturbation of the culture with LPG, accidentally supplied by the manufacturer in an OFN
cylinder, changed the course of the study and gave extremely interesting results with major
implications to the solid-state refuse methanogenic fermentation. Six models (Coutts er a!.,
1987) with component vessel working volumes of 155,331,736 and 1732 ml were bujlt.
The first vessel of each array was inoculated (1:4) with the hexanoic acid-catabolising
microbial association and maimained under batch culture conditions at 30°C for 3 days. The
models were then operated under open culture conditions and influent medium was
introduced into the first vessels by means of a Watson-Marlow 202v flow inducer to give
discrete dilution rates in the four sequential vessels of 0.03, 0.015, 0.007 and 0.003 b,
Due to the lack of sufficient spatial separation of the component physiological groups of the
interacting microbjal association the above discrete dilution rates were increased first to
0.039, 0.018, 0.08 and 0.04 h”, and then 0.048, 0.022, 0.010 and 0.004 h".

7.3  Results and Discussion
7.3.1 Four-stage Chemostat

Figures 7.1 and 7.2 show the results of one of the arrays (Model 2). For the initial
dilution rate regime nitrate and nitrite reduction were effected in the first vessel of the
array. In contrast, only limited sulphate reduction resulted while methanogenesis appeared

10 first increase down the array before decreasing in the final vessel (Figure 7.1).

Perhaps surprisingly, a stepwise increase in dilution rate (Regime 2) had a positive

effect on sulphate reduction, with a corresponding increase in methanogenesis also recorded
(Figure 7.2).
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Figure 7.1  Changes in Metbane (% v/v) and Residua) Sulphate Concentrations (mg i
in the Component Vessels of a Four-stage Chemostat Mode) Subjected to
Discrete Dilution Rates of: 0.03, V1; 0.015, V2: 0.007, V3; 0.003h", V4

Methiane Concentrstion (% v/iv)

] )

Veazel Number

Figure 7.2 Changes in Methane (% v/v) and Residual Sulphate Concentrations (mg )
in the Component Vessels of a Four-stage Chemostat Mode] Subjected 10
Discrete Dilution Rates of: 0.039, V1; 0.018, V2; 0.008. V3; 0.004h’, V4

Methzne Conceairation (% wiv)
¢ ' W 1 ® » » »

Vessel Number

[ T Y Y Y R Y S VI
Residual Suiphate (ppm)

I Suiphate Mamane‘

Although the dilution rate regime applied did not effect the planned spatial

separation of pitrate reduction, sulphate reduction and methanogenesis further selection
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pressure changes could not be exammed as an unforseen problem overtook the stuedy. The
erroneous supply. by the manufacturer, of LPG in an OFN gas cylinder inflicted & major
perturbation o the culture which was not detected for 24 hours. Unfortunately, a major
fermenation balance change resulted. Although nitrate reduction proceeded as before, the
subsequent reduction of nitrite ceased and concentrations as high as (2.2 x 107 mol 17}
were recorded. Sulphate reduction continued but was consolidated in Vessels | and 2 while

methanogenesis was suppressed (Figure 7.3).

Although inhibition of sulphate-reducing bacteria, cultured im mulii-stage continuous
cultures, m response to an added perturbant (2 x 107 mal 1" phenol) has been recorded
{Watson-Craik and Senior 1989d), this 15 the first instance of a similar fermentation balance

change effected by an exogenous gasecus perturbant.

Figure 7.3 Changes in Methane (% viv) and Residual Sulphate Concentrattons (mg /')

of the Component Vessels of the Four-stage Chemostat Following
Perturbation with LPG.

Metisne Concemratian (% vy |

Vesee[ Mumhe

il Ba I-II =] ; 1.: 14 |Ir
Mesidol Sulphare | mg

B coonat v [ Memane (va

Iv is. however, known thai gaseous products and concentrations of these can mediate

changes n the solid-state refuse methanogenic fermentation. For example, Kasali er af
(1990b), examined the effects of fermenmiion gases (H,, CO,, CH,) on refuse acidogenesis

and methanogenesis and showed that increased concentrations of hydrogen mediated a
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fermenmrion balance change such that the concentrations of reduced and pxidised
fermentation products increased and decreased, respectively.

In anoxic ecosysiems hydrogen plays & pivowml role in regulaning fermentaton
halances {Larpe 1983 Aragno 1988). The gas is generared via the oxidation of reduced
pyridine nucleotides (Buver 1980; Kusali 1986):

NADH + H™ = H, + NAD* AGY = +18 Kimot* 7.0

Since the equilibrium constant (K} for this reaction strongly favours the direcuon
of NADH + H*, rather than hydrogen formation (Large 983}, active populations of
hydrogen sink bacteria (nirate reducers, sulphate reducers and methanagens) are required
to mminmin & low partal pressure of hydrogen (Kasali 1986; Senior and Balba 1987).
Clearly then, if the partial prossure of bydrogen increases due 10, for example, nhinmon of
hydrogen sink bacterin, the flow of elecirons (from NADH) shifts from hydrogen
production 1o the formation of fany acids (Senior and Balba 1984; Amgno 198E).

In the study reported here. no fatty acid accumulations resulied. Thus, in the

absence of increased biomass production, but concomitamn depressed methanogenesis,
hexanoic acid catzabollsm must have been accoumed for by carbon dioxade svolation.

Al this stage 1 was impossible 10 identify the specific bacieniosmuc haciencidal
campanent(s) of the LPO which contains & range of molecules in differem concentrations
Table 7.1}, However, one possibiliry s the relitively high concentation [¢1'% v/v] ol
acerylene Acetylene (C,H,). like sulphide (HS), inhibits nitrous oxide (N,0) reductase
znd, therefoce, the reduction of N,O w N,. This inhibitlon has been shown 0 be reversible
with acetylene concemirations < I% {v/v) while a1 higher concentrations the blockage s
irreversible. Acetylens does not mhibit the onset and progress of deniirification prior w
N,O blockage (Pau! and Clark 1989). In our study the generanon and possibile
acoumulation of nitrous oxade were not monired although it appeared that any
accumulation of N,O inhibied nitrite reduction.
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Tahie 7.1 Typical Composition of LPG. as Determined from the Analysis of 72
Dhiferem Batches, with the Concemrations of the Same Molecules Deiecied
in Lansdfill Gas from Six Landfill Siwes

' G_E. Blemachein (Personal Communicanion)
* UK. Depariment of the Environment {1988)
" Total salphur concentrations are recorded as mg Kg™

Furthermore, aithough not demonsiraed in Furthermore, although not
demonsiraied in refuse, Rets. Almeida, Lemos and Carrondo, (1592} showed that hydrogen
sulphide had & dmect and reversibie e £ffect on sulphate-reducing bacteria. Therefors,
more demiied mvesiigations will have o be made m esblish the relative inhibiwry effecrs
of acetylene and gasecus sulphur-conteining compounds.

The need for an Anaerobic Bioassay Test to assess the impacts of specific
perturbams has been highlighted (Blum and Speece 1991. UK. Departmem of the
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Environment 1994). Current tests based on rates and product concentrations of acidogenesis
and methanogenesis (Battersby and Wilson 1989; Azhar and Stuchey 1994) are somewhat

Jimited. Use of methanogens has been justified on the basis of their sensitivities (Jarrell and
Saulnier 1987). Increasing evidence, however, shows that other key members of interacting

associations may be more vulnerable to specific perturbants than methanogens.

Blum and Speece (1991), for example, examined the toxicity of > 50 chemicals to
aerobic heterotrophs, Nitrosomonas sp. and methanogens. The results showed that the
aerobic heterotrophs and methanogens were equally sensitive to non-reactive toxicants
while Nitrosomonas sp. was much more susceptible. Watson-Craik and Senior (1989d)
similarly demonstrated the lower susceptibility of methanogens to pheno) than sulphate-
reducing bacteria. Further evidence of differential susceptibility was demonstrated in our
study with nitrate reducers seemingly unaffected while the nitrite reducers were vulnerable

to the bacteriostatic/bactericidal component(s) of the perturbant LPG.

Although the direction of this study dramatically changed as a consequence of the
accidental perturbation, two important messages resulted. Firstly, fermentation balance
changes may be effected by the components of landfill gas. As a consequence, the
components of landfill leachate may change thus altering its environmental impact
potential. Secondly, there s still a need for a structured Anaerobic Bicassay Test which is
able to differentiate the effects of perturbants on specific physiological groups in interacting

microbial associations.
7.3.2 Three-Stage Chemostat

Following the premature termination of the experiment and as a result of the Jack of
sufficient physiological group separation the mode) was re-configured as a three-stage
chemostat. Three models (Coutts ez al., 1987) with component vessel working volumes of
155,331 and 1732 m! were built. The first vessel of each array was inoculated and operated
as discussed previously (Section 7.2) to give discrete dilution rates in the three sequential
vessels of 0.03, 0.015 and 0.003 h”’. The carbon source was also changed and was replaced

with butyrate as this electron donor has been shown to facilitate separation {(I.A. Watson-
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Craik, pen comm_} To emsure the accoraie determumation of the methane concentralions.

m the respective vessels, the overgassmg of the vessels with oxypen {ree nirogen wias
stopped approximarely M hours prior (o analyss

In the control armay, nitrae reduction was exclusively localised in the firy vessels
with no mitrae or the mermedise mnr dewected in esther B, or C,. The residual sulphate
concentrations. pH. methane concentmations and VF A concentrations are given in Tahle
1.2 From the resuls it was clear that the prooesses of sufphate reduction and, surprisingly.
methanogenesis occurred mainly in the second vessel (B,). The degradavon of buryrate w
methane i only possible in the presence of synrophic associations of methandgens with
hydrogen-producing acmogrnic haciera. since the former do not direcily use organic ackds
higher than acetate (Wuddel, |955) There are two pathways of burvrate dssimilation: -
oxidation (¢ 'wo molecules of geatae; and decarbosylation m propiomate and fo-bubvrane
{Sullstl, 1994} Since, acetate was (he only VFA recorded, his suggesiad (hat 3o idation
wits the operating cambnlic pathway as reponed by Coutns {19871 and Watson-Craik
(1987} Therefore, it seemed probabie that, a8 repored by Watson-Craik | 1987} and Sulist
(1994, the following groups of hactera were responsible for the complete fermentstaon. 2
Acido- and Acetogens: b Sulphate-reducing hacteria (SRBY, and c. Methanogens. The
concentratlons of VEAS decreased down the armay and appeared @ be concomimm with pH
INCreases

Table 7.1 Ranges of Reswdual Sulphae Comcemrations. Methane Concentrations and
¥FAs Concemrations in the Influent Reservoir and Vessels A, B, and C, of
the Three-Smge Chomostat Control

Vessel | Residual [SO,) CH, pi |Acetate] | [Residual Butyrate]
e s

61-67| D9-13 70 - 31
Ay Q- 116 16)-45 | 62-7| |7 -37 0.1-87
B, | 9- 4.5 2.)-45% | 71-7.9 | 0002-2 | 0001 - 04l

0.5%-25 | 7.1-7.B {1
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Subjecting the system 10 Increased, and decreased, dilution rates in addition w0
varous concentrations of the exogenous electron scceptors, nitrate and sulphate, did no
efferct complete separation of the componemt physiological groups as evidenced by the
majority of merhane continuously produced in the second vessel. This was unexpected as
Couts e al., (1987) effected significant separation of the componeni physiological groups,
of a hexanoate-cambolising microbial association, elther by elevated sulphate concentrations
{00.960mg [ ') or by the impaosition of a non-constant dilution rate regime. Further, a
similar consolidanon of methanogenic activity in the second vessel of a four-smage
contunuous colture model was recorded by Wason-Cralk er al., (1993) although an increase
in the dilution rate resulted in significant separation, |n the present study, however. a
sufficiently high dilution rate, (o effect a similar separation of the physiological groups on
the basis of their «,,, values, was not obtainable. The reason for this was not clear although
“pressure Tocks®, which inhibited the flow of medium between the vessels of the model
could have been implicated.

Sigmificant rates of sulphate reduction and methanopenesis, in the same vessel
(Vessel B,). was also uneapecied as compennon for common substrates, hydrogen and
aceiate, should, thermodymmically. favour sulphate reduction (Widdel, 1988 Senior.
1990). However, in practice this is not always the case. For example. van Esch, Williams,
Jones. Cross and Pohland {1989) reported that there was a five-fold increase in acetate
conversion rale when sceniclastic methanogens were cultured in the presence of
hydrogenotrophic SRB. Despite the majority of methane being recorded in vesse! B,. the
discrele concentrations were, compared 1o normal anacrobic digestion eriteria, relatively
low and possibly reflecied the compention between the SRB and methanogens. I this
present study the relationship berween SRB and methanogens could have béen non
competitive. Couns ¢f al, (1987) and Sulist {1994) reached 3 similar conclusion that the
SRB tended w preferentially utilise hydrogen while the methanogens utilised acetale

In contrast to the SRB-methanogenic bacteria Interaction(s) separation was achioved
between (he nitrate reducing bacteria, which were mainly localised in the first vessel. and

the sulphare-reducing bacteria, which were localised in the second,
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Phenol Perfusion

Phenol (10 10 300 mg [ ') was mroduced o the experimental vessel (B,) via the
influent tube &t the botom of the vessel. Accordng 10 Watson-Craik and Semor (1989%)
and Sulsti (1994) throughout the duration of their studies, w examine the effects of phenol
and o-cresol on the microbial meractions by use of continuous cultures, no phenol or o-
cresol dssimilation occurred. Due 10 operational problems with the model sysiem similar
conclusions could. however, not be made for the present study. Although, according w©
Coutts e1 al_, (1987), the multi-stage model appronimates to a plug Now system, the ack of
any miung 10 the present study resulted in higher phenol concenirations than the planned
maxima being recorded.

Although. i Vessel B,, no significant inhibition of butyrate cambolism o acemate
was recorded with phenol concentrations « 160 mg [ ' further increases in the phenol
concemsrations affecied VFAs. and especially acetate. production. For example, following
perturbation with 170 and 300 mg | ' phenol the acetic acid concentrations were |.6 and
2.2 mg ', respecaively. Methanogeness. on the other hand, demonstrated enhanced
concentrations with phenol perurtations <50 mg / ' and increasing inhibition with phenol
concenmations 80 mg / * (Figure 7 4)

Figure 7.4 Changes in Headspace Methane Concentranions (% v/v) in Experimenal
Vessel B, of a Three-Sage Chemostn Model
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However increasing the phenol concenwranoes 3 120 mg | * did not appess 0 effect
furher whibewos of methamogenx actviry Thn mooeplere nhibition was, however. not
surprsmg as Selwmi (1994) reported S in 4 vimiar myli-stage vystom . partial
methanogeness whibtos resslied from 10 mM (960 mg [ *) o-cresol perturbation while
complete inhibition was reconded with § concemration increase to 20 mM (1920 mg | ).
due 0 enther » decrease w wiphate reducing bacter @l activity or methanogenst bacterial
acuivity . aa both groups are acetotroph < (Widdel | 985

Another effect of the increasing pheno! concemration was & docime and.
sabsequent. shift of SR baceral scoviey From Figuse 7 3 u can be swen that wath phenol
concentrations 1 120 mg [/ ' no ugnificass decrease SR bacteral activiry was reconded
Vemel B,. which furthermore. exhibmed umilar resshal swiphatr conoentranons & the
comrol, Veme! B, Mowever, wih concenanomss > 120 mg [ * suiphase reduction sseadily
deciined and the resadaal suiphate concemtranoms mcreased. particularty foliow mg the
pertartancn of Vesse! B, with phesol concentranons » 160 mg / *

Figwe 75  Canges i Residual Soiphase Concenrations (mg | ') m Expersmensl (B,)
and Conrol (B,) Vemsels of Three-Stage Chemostar Modes Following
Phenci Perartancs
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Further. the residual sulphate concentrations in the first experimental vessel (A,).
which was not subjected to phenol perturbation. declined slightly. Thus. prior 10, and post.
perturbations of > 160 mg ! phenol, the residual sulphate concentrations were 83 and
107 mg { ', respectively. Thus, low sulphate reducing activity was now operative in the
first vessel. This perurbation (B2) resulied in concentration increases of VFAs. For

example. the butyrate concentration increased from J.8 10 14.]1 mg { following the shift.

In multi-stage studies Watson-Craik (1987) and Sulisti (1994) showed that the SRB
were more sensitive, than the methanogens. to the added xenobiotic (phenol or o-cresol).
From the results of the present study it can be concluded that the methanogenic bacteria
were partially inhibited by phenol concentrations >80 mg [ with complete SRB
inhibition resulting in the presence of > 160 mg /. Possible reasons for the maintainance
of methanogenic activity with phenol concentrations > 120 mg /! could have been due to

one or more of the following:

& Microbial adaption of the methanogenic microorganisms;

b. The model relied on dilution of the added. low volume high concentration, phenol.
Therefore, in the absence of mixing concentration gradients could have resulted:
and

d. The methanogenic population was not mono-specific and. therefore. the acetoclastic
methanogens could have been inhibited while the hydrogenotrophic methanogens
were relatively un-inhibited. A similar conclusion was also reported by Watson-
Craik (1987) and Sulisti (1994).



CHAPTER §
8.1 Syoopsis and Management Summary

Refuse disposed in landfills passes through sequential stages of degradation before
all the labile matier has been catabolised. These stages have been described by Aragno
(1988) Bariaz Schaefer and Ham (198%) and Senior and Baiba (1990) and will not be
further discussed here.

The effective anaerobic digestion of refuse depends on the active participation of the
component species of the interacting microbial assocatons. For example, according ©
Senior (1986). under acrobx condinons mineralisation of organic compounds to CO, s
often achieved by the imervention of a single microbial species. In the absence of oxygen,
however, complete dsuimilation. characternncally, requires the co-operative metabolam of
a microbial association, cach member of which contributes a panial ondation. snul OO,
and/or CH, resules. Further, the associations are siill swongly influenced. both posiively
and negmively by chemacal gradients of clectron donors and acceprory and hydrogen
CONCENTALIONS.

The component species of anacrobic imeracting mcrobml associations are able 1o
use 2 variety of inorganic accepiors. such as mitrate. sulphate and carbon dioasde. ofien
sequence according 10 the energy liberated from a common elecrron donor (Bartaz. Ham
and Schacfer 1990, Westlake, | 990) Thermodynamic constraints dictate that the bacieria
using the more onidised accepiors gain a dounc advantage which is mually mamifested as 2
kinetic advantage (Large, 1963; Archer. 1988) Thas, for example, although sulphate-
reducing bactera and carbon dionde-using methanogens are able 1© grow under similar
ecological conditions, if they are competing fior the same limiting substrateds) (hydrogen
and/or acetate) then, theoretically. the former species should duplace the laner due 10 ther
higher affinities for both substrates (Senior, |986)



According to Sentor (1986), the key 10 the actual products generated during
anaerobic microbial dissimilation of organic molecules 1 the imteractions between differemt
metaboiic groups of organisms although examination of the lerminal catabolisms only
(Figure 8. 1) exemplifies the complexity of the situation.

A complete understanding of these interactions (s, therefore, an essential pre-
requisite 1o the identification of rate-limiting steps and, thus, optimisation of the process of
anaerobic digestion. Therefore, one of the aims of this study was to determine the effects

of phenol and/or sewage sludge co-disposal on the component species of the interacting
microbial associations,

Figure 8.1  Microbial Imeractions in Terminal Anaerobic Catabolisms (Senior, 1986)

Wy tmaly-
Lol L |

In general, irrespective of the phenol or sludge loading, the experimental refuse
columns respanded positively w0 mineral salts additions. The often recorded accumulations,
prior 1o the mineral salts additions, of nitrae/nitrite and sulphate indicated that the nitrate-
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and sulphate-reducing microorganisms could have been inhibited by either the added
xenobjotic or nutrient limitations per se. Inhibition of the nitrate- and, more specifically,
nitrite-reducing microorganisms could result in nitrite toxicity (Section 7.3.1). Inhibition of
the sulphate-reducing bacteria could also result in an increase of the hydrogen partial
pressure which has been shown to inhibit anaerobic digestion (Schink, 1993). Inhibition of
these microorganisms could also suppress the lowering of the redox potential which is
necessary for strict anaerobes and, thus, efficient anaerobic digestion (Large, 1983). Also,
the accumulations of ‘total’ VFAs, which were often concomitant with low methane
concentrations, seemed to suggest that the acidogens as well as the acetogens were less
affected by the inhibitory effects of the added phenol and/or nutrient limitatjions than the
methanogens. Alternatively, the methanogens could have been inhibited simply by the
Jowered pH values and/or “total” VFAs accumulations. Thus, the pheno) may not have had
any direct inhibitory effect on the methanogens. This explanation is, however, thought less
likely as significant methane concentrations were often recorded concomitant with Jow pH

and/or VFAs accumulations.

Although landfill sites are not usually characterised by nutrient limitations (Senior
and Balba, 1990), this study indicated that the addition of mineral salts significant)y
enhanced microbial activity. It is thought unlikely that this limitation was as a result of
macro-nutrient (nitrogen or phosphate) limitations. However, micro-nutrients (trace
elements) such as copper and nickel, which are often required for enzyme production,
could have been implicated (Schlegel, 1992). In practice, it is extremely difficult to

determine the requirements/limitations for/of these trace elements as they are required in
micromolar concentrations.

Together with the above factors, the enrichment per se of a phenol-degrading
population or the selection of phenol-tolerant microorganisms could also have been
implicated. Further studies should, therefore, be made 1o determine the specific enhancing

effect(s) of the mineral salts addition and to answer the following questions:

a. Did the mineral salts addition eliminate a nutrient Jimitation per se?
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b. What was the relative buffering effect of the added carbonate on the pH and, thus,
the overall funcioning of the meeracting microbial associations?

c Did the addition result in the enhancement of nitrate- and sulphate-reducing bacieria
which, subsequently, lowered the redox powential sufficiently for effective anaerobic
digestion?

d Could the enrichment of a phenol degrading population and/or the selection of
phenol toleram microorganisms have been operauve?

The advantages and disadvantages of co-disposing phenol (1000 and 2000ppm)
and/or anaerobically digesied sewage sludpe with refuse in the presence of differem
operating regimes are summarised in Tables 8 1 - §.6.

From the results discussed in this study and summarsed n Tables 8. 1-8 6 1t was
apparent that the operating regime employed was a key facior in refuse and phenol
degradation although with time, and especially following the phenol resupplementations.
the operating condinons played 3 less significant role

Despite the higher phenol removal rates exhibited by the single elution microcosms
the overall favoured operating method. wking imo conssderarion pH . ‘toal” VFAs
concentranons and methane generation. was the leachate recycle regime. Phenol co-
disposal on a baech basis could inhibit refuse and phenol degradation while rain affecied
refuse could result in rapid washout of the co-disposed compounds

The sewage dudge co-disposal experiments, likewise, demonstrated that. depending
on the siudge refuse ratio. the operating regime was extremely imporant in optimising the
refuse degradation processes. For refuse subjected 10 single clution regimes, "high loading”
could result in low pH values and inhibition of the refuse degradanion while “low load” co-
disposal operations demonstrated no significant inhibition. For refuse subjected 10 leachme
recycle the opposite was true with distinct advantages recorded for the "high load®
columns. Co-disposal operations under both haich and ramn condmions could result in
inhibited refuse catabolism.



Table 8.1

Advantages and Disadvaniages of 1000ppm Phenol Co-Disposal with Refuse
in the Presence of Different Operating Regimes

Single Elution High phenol removal rates. Continuously depressed pH values,
Enbanced methane concentrations. | Rapid washout of the buffering
capacity and methane precursors.
Moiswre flux through the refuse
mass, Continuously elevaied residual phenal
concentrations in the leachate.
Leachate Recycle | Rapid decrease of leachate residual | Low phenol removal rates.
phenol concentrations,
Logistical and equipmen: requirements
Amainment of neutral pH values. for leachate recycle
Moisture flux through the refuse
Mass.
Baich Rapid decrease of leachate residual | Low phenol removal raes,
phenol concentrations.
Low pH values coincidem with
Elevated methane concentrations, increased "total” VFAs concentrations.
No or liule motsture flux through the
refuse mass,
Simulaed Rain Low leachate residual phenol Exmremely rapad washowt of the
CONCENITAtions, buffering capacity, methane precursors
and nuirients,

Moisture flux through the refuse

Very low phenol removal rates

Conuinuously suppressed pH values.

Low rates of




Table 8.2 Advanages and Disadvanmages of 2000ppm Phenol Co-Disposal with Refuse
in the Presence of Different Operating Regimes

Single Elution

High phenol removal rates.

Moisture Mlux through the refuse
mass.

Continwously depressed pH values
Low methane concenirabions

Rapid washout of the buffering
capaciy and methane precursors

Continuoosly elevaied residual phenol
concentranons in the leachats,

r
Leachate Recycle

Decrease in the leachate residual
phenol concentrations.

Moisture flux through the refuse
MEsE.

- —

Depressed pH values and increased
‘total’ YFAs concentrations

Low methanogenic activity,

Relatively low phenol removal rates

Batch

Decrease in the leachate residual
phenol concentrations.

Depressed pH values and increased
ol VEAs concentrations.

No or little moisture (ux through the
refuse mass.

Low phenol removal rates.

I‘ Simulated Rain

Low leachawe residual phenol
COnNCEnTanons.

Extremely rapid washout of the
buffering capacity, methane
precursors and nutrients,

Very low phenal removal rames.

Continuously depressed pH values

Low rates of m:hm_nzsnuu..



Table 8.3 Advantages and Disadvantages of "Low Load”™ Sewage Sludge Co-Disposal

with Refuse in the:Presence of Different Operating Regimes

Single Elution

Low 'total’ ammonia concentralions.,

Moisture flux through the refuse mass,

Low pH values and methane
CORCEntrations,

Inereased "ol VEAs
concentrations

Possibility of high numbers of
pathogens in the leachate due fo
washoul.

Increased volumes of leachate.

e

Leachate Recycle | Enhanced refuse stabilisation rates, Low pH values and increased
‘total” VFAs concentranions.
Moisture flux through the refuse mass.
Low methane concentrarions and
Low "total' ammonia concentrations., inoculum potential,
Logistical and equipment
reguirements for leachate
recycle.
Batch Increased pH values No or slow moisure flux
through the refuse,
Low ‘toial” VFAS concentralions.
Brief period of active
Higher methane concenrations and a methanogenesis,
shorter lag phase
IEjmu!muj Ram Muoisture flux through the refuse mass. | Low pH values.

Ramd washout of the buffering
capacity and nutrient content

Low methanogenic activity




Table 8.4

Advamtages and Disadvantages of "High Load™ Sewage Sludge Co-Disposal
with Refuse in the Presence of Different Operaling Regimes

Single Elation Enhanced methane generanon and Low pH values |
shoriened lag phase.
Increased ‘sl VEAs
Moisture flux through the refuse cOnCENrations.
mass
Brief period of active
Low “wal’ ammonia concentraltions methanogenesis
Possible generation of
increased volumes of
leachare
Leachaie Recycle Elevated pH values Loading raies could
compromise site working
Higher methane concentrations snd conditions.
shortened lag phase.
Logistical and equipment
Low ‘wal’ VFAs concentrations and | requitements for leachate
mcrensed rates of refuse suabilisanon. | recvele.
Low 'towl” ammon(a concentrations, | Generation of greater
volumes of leachate.
Batch Enhanced methane concentrations None or slow moisture I
and shonened lag phase, flax throogh the refuse
THass,
Decreased '1owl” VFAs
concentrutions Low pH values.
Longer periods of active
methanogenesis.,
Simulated Rain Maoisture flux through the refuse. Low pH values

=_=|=l===_=_=—

Rapd washout of the
buffering capacity and
potentisl nutrients.

Low methane
- COMCEnira Doms.




Table 8.5

Advanmages and Disadvantages of “High Load” and "Low Load" Sewage
Sludge and 1000ppm Phenol Dual Co-Disposal with Refuse in the Presence
of Differem Operating Regimes

Smgle Eletion High phenol removal rate. Constantly high leachate residual
phenol concentrations,
Muoisture flux through the refuse
mass. [ncreased phenol desorphon rates,
Low pH values and methane
CONCENirations.
Leachare Recycie Low leachate residual phenol Low phenol removal rates.
CONCENITETINS.
Increased rates of phenol
Moistre flux through the refuse desorption.
mass
increased pH valves and methane
CORCENTANONS.
Low “ioral” VFAs concentrations.
Barch Low leachame residual pheml Increased rates of phenol
CONCENIralions desorption,

Imitially low 'tol” VFAs
CONCENMTRIIONS.

Low pH values and methane
concentrations with extended lag

phases.
Low phenol removal rams

Ircreased "mwal” VAL
concentralions.,

Simulated Rain

Moisture flux through the refuse
miass

Low leachate phenol concenrations.

Rapid washout of the buffering
capacity and essential nutrients

Very low phenol catabolism
Low pH values

Low methane and 1ol VFAs
CONCENtrations




Table 8.6  Advantages and Disadvantages of “High Load™ and "Low Load” Sewage
Sludge and 2000ppm Phenol Dual Co-Disposal with Refuse in the Presence

of Differem Operating Regimes
Single Elution High phenol removal rates. Increased rates of phenol desorption.
Moisture flux through the refuse. Low pH and methane

concentrations,
Initially increased “wial’ YFAs
CONCENIrations.
Continuously high residual phenol
concenirathing.

Leachate Recycle | Increased pH and methane Increased rates of phenol desorption,

concentrations, especially for the
“Low Load” regime.

Low leachate phenol concentrations.

Decreased "total' VFAs
concentrations,

Moisture flux through the refuse
mass,

Low phenol remonal rates

Low pH and methane concentrations
for the “High Load™ regime.

Moisture flux through the refuse
mass.

Enhanced methanogenesis and

elevated pH values for the *High
Load” regime,
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| Bawch Low leachae phenol concentrations. | No or lile motsture flux through
the refuse mass.
Low "total’ VF As concentrations
and enhanced methanogenesis for Low pH values
the "High Load" regime.
| No reduction in the lag phase.
Simulated Ram Low leachaie phenol concentrations. | Rapid washout of the buffering

capacity and nutrients.
Low pH values.

Initlally higher “woml’ VFAs
CONCentrutions,

Low methane concentrations.
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and sewage sludge. the single clution regime exhibited the greatest phenol removal rates
but these were, however, coincident with lowered pH values. Further, for both the
|000ppm and 2000ppm phenol perfused “high® and “low™ studge load columns, leachae
recycle overall exhibited the most enhanced refuse degradation when pH. methane
concentrations and 'total’ VFAs were used as the analytical criteria.

The importance of liquid flux has been stressed by the U K. Department of the
Environment (1994) which stated that flushing bioreactor conditions are needed for
successful co-disposal. Therefore, in general, despite the phenol and/or sewage sludge
loading. compared with the other operating regimes. leachate recycle resulted in higher
phenol removal and refuse degradation rates, but did not simultaneous)y compromise the
final leachate quality

8.2  Code of Practice to Determine the Effects of Co-Disposed Molecules on
Microorganisms in Refuse.

The U.K. Deparrment of the Environment has identified a need for an Araerobic
Bicassay Test (ABT) which can be used to assess the fate, and impact, of individual
compounds or wastes when co-disposed. This would be particularly imporam for organic
compounds which have not prevously been investigated before. A draft test protocol was,
therefore, developed by the U K. Public Health Laboratory Service and this is (llusirated in
Figure B. 1. The protocel consists of serum bottles (in triplicate) contaiming acciimatised
sewage siudge which are challenged with differemt concentrations of chemical wastes. The
volume of gas. and the percentage headspace methane concemiration. produced by each
culture & then monitored on 2 weekly basis for 28 days. Unfortunately, there are a few
problems with this method  For example, sewage sludge from different areas could react
differently 1o the added compoundis). Also. the method does not differentiate between
different microbial species. The lack of surfaces could also account for apparent microbial
mhibtion. It has been demonstrated. for example. that, unlike the free-living
microor ganisms. amached microbial associations are often able 10 degrade increased

6
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concentrations of xenobiotics without visible signs of inhibition (Beuman and Rehm, 1984).
Further, the question should be asked is methanogenesis inhibition important as long as the
xenobiotic is degraded and there is no significant negative impact on the generated

leachate? An increased rate of methanogenesis is not necessarily indicative of catabolism of
the co-disposed molecule and could be simply due to electron direction away from inhibited

sulphate reduction.

In an endeavour to overcome some of these problems a draft protoco} for a solid-
phase landf]] system has also been suggested and a flJow diagram for the schedule is

illustrated in Figure 8.2.

Although the solid-phase model configuration is more representative of a landfill
environment it also has Jimitations. For example, despite the use of refuse this experimental
protocol does not consider the different co-disposal practices operative at sites. This present
study clearly exemplifies that, together with hydrualic and organic Joading rates, the
methods of operation are extremely important. Therefore, the subtle differences determined
by monitoring the generated gases only might be overshadowed by variations due to
different operating regimes. Also, the possible inhibition of microorganisms other than the
methanogens is not considered. The protocol calls for the incubation of the reactors for four
weeks prior to perturbation with the chemical/waste. Therefore, the relative effects on the

catabolic events which precede methanogenesis, such as acidogenesis, may be minimal.

As aresult of the complex processes in a refuse mass (Section 1.8.4), and the bi-
directiona) interactions between the microorganisms and the co-disposed molecule (Section
8.1), it is recommended that a full co-disposal sudy should be undertaken. Initially,
however, the procedures described in Figures 8. and 8.2 could be carried out, to gain first
approximations of the microbial effects resulting from the co-disposal of the compound in
question. Following this. the results obtained can be consolidated by further in depth study.
This encompasses, firstly, refuse microcosms challenged with different concentrations of
the compound as wel] as simultaneously subjecting the columns to various operating

regimes which are likely to be encountered in a landfill site.



Figure 8.1 Flow Dhagrem of the Suggesied Solid-Phase Model Landfill Syyem
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This phase of the study is esential to determine not only the effective organic and
hydraulic loading rates but also the most efficient method of operation. Further, the relative
effects of this practice on different refuse types/compositions and ages can be determined.
The possible need for additional inocula or extended acclimation periods as well as the
effects of nutrient limitations and/or supplementations can be ascertained. Apart from
attaining all the above data, refuse microcosms are also able to determine the effects of
numerous applications of either single or mixed compound(s) in the long term. Therefore,
the data obtained from this phase of the study can be used 1o evaluate the effectiveness of
co-disposing molecules singly which, in practice, may identify the need for discrete areas

of a landfill site being reserved for the co-disposal of certain molecules.

Secondly, the relative effects of co~disposal practices (ie. organic and/or hydraulic
loading rates) on the different component species of the interacting microbial associations
should be determined by use of multi-stage models. Multi-stage models have, following
microbial population stabilisation, numerous advantages such as simplicity of operation and
rapid attainment of results. Further, provided sufficient stages have been included, the
mode] can be simultaneously challenged with different concentrations of the xenobiotic.
Clearly, the system also lends itself to Jong-term research as once the microbial association

has established the effects of many different compounds can be determined over time.

The Anaerobic Bioassay Test, as decribed above, was designed for single targel
species which is clearly not the situation in a co-disposal landfill site (Section 1.6). The
multi-stage system. on the other hand, can be used 10 determine the combined effects of

two or more xenobiotics on the growth rate-dependent microbial population of a landfili
site.

It is also recommended that when a wastewater, rather than a single xenobiotic, is
co-disposed, at least one complete GCMS analysis should be made to indentify the key
microbicidal/microbiostatic molecule(s). Finally, due consideration should be given to

increased stress on any landfill gas extraction system resulting from possible enhanced
methane production as a result of co-disposal practices.
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