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In Part I is presented the theoretical basis of the whole work,
After a brief introduction (chapter 1), an account is giveﬁ of the princi-
pal solutes present in river waters (chapter 2). By applying Ricci's
treatment of ionic relations in aqueous solutions, general equations
governing the pH values of river waters are derived and discussed
(chapters 3 - 5).

The advantage of this particular treatment is that it does not
proceed by making any approximations initially and so enables theoreti-
cally exact equations to be readily derived. Only in the final stages
need approximations be introduced to simplify the calculations, and this
results in the solution to a given problem being obtained as a set of
relatively simple equations each of which is valid over a particular and
well-defined range of values of the variables. Procedures which introduce
approximations at too early a stage, on the other hand, are liable to
give erroneous results, and at best they involve arguments which are not
convincing,

The hydrogen ion concentration of a natural water in the range
3.7 < pH < 9,7 is given by equation (3.43) under idecal conditions, and
corrections for non-ideality are readily made. This equation is not new
but its derivation is. It comes directly from an application of Ricci's
concepts and its range of velidity is clear., Moreover, its derivation in
this way involves an unambiguous definition of the total alkalinity of a
water in terms of quantities which are directly measurable, in contrast
with the usual textbook definition in terms of the hydroxyli, bicarbonate
and carbonate ion concentrations which cannot be measured but which must
be inferred from other quantities, The new definition enables it clearly
to be seen just how the alkalinity and pH value of a water are affected
by changes in chemical composition,

In Part II various special topics are considered, using the
theoretical treatment just considered. These include certain solubility
products (chapter 6), the alkalinity and carbonic acid content of natural

waters (chaptors 7 and 8), titration curves and buffer capacity (chapter 9).
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It is demonstrated that the bicarbonate, carbonate and hydroxide
alkalinities of a water (the "three forms of alkalinity") are indeed close
approximations to the bicarbonate, carbonate and hydroxyl ion conccntrations
in the normal pH range (as most other texts assume but without adequate
justification), although this breaks down at about pH 9 and above.
Similarly, it is confirmed that the freec or undissociated carbonic acid
concentration is closely approximated by the stoicheiometric excess of
total carbonic ncid over the total alkalinity. The discussion of alka-
linity also enables the ionic balance, used as ~ check on the accuracy of
a water annlysis, to be formulated in a newer and simpler way.

The discussion of carbonic acid leads to a very simple express—
ion for th: percentage snturation of o natural woter with carbonic acid at
ordinary temperatures and atmospheric pressurc, and from the data presentcd
it is concluded that unpolluted river waters are virtunlly in equilibrium
with atmospheric carbon dioxide. This in turn leads to a new criterion
for the detection of some types of pollution,

Solubility products find an application in considering the
saturation pH valuc (pHS), i.e. the pH volue at which a given water is in
equilibrium with solid calcium cerbonate, and in chepter 10 an expression
for pHS is derived which differs slightly from the expression originally
obtained by Lsngelier in 1936. Comparison of the pH and pHS encbles scale=~
forming and scale-dissolving waters to be distinguished, as is well known,
but doubts are cxpressed as to the importance of this with regard to the
corrosion of metnls, even though it is now common water-works practice to
adjust the pH and pHS of waters in aon attempt to minimise corrosivity,
That the aggressivencss of woters townrds cement and concrete is governed
by the pHS cannot bc doubted, however. Some comments are made on the
methods that can be used to adjust the pHS values of waters., One limiting
factor is the buffer capacity of the water, which mekes waters of TDS less
than 100 ppm very difficult to treat.

The hardness of waters is discussed in chapter 11. Although
hardness was originally defined in terms of the soap-destroying powers of
the water, this definition appears to have become disregarded in recent
years and a confusing terminology has developed. After defining terms
logically, a scheme for the approximate calculation of the temporary and
permanent hardnesses of a water is presented. This is the first time any

such calculations appear to have been attempted, Surface waters in Natal
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are thereby found to fall into two groups, according as to whether their
TDS is greater or less than 100 ppm,

In Part III the rivers of Natal arc then discussed more specifi-
cally. A brief account of thc physiography of rivers (chapter 12) indi-
cates the nccessity for a means of standardising water analyses so that
they can be compared one with another, A suitable means of standardisation
is proposed (chapter 13) and then utilised (chapter 14) in formulating a
graphical represcntation of water analyses. It then appears that two major
series of natural waters may be recognised and distinguished chemically
(chapter 15), most waters belonging to the one series or the other and a
few being of mixed type. The technological properties of each series are
discussed (soda alkalinity, hardness, corrosivity, pHS and buffer capacity)
and it is concluded that, in each case, the TDS is of much greater import-
ance than is chemical composition.

This simplifying conclusion is utilised to design a chemical
classification of river waters according to quality and potential water
use (chapter 16), although in so doing it is necessary also to take into
account the content of organic material and dissolved oxygen of the water.
Finally, brief accounts are given of the chemistry of some particular
rivers of Natal (chapter 17) to illustrate the application of somec of the
matters considered earlier, and a concise summary of water quality through-
out the Province as revealed by the results of extensive river surveys is
provided,

The various calculations that may be applied to a given water
analysis to determine the values of important derived parameters are
summarised in Appendix A, Tables of numerical data required in these
calculations are given in Appendix B. In Appendix C are listed various
analyses and numerical results referred to in the text, while in Appendix

D are described some experiments with artificial waters designed to test

some of the theoretical equations,
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LIST OF SYMBOLS

Sce also note on barred symbols, p.6l,

Total alkalinity as ppm of CaCO3

Molar concentration of carbonic acid (total)

Molar concentration of bicarbonate ions HCO3—

5

Value of a for water in equilibrium with atmospheric carbon
dioxide

Molar concentration of carbonate ions, CO

Buffer capacity
Blectrical conductivity in micromho at ZOOC
Molar concentration of calcium hydroxide (total)
Molar concentration of monovalent Ca(OH)+ ions

7 ; 2+
Molar concentration of divalent Ca  ions
Molar concentration of the r th ionic species

Total alkalinity in equivalents per litre, defined by
equation (3.42)

Total alkalinity in meq/litre calculated from equation (3.42)
Total alkalinity in meq/litre determined by titration

Free (non-ionised) carbonic acid concentration as ppm of co,,
Molar concentration of free (non-ionised) carbonic acid

Ratio of total millimoler concentration of scids and bases to
the TDS in ppm

Molar concentration of hydrions

The product HY, equal under the appropriate conditions to
the hydrion activity

Molar concentration of hydrochloric acid
Total hardness as ppm of CaCO3

%otal)hardness in equivalents per litre, defined by equation
HBALge -
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P(pH,7)

pH
pH
P;

Q(pH,Y)
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Molar conccntration of silica

First dissociation constant of carbonic acid

Second dissociation constant of carbonic acid
Second dissociation constant of calcium hydroxide
Second dissociation constant of magnesium hydroxide
Second dissociation constart of sulphuric acid
Solubility product of carbonic acid

Solubility product of calcium bydroxide

Solubility product of calcium carbonate

Solubility product of magnesium hydroxide
Solubility product of magnesium carbonate

Ionic product of water

Molar concentration of magnesium hydroxide (total)
Molar concentration of monovalent Mg(OH)+ ions
Jolar concentration of divalent Mg2+ ions

Molnr concentratioh of sodium hydroxide

Molar concentration of hydroxyl ions

Equivalents of acid to attein phenolphthalein end-point
Permanent hardness as ppm of CaCO

Ratio F/e cefined by equation (8,11)

Molar concentration of potassium hydroxide

Defined, under the conditions supposed, as - log H,
Seturation pd value

Permanent hardness in equivalents per litre

Ratio a/e defined by equation (8,5)

Percentage saturation with carbonic sncid

Molar concentration of sulphuric acid (total)
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Molar concentration of bisulphate ions HSO

Molar concentration of sulphate ions SO4

Corrosion ratio

Bquivalents of acid to attain methyl orange end-point
Temporary hrrdness as ppm of CaCO3
Totel dissolved solids in ppm
Soda alkalinity as ppm of CaCO3

Soda alkalinity in equivelents por litre, defined by
equation (11.5)

Charge coefficient of acid or base
Activity coefficient of univalent ions
Ionic strength

Valency of r th ionic species.



THE CHEMISTRY OF RIVER WATERS

with special reference to

THE RIVERS OF NATAL

PART I THEORETICAL BASIS

il GENERAL INTRODUCTION

The original intention of the present work was to establish some
rational classificetion of river waters, according to their chemical
composition, which could be used in assessing water quality and potential
water use, It was soon found; however, that it was first necessary to
re—examine the theoretical foundations of many of the concepts of water
chemistry already in common use, since much of the existing literature
was often vague and misleading,

The reason for this lack of clarity arises directly from the
fact that the chemical characteristics of any natural water depend upon
a whole set of interrelated ionisation and hydrolysis equilibria. For
mathematical convenience, theoretical studies of these equilibria usually
involve the introduction at an early stage of extensive approximations,
with the result that there is often much doubt as to the strict validity
of the final conclusions. In extreme cescs, indeed, those conclusions
may be quite fallacious.

A considerable simplification has been introduced to this field
of study by Ricci (1952) which goes far to remove such defects, By
utilising his concepts and methods of calculation it is possible to place
water chemistry upon a surer and more rational foundation., Accordingly
the present work became divided into three fairly distinct sections, In
Part I the theoretical basis of the whole is described. In Part II
various more specific topics are discussed in detail, These include the
behaviour of natural waters towards carbon dioxide and calecium carbonate,
the alkalinity of waters, their titration curves and the hardness of
waters, Finally, in Part III it is then possible to consider river waters
more generally and to take up the question of their chemical classification,

Throughout, an attempt is made at full generalisation, but with

emphasis upon the river waters of South Africa and particularly of Natal,
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2, SOLUTES OF RIVER WATERS

Origin of river waters

Tt is generally accepted that very little of the water which
flows 2s rivers or streams over the carth's surface is of primary origin
(Mason, 1952).  Almost the whole of their flow in fact originates as
rain,

Once it hrs reached the ground, rainwater either flows over the
surface and collects together to form stresms (the run-off), following
depressions and channels in the surface, or it seecps downwards (the
run—in) through porous rocks and soils or through cracks and fissures.

If the depth of penetration is not great, the run-in fairly rapidly
reappears on the surface as a small intermittent spring or as secpage
from the side of & chrnnel, valley or depression, If the depth of
penetration is more extensive the water may spend a considerable time
underground, but it will still eventually reappecr as a spring, perhaps
many miles from its point of entry; such springs are usually of
perennial type.

The concentration of total dissolved solids (TDS) in rain water
is remarkably low (10 ppm or less), but rain contains much carbonic acid
dissolved from the¢ ntmosphere and this is necessarily in a "free" or
chemically uncombined form, Hence rainwnter is very active in promoting
the chemical decomposition of rocks and minerals, end in so doing it
takes soluble materials into solution, BEvidently the longer the water
stays in contact with the rocks, the grester its TDS will become,
Consequently run-off water is usually still of very low TDS, seepage
woter nnd thot from shallow springs shows & higher level, and the water
of springs fed from deep underground may often have a TDS exceeding
1000 ppmn,

Since rivers contein water from all possible sources in inter-
mixture, the TDS of river water may be anything from about 10 to 1000 ppm
or more, We shall sec that, in Natal at lecest, values greater then about
500 ppm usually arise through pollution, i.e. the addition of material

of any kind to the river by human ogency,

Carbonates

In view of the above remarks it is only to be expected that

carbonates and bicarbonates are the principal salts in most river waters,
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Clarke (1924 A) states that these constitute about 50% of the dissolved
solids in the average fresh water.

Limestones and dolomites are particularly susceptible to attack
by water containing carbonic acid, the carbonates being converted to
soluble bicarbonates, The feldspars present in many igneous rocks are
also readily attacked in this way, being leached of lime and alkalies to
leave a residue of clay.

Corbonates are also generated by the oxidation of the organic
motter present in most natural waters and originating either by the decay
of plant and animel materisl entering by natural means or from the inflow
of sewage and similer effluents, Such organic material may be of almost
any type, but it commonly includes a group of ill-defined colloidal
substances often collectively termed "humus" and similar to peat in
composition. According to figures collected by Clarke (1924 B), the
highest concentrations of organic matter (excluding cases of pollution)
are found in rivers of the tropical regions,

The waters from peats, recent or ancient, are characterised by
a low TDS and a high proportion of carbonates derived from the oxidation
of orgenic motcrials (Wilson, 1947), These waters are also low in
sulphates, which become reduced to sulphides by bacteria in the peat
(the sulphur subsequently being evolved as hydrogen sulphide), but
usually high in sodium because of its replacement in the water for
calcium and magnesium by base-exchange processes.

Wilcox (1962) has shown that the proportion of carbonates in
woter that hos been used for irrigotion may be materially decreased
through precipitation of calcium carbonate in the s0il, the calcium
carbonate lost being roughly balanced by the uptake of an equivalent
amount of sodium chloride, - Evapotranspiration causes the TDS of the

drainzge woter to become from 2 to 10 times greater than its initinl level.
Sulphate

Normally sulphates rank next in preponderance to carbonates in
river waters, They are derived principally from the oxidetion of pyrite,
which is widely disseminated in igneous rocks, and of some less common
sulphides. The crystals of gypsum commonly occurring in clay deposits
orisc in this way (Vendl and Almnsy, 1952). Underground woter thus
usually contnins calecium sulphate in solution, and rivers moy toke up

sulphates by passing over beds of gypsum, .
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The soils in nrid regions comeonly contcoin alkeli sulphates,
drawn upwords in solution by capillary action and crystallising as the
solution evaporates ot the ground surfoce. The occasional heavy rains
of such regions redissolve these srlfs and wash them into rivers,

Sulphates nlso find their woy into rivers through industrial
pollution (especinlly where this comprises drainnge from coal mines since
pyrite usuanlly accompanies the co2l) and from agricultural fortilizers.

In the =2bsence of pollution, South Africen rivers do not usually
contzin more than o few ppm of sulphate. Beauchamp (1953) has noted
thot streams flowing into East African lakes are gencrally low in
sulphate, and an anclysis of the Nile near Cairo given by Clarke (1924 B)
also shows a low proportion of sulphate (about 4% of the TDS). A low
sulphate content thus secms a widespread charactceristic of surface waters
of the African continent, although quite the reverse is the case in

coalfield areas (Kemp, 1962),
Chloride

Although large quantities of chloride are liberated in the
gaseous cmenations from magms (Mason, 1952) and sometimes appear in
underground waters os a conscquence of pest mogmatic activity (Lindgren,
1932; Bond, 1946), only & very smoll part of the chlorides of river waters
can be traced to an origin in igneous rocks (Clarkc, 1924 a). Sedimentary
rocks usually contain traces of chloride, and those of marine origin are
likely still to contain ses water in their pores which is recleased as the
rock weathers or as underground woter moves through it, In arid regions
chlorides, like¢ sulphates, occur in the soil and may become washed into
rivers, In rore cases chlorides in a river may be derived from beds of
rock salt or from brines such as those found in associstion with petroleum.

Chlorides derived from sea spray may be contained in the rain of
coastal rogions, and high proportions of chloride might arise from this
source in corstal rivers (see discussion of sodium, below),

Chlorides also enter rivers as pollution from various sources,
¢y8. irrigation water (discussed above) and sewage effluents (sewage

contains approximately 60 ppm of chloride),

Silica

The silica content of natural w-ters mey be derived from the

decomposition of almost any rock-forming silicate except those contained
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in sheles and slates. Hence only waters originating in and draining
areas composed of shales, slates, quartzitic sandstones and ancient well-
leached soils (all of which contain minerals representing the end-
products of the aqueous decomposition of rocks) may be expected to be
relatively low in silica content. It is not clear, however, whether this
expectation is in fact valid, since the concentration of silica in waters
presents several puzzling features.

The chief source of silica in natural waters is probably the
feldspars. Clarke (1924 A) gives the percentage compositions of these

minerals as follows:

Albite Orthoclase Anorthite
SiO2 8.7 64,7 43.2
.f_ 1804' 7(.7
A1203 19.5 1)
Ca0 - - 20.1
Na20 11.8 - -
K.0 - 16.9 =

2
From these he deduces that albite and orthoclase will contribute more
silica to percolating waters than will anorthite, and that whilst the
first two will also contribute sodium and potassium, the third will yield
calcium, Hence he supposcs that when a water has an exceptionally high
silica content, the content of alkalies will probably cxceed that of limec.

Although the quartz greins of a sandstone would not be expected
to yield much gilica to water in contoct with them it must be noted that,
since the grains may bec cemented together by a variety of materials
(e.g. calcite, gypsum, silica itself, iron compounds), the compositions
of waters from sandstoncs may vary accordingly (Bray, 1946). In fﬁct,
the cementing materinl is generally the source of most of the dissolved
materinls of watcrs associated with sandstones (Hem, 1959),

There is controversy concerning the state in which silica is
held in solution in natural waters. Roy (1945) concluded that, though
nost geologists consider silica to occur in colloidal form, colorimetric
tests have shown, as most chemists have assumed, that it is present in
true solution, probably =zs the ion SiOZ_

v s
contrary to this view has been published (Iwasaki, Katsura and Tarutani,

However, other evidence quite

1951). Consecquently Hem (1959) concluded that the silica of most waters
is present as particles of sub-colloidal size, probably in a readily

disturbed equilibrium with simple monosilicate ions,
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In Teble 2.1 are given the analyses (major solutes only) of 22
Hatal rivers which are known to be unpolluted or polluted to only o very
slight dcgree. These anaolyses will be used as exnmples throughout most
of the present work, but for the moment it nced only be noted that,
unlike meny of the other solutes, silica clearly does not vary systemati-
cally with the TDS. In fact, the concentrntion of silica appears to be
scattered at random ~bout a mean of 16,3 ppm,

Nordell (1951) hos listed the analyses of 98 American rivers,
and these show just the same characteristics, being rrndomly scattered
about preciscly the same meen of 16,3 ppm,

Neither the Watal nor the American rivers show any correlation
between silica content and pH volue, even though the solubility of silica
increases markedly with pH (Iler, 1955),

A deteiled roview of present knowledge concerning dissolved
silica and silicates has been given by Ilsr (1955), from which it sppeors
that, in solutions of dilution compsrable to that of natural waters,
dissolved silice exists as mono- and disilicate ions HSiO_, Si02_,

2
HSi, 0, Si 02- and HSi.O0, together with the non-ionised monomeric acid

6°
H2S§O:. EiichCe is cfted for the occurrcnce of various equilibria
between these ions and hydrions and the non-ionised acid. Yet the fact
remeing that in neither the American nor the Natal rivers is it normally
necessary to include silica when czlculating an ion balonce; the total
equivalent concentration of the cotions is always substontially equal to
thet of the anions without the inclusion of silica. The same applies to
all the analyses of NHatal rivers presented in the present work, while
the work of mrny survey tcams, such ns Inerfield et =1 (1960), in America
have confirmed this finding for many other American rivcers. Indeed it is
usual /merican annlytical practice (American Public Health Association,
1965) to regard silica as occurring in the ionic form Siog— only if the
water is nlkaline and the silica concentrntion high; otherwise it is
considered non-ionic, (Msny old analyses often show ionic gilica, but
usually it is clear thot this is only a device to obtain a satisfactory
ion bal-nce and has no real justification; such analyses must be viewed
with caution as they usually contain appreciable errors).

However, it is not inveriobly true that silica is ionic only
when at high concentration in nlkaline wsters. According to data
published by Taylor (1958), British rivers show quite different behaviour

in that their silica concentrations are very much lower (ranging from

f (T



Chemical analyses of some Natal rivers

Table 2,1

i [
| . | f;
. p
& 28

River % :E o) Q §:§ g &,

s |83 918 | B| B g |aal” | & |

A A D A A A B S D )

& S H 2 o = B b [ n ) )
Sterk near Ambleside 41 53 T4 B4l e 4.7 0.7 252 Mil 445 3l
Illovo above Richmond 41 66 8.1 5.2 1.8 .2 | 0.1 27.2 Ni1 0.8 1%,0
Moci above Mooi River a2 4l T 5,0 1.8 2.8 | 0.7 21.7 8,2 0.9 6.7
Karkloof at Shafton 42 43 T BEe) 1.7 a,2 [ 0.5 2%.8 Mil 1.7 16.5
Ingagane above Alcockspruit 49 58 8.4 5.0 230 2:5 | 346 3.8 ZaD 0.9 Gl
Lions near Lidgetton 59 66 TuB 6.6 2.5 5.5 | 1.2 39.1 | By 0.1 16.9
Nungwana near Nungwana Falls 60 98 8.4 %9 2.5 7.0 | 0,1 20,6 Nil | 15.2 14.7
Ungeni at Negle Dam g8 o |71 | 85 | 3.0 7.0 (1.0 | 383 | Las | 189 | 247
Ungegu at Unfuls 77 107 749 B 6 349 1354 1:3 42.6 Nil 11.7 19.0
White Unfolezi near Vryheid 78 | 100 Te2 3.8 249 1.2 | 6.2 46.6 2.3 2.1 17.5
Lenjane's at Lenjanc's Drift 81 | 100 T8 A6 By ES | 50 5846 2.3 2.3 13.0
Tugela at Colenso 85 | 121 8.0 {12.9 Dias) 6.4 | 0,7 68.6 1.8 U2 15 .
Sundays nezr Newcastle g5 127 .2 /T T8 B2 | 1.5 T79.2 Fa 0.1 16.4
Gogoshi near Mtunzini 108 163 7.8 2.5 1.0 29.3 0.8 17a? Nil 45.6 15.q«2
Unvoti at Bitakona 116 | 174 $.0 | 16,2 5;1 18.5 | 1.7 | 65,2 T:3 | 13.5 20.8
Unfolozi ot Mtubatuba 156 | 243 | 7.8 | 14.6 | 9.07 24,8 | 1.5 | 94.5 | Fil | 19.3 | 15.6
Unzimkulwans at Baboons Castle 14% | 248 = T 9.6 | 2757 { Asl 68.6 Tad | $5:7 9.1
Bloukrans near Colenso 191 | 292 .4 | 28,7 'I4.2 ) 20,3 | 1.7 | 166,8 4.3 3.9 16.6
Umhlanga at Trenance 213 | 418 T:5 8.9 1128 | 165 1 1.6 78.2 8.8 765 115
Umzinyatshana near Dundee 232 | 319 8.6 | 26.6 | 20.8 | 23,7 | 1.3 | 182.5 T.4 4.6 BB 2
Isipingo neer Inwabi 220 | 510 8.0 | 13.5 15.8 | 73.5 2.7 61,3 | 13.8 | 140.8 16.4
Mpushini near Pietermaritzburg 332 | 403 7.5 F m0.7 | 19.5 1 6.0 | 1.2 | 178:5 3.7 0.2 29.0

These analyses were obtained bv the author during

his work on the Natal rivers.

This applies to all
data cited in the text without reference.
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about 1 to 15 ppm) and show a direct correlation with the TDS, In these

rivers the silica appears to be ionic, or partly so.
Calcium

The calcium in natural waters is principally derived from
limestones and, to a lesser degree, from gypsum, However, limestones and
gypsuﬁ deposits are relatively scarce in South Africa. In Natal, metamor-
phosed limestone occurs at the Marble Delta (the confluence of the
Unzimkulu and Umzimkulwana rivers) near Port Shepstone, whilc gypsum is
found in the Tugela valley ncar Ngobevu and appears to cause increases in
the sulphate content of the Tugecla river there,

The lime feldspar, anorthite, also forms an important source of
calcium in igneous rocks, with hornblendes, pyroxenes and apatite as
minor sources,

The loss of calcium carbonate from watecrs used for irrigation

has already becn mentioned.
Magnesiun

The major sourccs of magnesium are magnesian limestones and
dolomites (not of much importance in South Africa), with amphiboles,
pyroxenes and olivine as minor sources. Some magnesium also appears to be
derived dircctly from sea spray (Bertrand, 1943, 1945).

In most waters of low to moderate TDS the magnesium content is
usually less than that of calcium, Higher magnesium can occur on occasiorn,
e.8. where magnesium minerals predominate in the rocks or where admixture
with sen water occurs (Hem, 1959),

Schmassmann (1947), in a study of the underground water from
limestones of the eastern Jura mountains, found that increasing concen-
trations of magnesium were accompanicd by decreasing amounts of dissolved
oxygen. This was traced to the oxidation of the ferrous iron occurring

in dolomite in isomorphous replacement of the magnesiun,

Sodium

The sodium found in natural waters mey often be derived (together
with chloride) partly from the connate sea water of rocks of marine origin
and partly from sea spray, Sea salts can in fact be carried a surprisingly
great distance inland before becoming washed out of the atmosphere by
felling rain, and many natural waters owe a large proportion of their

dissolved salts to this origin., For example Gorhan (1957) concluded that
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70% of the salts in the waters of the BEnglish Lake District originate
in this wey, ond about 50% of the salts in rivers of Galwny,

The distence to which ses solts may be carried depends upon the
strength and direction of the prevailing wind and nlso upon the rainfell
in the region concerned, They are likely to travel further in arid
regions where thu precipitation is low, It is probable that the
evaporation of droplets of sea water results in o mechenical separation
of the various sea srlts so thazt the composition of rain water, allowing
for dilution, is not necesserily the same as that of the sea, nor is it
necessarily inveriable, Published informotion conccrning this is scanty
but hns becn summarised by Gorham (1955 4).

In arid rcgions much sodium may enter the rivers from the salts
deposited by evaperation in the soil,

Sodium is nlsc derived from the decomposition of the alkali
feldspor ~lbite, and scme may be obtrined from nephcline syenites (Clarke,
1924 ). Waters from coastnl alluvium, though invariably high in chloride,
moy not necessarily be correspondingly os high in sodium, This is
probably due to base-exchange processes cceurring in the alluvium (Wilson,
1947).

Sodium 'is a very common constituent of polluting effluents of

many kinds,
Potassium

The main source of potassium in natural waters is the alkali
feldspar orthoclase, and in addition some may be derived from leucite
rocks (Clarke, 1924 A). Agricultural fertilizers may also contribute
much potassium to rivers.

However, potassium is of minor importance in natural waters and
is rarely present in concentrations of more than a few ppm. It is less
readily dissolved from rocks than is sodium (Hem, 1959) and is more

readily removed from waters by base-exchange processes.

Minor mineral solutes

Unpolluted natural waters contain many other mineral solutes
than those considered above, but usuzlly in only very small concentrations,

Thus iron and aluminium are almost invariably present in river
waters, but rarely in large amounts, Indeed Clarke (1924 A) stated that
when more than a trace of either of these is found to be present it is

most likely that small amounts of suspended silt have not been completely
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removed from the sample before analysis, Pollution may give rise to
abnormally high concentrations, however. In particular, where rivers
reccive drainage from coal mines or from natural coal outcrops they are
likely to contain high concentrations of theso.elements (Braley, 1954),
the iron being derived from the oxidation of pyrite coutained in the coal
scams and associated straota and the aluminium coming from local rocks and
soils by the action of the acidic substances féormed by that oxidation,

In Natal, the drainage from disused ond working ccal mines is a pollution
problem ‘of particular concern (Kemp, 1962)., However, the iron and
aluminium contents of unpolluted rivcrs are usually less than 1 ppm (Hem,
1959).

Lead, zinc, copper and other metals have been found in waters

in regions where their ores are mined, Mangonese is also found occesion—
slly but rarely exceeds 1 ppm unless the water has been pollutcd or has
an acidic reaction (Hem, 1959).

Traces of phosphate may be taken up from sedimentary rocks and
from the apatite of igneous rocks, and larger concentrations may be

found where thc water traverses phosphate rock. In Notal the phosphate

concentration in unpolluted rivers is always small, not usually exceeding

4

fertilizers are uscd and where sewage or similar effluents are prescnt,

about 0.3 ppm as PO Higher concentrations may occur where agricultural
phosphates often being present in soap prepaerations and synthetic
detergenis,

draining certain igneous and metamorphic rocks, especially those
containing apatite and tourmsline (Hem, 1959). Fluoride concentrations
greater than about 1 ppm are usually considered objectionable in water

to be used for domestic supply,

Except for some mineral springs, natural waters normally contain
only small concentrations of nitretes, leached from soils where decay
processes or the biological fixation of nitrogen are occurring. Larger
quantities are usually indicative of organic pollution. The nitrate
content of unpolluted Natal rivers does not usually exceed 1.5 ppm as
nitrogen, although it shows a fairly great variability. Whenever cases
of excessive algal growth have been investigated here it has usually becn
found that an increased nitrate content has been the cause,

Pollution cen also give rise to the presence of ammonia, but

Ingols and Navarre (1952) have found that some granites contain cmmonium
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chloride which is leached out as the rock weathers.
Pollution

Polluted waters may, of course, contain almost any substance
ot =211 in solution or suspension, and detniled discussions have been given
by many authors, e.g. Klein (1957).

Pollution of an inorganic noture usually involves an increase in
the TDS. This can lead to the destruction of organisms inhabiting a river
through the action of osmotic effects, particularly if the TDS excceds
about 2000 ppm, Changes in the pH value may also be coused and few
organisms con resist large changes in this paorameter, most being adapted
to living in a single restricted pH range, In addition, some dissolved
salts may have a direct toxic action,

An increcse in the amount of suspended nztter in the water can
bring about biologicnl changes. Too much silt, in fact, can destroy
practically the whole fauna of = river — breathing tubes become clogged,
burrows become silted up, the character of the river bed moy be changed,
and so on., Algae can also be destroyed, since a high silt content will
reduce the intensity of light below the watcr surface and so hinder
photosynthetic processcs., In some cases large volumes of pollution may
change the temperature of the water (boiler efflucnts, cooling waters, cte)
and this also will causc changes in the riverine flora and fauna,

Organic pollution may give rise to any of the above coffcets and
in addition produces effects of its own, inv~riably resulting in a chonge
of the fruna and flora through intcrference with the ecological balance,
Changes in the hobitats of the animal population may also be induced (the
interstices between stones may be blocked by deposits of slime, the
marginel vegetation may become fouled, sludge banks moy be formed on the
river bed, and so on) and these invariably lead to changes in the
population itself,

The amount of oxygen contained in solution in the water is always
decreased by orgeonic pellution since decay processes (invariably oxidative)
are initiated (some inorganic pollutants, e.g, ferrous iron, may have a
sipilar effect). Unpolluted natural waters free from organic natter are
almost saturated with dissolved oxygen and thus present a reasonably
clean appearance, are free from odour and meintain o normal animal and
plant population. With a moderatc smount of organic pollution, however,

the growth of algae may be proroted owing to the presence of nutrient
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substances such as ammonia, nitrates and phosphates, which may be

present initially in the pollution (hence purely inorganic pollution can
also have a similar effect) or may be formed by decomposition processes
instizated by the action of bacteria. The so-called "sewage fungus' may
appear, excessive developments of the sheathed filamentous bacterium

Sphaerotilus natans or of the aguatic fungus Leptomitus lactens

(Harrison and Heukelekian, 1958). Protozoa (which prey upon bacteria)
and algal feeders (insect larvae, small crustaceans, snails and some fish)
may also proliferate, while the growth of worms is usually encouraged,

If the pollutional load is very large it may well exhaust the
dissolved oxygen of the water completely so that conditions become
anacrobic, The water then becomes black, unsightly and malodorous and its
normal faunz and flora are completely destroyed. Under such conditions
fermentation processes, again instigated by bacteria, convert the organic
materials to soluble substances (pyruvic acid, indole, skatole, mercaptan,
cadaverine, putrescine, ctec) which are ultimately removed (as hydrogen
sulphide, methane etc) but by different routes than under aerobic
conditions. Even if the water does not actually become anacrobic,
suspended solids may bc deposited on the river bed and, under appropriate
conditions, build deep sludge banks within which anacrobic conditions may
arise,

One way or assessing the organic content of a water is to

determine the biochcmical oxygen demand (BOD), and this will be discussed

more fully in chapter 16,

Totel dissolved solids

Since sny river continuslly picks up soluble matter from the
rocks and soils that it drsins (for river water is never more than an
extremely dilute solution which scldom approaches saturation with any
dissolved salt) and continually receives detritus of all kinds that falls
into it, its TDS usually increases progressively from source to mouth,
even in the absencc of any effluent flows that may enter the water. This
general rule may be set aside, however, if the river has tributarics
which carry water of very low TDS,

~ Clarke (1924 4) and Conway (1942) have considered thc offects of
gcology upon the TDS of rivers and concluded that streams issuing from
and draining igneous or metomorphic rocks show a low TDS, usually 50 ppm

or less. Whecre there are shales and sandstones the TDS can rise to
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100 ppm, but where limestones occur it mey reach 200 ppm or more.
Higher values than this (and values exceeding 1000 ppm may be encountered)
may be due to drainage from arid regions where saline soils occur, or
else to pollution.

The TDS of a river water is, however, highly varisble¢ and is
influenced by many factors other then geology, Some of these will be

considered in o later chapter,
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Do FUNDAMENTAL IONIC RELATIONS

Outline of the theorectical treatment

Ricei's treatment (1952) is based on the concept that any
aqueous solution of electrolytes can be recgarded as a solution of the
corresponding free acids and bases, utilising the simple definitions that
an acid is a chemical compound (i.e. not an ion) which provides hydrions
when in aqueous solution and a base is one which similarly provides
hydroxyl ions, Thesc acids and bases will be ionised to a greater or
lesser degrec,

In the majority of cases the resulting ions do not chemically
react with one another by processes other than the ionisation reactions
themselves or their converses. Conscquently the vorious acids and bases
present may be rcgarded as quite independent. Ceoses do occur wherein
other reactions take place between ions, e.g. the polymerisation of simple
monosilicate ions, but even these can be treated by the same mathematical
principles, Ricel calls such cases complex, and the mathematical
relationships involved are indeed more complicated. Complex solutecs,
however, are rarely of importancc in natural waters,

Ezch molecule of acid or base in an aqueous solution gives rise
to a certain number of charged srecies. The number of cquivalents of
charge (other thgn duec to hydrogen or hydroxyl ions) derived from one

mole of the acid or base is defined as its charge coefficient, B. This

can be expressed as a function of the ionisation constants and the
hydrion concentration as the only required parameters. Thus for a poly-
basic acid HZX under ideal conditions:

l+2K /8 +3KK /HZ TSR ST | /Hz'l
= 2 23 23 z

2 z-1
1% H/’K1 + K2/H + K2K3/H c SPLIF O K2K3 e KZ/H

B (3.1)

where H is the molar hydrion concentration and the K's are the ionisation
constants of the acid, A similar expression holds for a polyacidic base
M(OH)Z, but containing the molar hydroxyl concentration OH in place of H,
Where a dissociztion is strong, the corresponding constant is considored
infinite,

The electroneutrality condition is then:

E-OH=2 6 t -2 B & {3.2)
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where the suffixes a and b refer to acids and bases respectively and

t_or t denotes the total (analytical) molar concentration of the

~
(o

corresponding acid or base,
Since the ionic product of water is constant, under idecal
conditions it may be rcpresented as:

x_=Hx OH (3:3)

v

The electroneutrality condition (3.2), after substitution of the
appropriate expressions for the B's, can thus always be expanded to a

polynomial of degree n in H:

n n-1
H+ A = 4
BE 44 BT 4t b Bea =0 (3.4)

Here the coefficicnts of H are functions of the molar concentrations and
jonisation constonts of the acids and bases, while n is equal to the
number of ionisation constants (including kw) plus one,

This polynomial may be sccurately solved for H by numerical
methods, or an approximate solution may be obtained by solving the

quadratic:

a H2 +bPH+c=0 (3.5)

obtained by rejecting from thc polynomial all but the three successive
largest terms. The success of this approximation depends upon the fact
that the successive coefficients Ar of (3.4) involve progressively more
of the ionisation constants in products with a progressively greater
number of factors, so that AT fnlls in magnitude as r increases, The
terms Ar Hr therefore numerically increase, for a given value of H, and
then decreose again as r increases, The three largest terms therefore
always occur together,.

Each approximate solution obtained in this way will be valid
over a specific range of H or of the other concentrations, and the
approximation procedurc therefore has the advantage that it provides,
not a single value for H, but an algebreic expression giving H in terms
of some of the constants and concentrations, For example, the Henderson
and similar simple equations result automatically from this procedure,
The accuracy of such an approximate algebraic solution is extremely great
under the appropriate conditions, and these conditions can always be

specified precisely in terms of the coefficients of the genefal polynonial
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(3.4) and hence in terms of the ionisation constants and concentrations.
In general form, the required solution of the quadratic (3.5)

nay be written -~s:

b I b ¢ c
b b e T .5
= 2a b J(Qa) a (5.6)

since the negative root .is physically meaningless, If c/a is small in

comparison with (b/2a)2 this further approximates to:

==/t (3.7
and if ¢ is small in comparison with both o and b:

H=-b/a _ B

Corrections for non-ideslity are made by introducing activity
coefficients, which can be done at any stege of the working. Provided
the solution is sufficiently dilute we can utilisc the Debye-Huckel
liniting law and take Y as the activity coefficient of any univalent ion
in the solution, 74 as that of any divalent ion, Yg as that of any
trivalent ion, and so on, Moreover, under the condition supposed the
value of Y can be equated with the mean activity coefficient Y+ of a
strong uni-univalent electrolyte at the same ionic strength, This

results in the following replacements finally appearing:

kw replaced by kw/Y2
Kl replaced by Kl/Y2
K2 replaced by KZ/Y4
K3 replaced by KB/Yg

and so on,
Thus ¥ occurs always as a square or higher power and in combination with
concentration terms in such a fashion that the objection that single-ion
activity coefficients are of no physical significance (Guggenheim, 1933)
does not apply,

This procedure will certainly be satisfactory over the
concentration range of main interest'in the present work (up to a TDS of
1000 ppm), but it cannot be relied upon outside that range since the
mean activity coefficients of uni-univalent electrolytes can then no
longer be supposed equal (Lewis and Randall, 1923),

The actuecl values of ¥ will be discussed in a later chapter,
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Under ideal conditions, the pH value of an electrolyte solution

is simply and unambiguously defined in terms of decadic logarithms:

pH = - log E (3.9)
but under non-ideal conditions this must be replaced by:

pll = - log ¥ B (3.10)

This no longer avoids the objections concerning single—ion activity
coefficients, but since th: whole concept of pH is theoretically
uncertain (Kemp, 1950) this last equation must be regarded as purely
empirical. It is completely justified by experimental results,

Other symbols and functions will be introduced and explained
during the course of this text. In general the scheme is followed of
using lower case Roman letters (with suffixes if necessary) for molar
concentrations, K with suffixes for the ionisation constants of acids and
bases, and lower case k with suffixes to denote ionic products.
Temperature variations arc not considered in the present work, it being
assumed that the temperature is constant at a standard 2500. Valusable
contributions to the study of temperature effects have becn made by
Langelier (1946) and by Dye (1952). For ready refcrence, the values used

for commonly occurring constants are given in Table 1B of Appendix B,

Solutes and ions of natural waters

From chapter 2 it is seen that the major inorganic solutes of
natursl waters (excluding mineral springs, which often depart from normal
in composition) are the carbonates, bicarbonates, sulphates and chlorides
of calcium, magnesium, sodium and potassium, together with silice usually
in non-ionic form, Other cations and anions may nlso be present, but
usually in amounts too small to bc of importance in the discussion of
pd values,

Pollowing Ricei (1952), a natural water may thus be regarded in
the first instance as containing carbonic, sulphuric and hydrochloric
acids together with calcium, magnesium, sodium and potassium hydroxides,
as well as non-ionic silica, The TDS, as has been stated, may be any-
thing from about 10 to 1000 ppm or more, although values greater than
about 500 ppm in ordinary surface waters in Natal at least usually arisc
through pollution. For sea water, estuarine waters and underground
waters with higher TDS values than 1000 ppm there is usually insufficient

data available to establish valid activity corrections. For example, it
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appears that in sea water Y should be of the order of 0,66, but it can
no longer be trken as the same for all uni-univalent salts and for
purposes of pH calculation (which in this case depends almost entirely
upon bicarbonates) we shall find that a much lower value must be used,
The same theoretical prinmciples still apply to such weters, however,

The concentrations of all the important solutes in a water may
be determined unsmbiguously by suitable anslytical methods, although few
if any wnter chemists ever undertoke the determination of carbonic acid
ns o routine measure, The totsl carbonic acid, as will be showh, is one
of the most important parameters in woter chemistry since it is onc of the
factors governing the precise shape of the titretion curve, but
fortuncotely, in the cbsenco of its direct determination, it is possible
to calculate it foirly accurately from other data. The calculation is
often made by meons of a number of assumptions and approximate rclation-
ships which mey not be theoretically well founded, but o rigid treatment
is relatively casy to devise (see chapter 8).

Eech of the major solutes of natural waters will now be

considered in turn,

The strong electrolytes

Sodium hydroxide, potassium hydroxide and hydrochloric acid arc
strong uni-univelent electrolytes, completely ionised at all concentrations.
This means that, in each case, B = 1, Discussion of these cases illus-
trates the genercl method of working, although they are of trivial nature.

Hence for hydrochloric acid in water under ideal conditions,

equation (3,2) becomes simply:
H-OH=nh (3.11)

where h is the molar concentration of the acid (equal to the molar

concentration of chloride ions), Using (3.3) this gives:
H - kw/H =h {5, 52)

which rearranges to the quadratic:

g
B" -hH -~k =0 (3.13)

By (3.6) thc exact solution of this is:

{x® «
+Af o (334}

fos
1]
N =
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which may be written:
2
E=th+3 /(0% + 4k) (3.15)
The volue of k ot 25°C is 1,01 x 107" (Harned and Owen, 1950) so that
W
for all practical purposes (3.15) reduces to:

H=h (3<16)

Alternatively, this same result could be obtained by applying equation
(3.8), The introduction of activity corrections for the non-ideal case
leaves (3.16) unchanged.,

Por sodium hydroxide at molar concentrotion n we similarly have:

H=-0H= =n {3:17)
Using (3.3) to climinate OH finally gives thc quadrrtic:

B +n 8 - k =0 (3.18)
This may be solved directly by (2.6):

H=-n++ ./ (n2 # 4kw) (3.19)

which is fully accurate., But since 4kw is negligible in comparison with
n2 in practical cases, it appears that (3.19) gives zero as the corres-
ponding approximate value for H, Physicelly this is not acceptable, but
it must be reelised that the result only means that H is negligible

in comparison with n2 and hence is a perfectly valid result., To obtain

a more uscful valuc for H, we may apply equation (3.7), which gives:
H=k /o (3.20)
Applying activity correction, this becomes:
H= kw/n y° (3.21)
It is interesting to nots, however, that using (3.3) in (3.20) gives:
H=1H.08/m or OH=n (3.22)

and this is unchanged in the non-ideal case.

Exactly similar results are obtained for potassium hydroxide.

Calcium and magnesium hydroxides

The hydroxides of calcium and magnesium, Ca(OH)2 and Mg(OH)Z,
are diacidic bases, strong in the first dissocistion but weak in the

second (Bell, 1954; Prue, 1966; Stock and Davies, 1948). In nqueous
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solutions they thus give rise to the ions Ca(OH) o \Ga Hl Mg(Oh) and

Mg2+, but non-ionised molecules are never present,

To consider calcium hydroxide first, let the total (analytical)

molar concentration be ¢, Then if cl is the molar concentration of the

univalent ion and 02 that of the divalent ion:

- . 3.23
o= e, (3.23)

Under ideal conditions, the second dissociation constant K2 is given by:

Kl o el (Bu24

-2
its numerical value being 3.1 x 10 = (Vogel, 1951),

From these two equations follow the relations:

1
cl/c kw/(xw + K, H)

(3.25)

02/0 KCH/(kw + K H)

for the ionisation fractions. Correcting these for non~ideality gives:

2

2
k /(kW Y
2

cl/c 5 H)

(3,26)

C2/C KCH/(kw . v Kc H)

By the base analogue of (3.1), the charge coefficient of this

hydroxide is ideally:

=~

+ 2
7 c

+
W C

L Tt
I

i

m| o

(3.27)

~

Magnesium hydroxide gives rise tc equations of identical form,

We shall denote its total molar concentrations by m, those of the uni-
and divalent ions by m1 and m2, and let Km stand for the second dissociation
constant. The value of K_is 2.6 x 107 (Vogel, 1951).

The values of the ionisation fractions for the two hydroxides
under ideal conditions for various values of pH are as shown in Figure
3,1, It will be seen that the univalent ion Ca(OH)+ is of little or no
importance below about pH 11 while the univalent ion Mg(0H)' is of little
or no importance below about pH 10, i.e. it exists in appreciable propor-
tions down to a rather lower pH than is the case for the calcium hydroxide
system,

If Pigure 3.1 (and similar diagrams such as Figures 3,2 and 3,3)

are redrawn using a logarithmic scale on the vertical axis, the sloping
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curved portions of the graphs will become virtually straight lines,
Apart from a scale factor, the diagrams will then be identical with the
versatile logarithmic diagrams that have been used extensively by
Scandinavian chemists for representing chemical equilibria (Lee and

Sillen, 1959).

Sulphuric acid

Sulphuric acid, H , 15 a dibasic acid, strong in its first

250
dissociation but weak in its second, In aqueous solutions it thus gives

rise to the bisulphate snd sulphate ions, HSO, and SO 2_, but non-ioniscd

4 4

molecules are never present,

Denoting the total (analytical) molar concentration by s and

thosc of the bisulphate and sulphate ions respectively by 8, and S, 0
follows that:
5= 8 + & (3.28)

I (3.29)

its numerical value being about 1 x 10—2 (Vogel, 1951; Glasstonec, 1942),

From thesc relations it follows that:

s,/s = B/(H + K _)

(3.30)

sz/s KS/(H + KS)

which enoble the ionisation fractions sl/s and sz/s to be calculated as
functions of the pH, The calculated ideal values are shown in Figure 3,2,
from which it is seen that only the sulphate ions are of any significance,
except at pH values below about 4,

' By cquation (3.1), the charge coefficient of sulphuric acid is
ideally:

H+ 2 KS _
B= g‘ﬁ;‘;{; (3.31)

Carbonic acid

Carbonic acid, H2003, is dibasic, giving rise to bicarbonate and
xp = o
carbonate ions, HCO3 and CO3 . Both dissociations are weak, so that

non-ionised molecules are always present in aqueous solutions,
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Values of the first dissociation constant, Kl’ at 2500 have
been given as 4.54 x 10_'7 (MacInnes and Belcher, 1933), 4325 % 10—'7
(Shedlovsky and MacInnes, 19%5) and 4.45 x 10—'7 (Harned and Davis, 1943).
A mean value of 4.4% x 10-7 is fheréXEEOpted in the present work. The
value of the second dissociation constant, K2, at 25°C was determined
as 4.69 x 10_11 by Harned and Scholes (19A1).

It should be noted that when carbon dioxide is dissolved in

water the following equilibria are established:

S )

CO2 + H20 = HQ\O
RS oy

H?CO3 e== HCO, +H

The constant here denoted by K1 is in fact defined as:

r [F+] [H co;]
[002 ¥ choﬂ

where the brackets denote molar concentrations. A review of the carbon

"

dioxide - water system has been given by Bell (1959), who showed that the
ratio Tﬁ2 CO%] 4 {6021 at 2500 is about 0.0037. Consequently the true
first dissociation constant of carbonic acid, defined as

I—H+1 I:Hco3'] / [H2003] , has the value K, (0.0037/1.0037). However,

if (as is done in the present work) we agree to make no distinction
between "free carbonic 2cid", "free carbon dioxide" and "non-ionised
carbonic acid" but include them all in the value of the term [§2 003] ]

we car satisfactorily and much more simply operate with K1 defined as:
m oy _
_ [0,
1 -
"H2 co3J

K

Let &, £, al and a2 respectively denote the molar concentrations
of to*al carbonic acid, free (non—ioniéed) carbonic acid, bicarbonate ions
and carbonate jons. Then, under ideal conditions, the dissociation

constants are given by:

=
1

By e
H (3.32)
B

K2 = al

A s
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while the four concentrations are related by:

. (957
a=7°F+ al + az

From thesc relations it follows that:

-
al/a Kld/(H + KB + KlKZ)

az/a Kle/(E2 + KH + K1K2) {3.34)

LT
E°/(H™ + KE + K1K2)

i

f/a

Applying the activity corrections for the non-ideal case, these becoms:

4 2 6 4
al/a K.H Y J(E" Y T+ KEY o+ K1K2)

17 2 2 6 4
a,/n = KK, /(B v 7+ REY + KK) (BTBS)

& o it 4
By A ¥ + B EAT 5 K1K2)

'—b
~
o
1l

Assuming ideality, the values of these ionisation fractions can
recadily be found from (3.34) for various volues of pH. The results
obtained by such calculations nre shown in Figure 3.3. Evidently at pH
valucs between about 6 and 9 bicarbonate ions predominate, but in more
alkeline solutions carbonate ions become important whilst in more acidic
ones frec carboncte acid is present in appreciable proportions., It is
rcadily shown thet the maximum value of al/a occurs at an (ideal) pH of
8.34, corrcsponding to H = ,/(K1K2).

By (3.1), the volue of the charge coefficient of carbonic ceid
in aqueous solution is (ideally) given by:

c oo 3
i 2L1 H 4 2 Kle o)

H + KlH + K1K2

Titration curves

We sholl in this work be concerncd only with the titration of
dissolved substances with strong monobasic acid or strong monoacidic base,
Consequently whenever we refer to a titretion curve it is to be under-
stood that reference is alweys made to a curve obtained in that way.

Let y be the meclar concentration of any acid or base, and
suppose that it is titrated as described, For simplicity, we assume ideal
conditions and also suppose that the vclume of the solution being titrated

does not alter significantly during the process,
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The charge coefficient of the strong acid or base is unity
(see above), while that of the acid or base being titrated is p and given
by the correct form of equation (3.1). For the titration of an acid we

therefore have, by equation (3.2):

E~-OH=py+x (%i37)
and for the titration of a base:

B =0 =By +x : ‘ (3.38)

where x denotes the molar concentration of strong acid at any instant or,
if x is negative, the molar concentration of strong base., These equations
may be expanded to polynomials like (3.4). By solving for H and plotting
the values of pH = - log H against the corresponding values of x we can
thus draw the required titration curve.

The properties of such curves have been considered in detail by
Ricei (1952). For present purposes we need only note a few of the salient
points,

If the curve relates to a polyacidic base M(OH)Z or a polybasic
acid HZX with z stages of dissociation, its equation will be of degree
z + 2 in H or, if the first dissociation is strong, z + 1, For example,
sodium hydroxide and hydrochloric acid provide quadratics in H, calcium
hydroxide and sulphuric acid provide cubics, and carbonic acid gives an
equation of the 4th degree.

Each titration curve will show one or more "end-point"
inflections where the pH changes very greatly for small additions of strong
acid or base., For a strong acid or base there will be one such inflection,
occurring at the point of stoicheiometric neutralisation, For a weak acid
or base there will be one inflection occurring at the same point but
becoming less marked with lower values of the dissociation constant, and
another occurring at x = O but usually so vague as to be of no practical
use, Por a dibasic acid there will in general be three such inflections:
one occurring at x = 0, one at x = y and one at x = 2y, but not all of
these need be sufficiently pronounced to be experimentally detectable,
the governing factors being the values of the two dissociation constants,
Thus for sulphuric acid, strong in its first dissociation, only the end-
point x = 2y appears; for carbonic acid only the end-points x = 0 and
X =y are detectaoble, Similarly, a diacidic base in general shows end-

points at x = O; X ==y and x = =2y, but for calcium and mognesium
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hydroxides only the third of these is detectable,
The reciprocal of the gradient of the titration curve is a

measure of the buffer capacity of the solution being titrated, i.e. of

the degree to which the solution resists pH changes when acids and bases
are added to it, Buffering action arises from the existence of equilibria
of the form:

B — H + X

N

which follow the Le Chatelier principle. Near an end-point inflection of
any kind the gradient is high and hence the buffer capacity low. Between
two such inflections the gradient is low so that the buffer capacity is
high; moreover it here becomcs higher as the concentration increases,
The concept of buffer capacity has application in somc problems: of water
treatment, as we shall show,

The titration curve of carbonic acid is particularly important
in the study of natural waters. The equation of this curve, under ideal

conditions and the other restrictions supposed, is:

a (KlH # 2 K1K2) oy

e 0 = (3.39)

H + KlH + K1K2
wherc a is the molar concentration, and for a = 10—2 the curve is as
shown in Figure 3.4. The two end-points occur at pH 4.18 with x = 0 and
8.34 with x = a., The former is commonly known as the "methyl orange"
end-point, the latter as the "phenolphthalein" one, since these two
indicators arc often used for their detection, The exact pH value of each
end-point depends on the¢ value of a; the methyl orange end-point may
occur asnywhere between pH 4 and 5, the phenolphthalein between pH 7 and 9,

The greatcst buffer capacity occurs between x = 0 and x = a, especially

at high concentrations.

General equations for lLiydrion concentration

From equation (3.2), using also (3.3) and inserting the proper
expressions for the charge coefficients, the general equation for the
hydrion concentration, under ideal conditions, of a water containing
carbonic, sulphuric and hydrochloric acids together with calcium,
magnesium, sodium and potassium hydroxides at molar concentrations a, s,

h, ¢, m, n and p respectively is:
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The same cquation will also apply to waters which in addition contain
non-ionised silica, since this solute can evidently play no part in the
ionic equilibrin governing the pH, i.e. the equation will apply to most
natural waters,

The coefficient of s will be indistinguishable from 2 (working
to a precision of 1%) if pH > 3.69, The coefficient of ¢ will likewise
be indistinguishable from 2 if pH < 10,80, Similoarly the coefficient of
m will be indistinguishable from 2 if pH < 9,72,

Consequently, in the range 3,7 < pH < 9,7 the general equation
reduces to:

koo ® (K B+ K1K2)
0 o, Pl +h+28 =2c-2m-n-1p (3.41)

(H + K H + Klkz)

For convenience we may write:
e=2c+2m+n+p=-25-h (3.42)
and (3.41) then becomes
k- @ (K H+2KK )

E-—-= e (3.43)
(h + KB + KK )

This last equation should apply to most natural waters under ideal
conditions, since their pH values usually lie in the range 6 to 9, Waters
with pH down to 4.5 and up to 10.3 sometimes occur, but these are
relatively rare.

The titration curve of a water to which (3.43) applies will be

given by:
k a (8 +2kE)
A —% - L &7 - 8 4 X (3.44)
(B~ + K. H + K1K2)

and clearly this will show two end-point inflections Just like the curve

-} (Y
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for carbonic acid: a "methyl orange" end-point at a pH of about 4 or 5
with =e + x = 0 or x = ¢, and o "phenolphthalein" end-point at a pH of

about 7 or 8 with =e + x = a2 or x = ¢ + a.

The quantity e defined by (3,42) is the total alkalinity of the

water, It is usually expressed in practicc as ppm of CaCOB, and if its

value in thesc units is denoted by A, it follows that:
d=s'5H = 1O4 e (3.45)

since the equivalent weight of calcium carbonate is almost exactly 50.

On expansion (3.43) yields an equation of the 4th degree in H:

4 o i 3 3
i B! (K1 I ékw - K1K2) + Ky (o < e)J H
4 v (3.46)
- K, kw + K, {25 - e?l g =LK

2kw =

According to the relative values of a and ¢ various particular solutions
of this equation arise and can be established by the general principles
outlined at the beginning of this chepter - a full discussion has been
given by Ricci (1952). The forms taken by these particular solutions are

conditioned by the relative values of the constants XK., K. and kW and the

L =2
values of a2 and e that are normally encountered.

(a) e <0

Under this condition the water will posses, not alkalinity, but
acidity (equal to —s). 'Ma pH will be low, anything below’about
4 or 5 depending on the valuc of a, and the hydrion concentration will
be given by:

B =E (3.47)

This result will ideally hold down to a pH of about 3.7, and only

to lower values if the sulphate concentration is negligibly small,

(b) e =0

Here the water has no appreciable acidity nor alkelinity. We obtain:

2
H=-3 +%,/ (k" + 4 k + 4K a) (3.48)

corresponding to a pH of about 4 or 5, depending on the value of s o
During the titration of a water sample with strong monoacidic base
or strong monobasic acid, the total alkalinity will become zero at
the methyl orange end-point, so this equation gives the pH value

of that end-point,
i ) A
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(a)

(f)

(g)

=T
0<e<a

This is the most common casc encountered in natural waters and

leads to:

H = Kl (a -~ e = K2 - kw/Kl)/(e + Kl) (3.49)

This holds in the region between thc methyl orange and phenolphthalein
end~points, i,e, from an ideal pH of about 4 or 5 to one of -8

depending on the value of a.

e .= 8

This lcads to:

H=,/ [ﬁl (k, + kw/aﬂ (3.50)

and corresponds to an ideal pH of 7 or 8 depending on the value of a,

This corresponds to the phenolphthalein end-point.
a<e<?2a

This condition leads to:
) K, (20 — & + kw/K2)
K (8 =B} = kw/Kl

(3.51

and holds from an ideal pH of about 7 or 8 to one ¢f 8 or 11 depending
on the value of a, provided the celcium and magnesium concentrations

are negligibly smnll,
e = 2a

Equation (3.43) rcmains applicable only if the calcium and mognesium

concentrations are nogligibly small, and now leads to:

3 2 |
g [kw % A (kw + 4a K, kwi] (3.52)

which corresponds to an ideal pH of about 8 or 11 depending on the
value of a, This equation gives the pH of a pure ideal solution of

sodium or potassium carbonate.

e > 2a

Again (3.43) is only valid now for negligibly small concentrations of

calcium and magnesium, but then leads to:

H= kw/(e - 25 = kw/K2) (3.53)

which corresponds to very high pH values, 28/



-28=

Although each of these equations applies only under ideal
conditions, it may be readily corrected for non-ideality by the method
already described,

Some further approximations are possible if a and e are

sufficiently large. Under such circumstances equation (3.49) becomes:

=X (a = e)/e (%.54)

while (3.51) becomes:

H= K2 (2 —a)ffe— &) (3.55)

These are the well-known Henderson equations, Similarly equation (3.53)

becomes:

=Xk /(e - 2a) (3.56)

In practice, it will be found that equation (3.51) does not give
such a close approximation to the*solution of the generasl equation (3.46)
as does (3.49), particularly at higher pH values, This is of little
practical consequence, however, since the general equation itself breaks
down at high pH values in any case, The main application of the
particular equations (3.47) - (3.53) is the calculation of titration
curves (e,g. for purposes of anti-corrosion water treatment, as described
in chapter 10), and investigation of the upper pH ranges is rarely of any
interest in this connection,.

A few simplifications of the general equation (3,40) arve
possible for other pH ranges beyond the limits of 3.7 and 9.7, but they
all give risc to expansions of the 5th, 6th or 7th degree in H and
particular solutions resembling (3%.47) - (3.53) cannot be written for
them owing to mathematical complexity. These equations are of so little

practical use that it is not necessary to consider them further.
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4, ACTIVITY COEFFICIENTS

ccessive approximations

The equations developed so far have all assumed ideality. As
pointed out in chapter 3, corrections for non~ideality may be introduced
by using the activity coefficient ¥ in the appropriate manner,

The value of ¥ can be calgulated if the ionic strength, p, of
the water or solution is known, As is well known, the value of p depends
unon the concentrations of the various ions present, according to the

relation,

2
= 17 Z;‘ Vr (‘,_1 (4'1)

where B is the valency and o the molar concentration of the r th ionic
species (strictly, p is defined in molel rather than molar concentrations,
but in dilute sclutions the difference is insignificant).

For values of TDS up to 1000 ppm, which is the range of
greatest interest in the present work, Y can be found from the Debye-
Huckel equation which, taking the mean value of the ionic diameters

concerned to be 4 x 10—8 cm at 250C becomes:

- log ¥ = 0.509,/ b _ (4.2)

Iv0.92.0 0

The temperaturc variations of the constants in this equation are
so small that they may be disrcgarded for present purposes (if ¥ = 0.950
at 2500, its value will be 0.952 at OOC and 0,948 at 4OOC).

in the absence of any further informetion, it is necessary to
find the valus of Y by a series of successive approximations, On the
assumption that ¥ = 1.000, the values of H and all other ionic concen-
trations dependent upon H may be calculated and hence a value of p found
from (4.1) and of Y from (4,2), Using this value of Y, H and the other
ionic concentrations can be recalculated, so that a new value of p and
hence another valuc of ¥ is obtained. The process is continued until
a stage is reached where Y remains unchanged by recalculation, and this
unchanged value is token as the required value of Y, The success of the
process depends on the fact that, by equation (4.2), Y is insensitive to
small changes in p,

As an illustretion, consider a water whose analysis is as

follows:

s
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Ca 16,9 ppm
Mg 8,8 ppm
2 16,7 ppm
= 2.3 ppm
SO4 4.5 ppm
Cx 18,0 ppm
Z§;Ziinity 91.5 ppm Caco3
TDS 138 pom
PH 7.00 ppm

The analysis is first expressed in terms of the molar concen-
trations of acids and bases present, This is accomplished by dividing the
observed (total) concentration of each solute by its molecular weight and
multiplying by a factor of 10_3 (which itself converts ppm or mg/l to g/l),
It is sufficiently accurate for this purpose to use the rounded-off

molecular weights:

Ca = 40 S0, = 96
Mg = 24 Cl = L
Na = i

K = K

and in general all calculations may be taken to three significant figures.

The results sre:

e = 4,23 x 10‘4 g = 4,60 % 10‘5

WO o % = 507z a0

n = 7.26 x 1074 g = LEG=m 107>
-5

§ = S0 w0
where the value of e is obtained from equation (3.45) or:
5 T

o5k -3 '
2 Ax 10 = 39 x 10 (4,3)

e

In order to calculate the bicarbonate and carbonate ion concen-
trations it is necessary to know the total concentration of carbonic acid,
a, As already pointed out, although this concentration can be determined
by the proper experimental technique, the determination is generally not
undertaken as a routine measure by water chemists, Consequently the
value of a must usually be found by a theoretical calculation. In
practice, this is only possible if the water concerned is such that

equation (3.43) in its non-ideal form remains valid, i.e. if the pH value

P diins
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lies between about 3,7 and 9,7, for outside this range more complicated
equations hold instead and these do not admit of recady solution,

The pH of the water of the present example being 7.00, equation
(3.43) is valid, and on assuming ¥ = 1.000 the value of a may be found
by rearranging the cquation to the explicit form:

H2 + K. H + K.X

1 Y 2 5
A CE+ 2 KK, (B = kw/H - ) (4.4)

The value so obtained is:

n=224 3 107>

since the value of H, from (3,9), is:

H=1.00 x 10'7

Equations (3.34) now give values for e, and a,, whilst that of

OH comes directly from (3.3). The various ionic concentrations (in molar

units) are thus:

G = o o= aEmzag’ s Rl = 4,69 % 107°
24 -4 2 4
Mg F om. = 3,67 228 C1 = b = §.07 = 20
43" = hi= TE U Hcoé‘ = & = 1.83z107
K* = p = 5.90 x 107 0," = a, = 8.59x10
= o= b0l oF =k - L0z 107"

Using these results in (4,1) now gives:

b= 3,24 2157

and setting this in (4,2) yields:
Y = 0,940

The calculation of a is now rcpeated, using this value of ¥ in
the corrccted form of (4.4), which may be written:

727 4k m* 4 x.x
1 A 2
g ke 7 o kw/ﬁv 3 's) (4.5)
P
K.Y + 2 KK,

The value of H, however, must first be found from (3.10) instead of (3.9),

and the values of a, and a, from (3.35) instead of (3.%4), while OH is
now kw/HY2,
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The valucs of some of the ionic concentrations thus become

changed a little:

i - 2

1,06 x 10 HCO
7 3
1.07 x 10

H+

:8

1.8% x 10
1,03 x 10'6

co,,
2

¥rom (4.1) we have, using thesc values:

b= 3.24 x 107>

precisely as before, so that (4.2) again gives ¥ = 0.940.

The value of Y being the samc as that from the previous step,
this is the required final value.

It may be noted that the further the pH departs from 7,00, the
greater the number of steps necessery to obtain the final result for ¥,
since recalculation causes H and OH to alter more markedly, Often the
arithmetical work required in & given case may be enormous. However, it
will later be shown that Y need not be known with extreme accuracy, and
o more ropid menns can thus be developed for determining its value with

sufficient accuracy for most purposes.

Activity coefficient as a function of TDS

The TDS of a water is determined by evaporating o knowmn volunme
of it to dryness and then hcating it further to dehydrote the crystallised
salts, Disregarding th. various inherent errors of this proccdure (which
will be discusscd subsequently), it will be reslised that the process
converts bicarbonates and free hydroxides to normal carbonates if it is
carried out properly. The whole of the total alkalinity thus appcers in
the dried residue as corbonates under normal circumstances, and since the

alkalinity of th. original sample was A ppm of CaCO the "concentration™

3’
of carbonate ion in the residue is thus 0.6 A ppm, i.e., it would have this
concentration if the residue were redissolved in the original volume of
pure water without any hydrolysis occurring,

Consequently if TS is the TDS in ppm, we can write:
T =Ca+Mg+NatK+ S0, + C1 + 810, + Bl -4 (4.6)

where Ca, Mg, etc, denote the analytical ppm concentrations of the

corresponding solutes in the original water.

This equation may also be written in terms of the molar

concentrations:

T, = (40c + 24m + 23n + 39p + 96s + 35.5h + 60j + 30e) x 10° (4.'7)
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where j denotes the molar concentration of Si02. From this equation we
mey further e¢liminate e by means of (3.42):
T_ = (100c + 84n + 53n + 69p + 365 + 5.5 + 603) x 10° (4.8)
and the result may he written:
T x 1077 - (5.5h + 603) = 100c + 84m + 53n + 69p + 368 (4.9)

Now from (4.1), the full expression for p is:

L=2c+ 20+ 30 +4p + 28 + ¥h + %al *2a; + +H + $0H (4.10)

Provided 5 < pH < 9, the terms +H and 50H can normally be ignored in
comparison with the other terms on the right. Figure 3.3 also shows that,
under this condition, 2n2 is small in comparison with %al. Thus (4.10)

approxinates to:
bL=2C+ 20+ M + 3p + 25 + Fh + %al (4.31)

Furthermore, under the same condition a. is approximately equal to e, and

1
on accepting this and epplying (3.42) we obtain:

p=3c+3m+n+p+ s (a4,12)

Comparison with (4,9) thereforc suggests that we may, as a fair

approximation, put:
TS X 10_3 - (5.5h + 603) = X u (4.13)

where X is o constant, Taking the tcrms in ¢, m, n, p and s in succession
gives, individually, values of X cqual to 100/3, 84/3, 53, 69 and 36, The
nean of these is about 40, and since 60j is approximately equal to

16 Bk 10_-3 (sec cheptur 2) while 5.5h is usually small in comparison,

(3.13) may be approxinated to:

T_x 167 - 30 x B ® =40 m (4.14)
and rearranged to the foru:
b= 2.5 (T - 20) = 1072 4.15)

This relation is very similar to the equeation:

nw2.5 Tw 10'5

proposed by Langelior (1936) on the supposition that in most natural waters
the total concentration of monovalent ions waes about equal to that of
divalent ions. This supposition is generally true in view of the pH values

of thc waters, but Langelier did not take the presence of non-ionic silica
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into account. Equation (4.15) does not make this omission, but it tends
to break down if 5.5h is not small. However, under that circumstance the
TDS must be high and non-ionic silica becomes of little importance.
Langelier's equation will then give results very little different from
those of (4,15), The two equations diverge at low TDS values.

Values of ¥ calculated by (4.15) for various values of TS are
given in Table 2B (in Appendix B). From these, the water analysis used
above as an ezample gives ¥ = 0,942, in very good agreement with the value
0.940 found by successive approximation, It is worth noting that the use
of Table 2B in this case gave the value of ¥ in just 5 seconds, whilst the
calculation by successive approximations required about an hour before the
final résult was obtained,

Although the approximations involved in (4.15) are extensive, the
insensitivity of ¥ to changes in p ensures that the results are not highly

erroneous,

Waters of high TDg

In chapter 3 it was stated that the theoretical equations could
not be applied to waters of TDS greater than 1000 ppm because assumptions
concerning activity coefficients broke down above this limit, An empirical
aprroacii may be possible, however, even in such cases, though only in &
restricted sense,

Harvey (1928) has given results for the direct determination of
the total carbonic acid in see water and its variation with the pH and
total alkalinity. From these it can be deduced that, at the well-

established mean velue of 120.3 ppm of CaCO, for the total alkalinrity of

sea water (sce Sverdrup ot al, 1942) and a iH of 7.90, the molar concentra-
tichia-ds 211 x 10_3. t is then possible to use equations (3.10) and
(4.5) to coleulate a value of ¥. The result is ¥ = 0,297 and this value,
when used with other values of pH and total nlkelinity, reproduces the
other results given by Horvey to within 0,2%.

This volue ¥ = 0,297 is thus an empirical value which can be

used with confidence to find values of a in samples of sea water of known

¢ and pH, or to find pH given ¢ and a. There is no warrant for using it

for any other purpose, e.g. it is not legitimate to use it for the compu-
tation of values of a5 a, and f, nor is it legitimate to interpret the
value of H given by (3.10) as the true hydrion concentration in such g

case, This H can only be regarded in such instances as a mathematical

-7 N
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parameter related to the experimentsl pH and giving valid results when
combined with the empirical value of ¥ in equation (4,.5). The value

Y = 0.297 is clearly some kind of average value of activity coefficients
which has no physical meaning although it is msthematically useful,

A fuller account of the relations between pH, a, e, cte, in sea
water has been given by Strickland and Parsons (1960). Their treatment is
also purely empirical, proceeding on the principlés of selecting the
values of various coefficients so that the equations which contain them
are bound to remain valid, Thus, full as it is, the account by these
authors does not add anything to our knowledge of fundamental parameters,

The averagc TDS of sea water being 35,320 ppm, equations (4,15)
and (4.2) lead to ¥ = 0,612, This is very near the correct value for the
mean activity coefficient of sodium chloride at the same ionic strength,
but far different from the sbove value of 0,297, This illustrates the
dangers likely to be encountered if any attempt is made to extrapolate the
data of Table 2B much beyond 1000 ppm TDS. Probably little error (about
1%) will be involved if extrapolation is made up to about 2000 ppm, but
beyond this point the basic principles of the theoretical treatment begin
to fail.

In Figure 4.1 the continuous line shows the value of ¥ plotted
against the TDS (represented on a logarithmic scale) according to equation
(4.15) up to 1000 ppm. The cireled point represents the value ¥ = 0,297
calculoated above for sea water, The dotted line linking this point to the
continuous curve has been drawn by eyc and will doubtless give with fair
accuracy the valucs of Y for diluted sea waters - some such values are
given in the extension of Table 2B in Appendix B, It may be supposed that

waters of other types will also be approximately represented by this line,

but this is only an assumption that may be utilised as a first approximation
in the absencc of any othcr information,

To summarise, equations (4.15) and (4.2) may be reliably used to
determine ¥ for most waters up to a TDS of 1000 ppm, and the value so
determined may be used in all ionic calculations, In the TDS range
1000 - 2000 ppm the same procedure may be used, but the ¥ value and the
whole theoretical treatment begins to become unsound so that the results
arc necessarily ohly approximate., Above 2000 ppm TDS, Figure 4,1 may be
used to obtain estimated Y values which will be reasonably reliable for
waters of the sea water type but may be much in error for waters of other

type. But these values may only be used in éalculations involving e,
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a and pH, not in any calculations involving a f, H and OH except

yr o
those based on equation (3.10) as «n intermediete step in finding e,

a or pH,
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e PROBABLE ERRORS

BErrors in dissociation constants

Threce dissocistion constants (kw, Kl and K2) are involved in
equation (3.43) and its associated forms. The values of these can only be
&etcrminod experimentally, and since the values which have been accepted
for usc in tho present work may be slightly in error they may lead to
crrors when the theoretical equations are applied to specific cases,

The value of kw seems very well established and hence possible
errors in this instance necd not be considercd in much detail. Taking
(3.43) in the form (4.5), i,c. e¢xplicit for a and corrected for non-ideality,
it is evident that k has very little effect upon the calculated valuc of a
except at high pH vaiuws (pH 10 and above for all normal values of & > 10_4).
As will bec sccn, other probable errors are much more important.

The crror in the accepted value of Kl = 4.43 x 10_7 would appear
to be of thce order of 10—8. To study the cffects of this we may take
equation (3.43) in its idcal form and rearranged to be explicit for a, i.e.

teke (4.4). By differentiation we find:

da a H2 (5.1)

0
1 T (BT 4 K.H + K1K2)

Consequently if AKl is a small error in Kl and Aa the corresponding small
¢rror in a:

da

e = - (5.2)
1
and we can write:
da _ B g (5.3)
a 2 | K
H + KlH + Klk2 1

.

Similarly, from the ideal equations ().34) it follows that:

TAY:) N\
1 = L
a
1
Da
.._a = O > (504—)
2
.
f Sel Sy e
K1
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= -2
If K, is of the order of 10 8, we may take AKl/Kl Be 2:26 2107
Equations (5.3) and (5.4) then show that the corresponding errors in al and
a, are zero, the percentage crror in f (.8 100 Af/f) is uniformly 2.26
and the percentage error in a depends upon pH but reaches its highest valuc
of 2,26 at low pH values (pH < 4).
It thercfore appears that any probable error' in the value of Kl
is of reletive insignificance.
-11 s A
However, the acceptcd valuc of K2 = 4.69 x 10 nay be in error
by as much as 10% (AK2 of order 5 x 10_12), and this has much more scrious
CONSCqUENnces.

Procecding as before we now find:

B AR H LK

P H X, (Rl + 2.°8) 5 \

e - s K

(F° + KB + Kle) (2 + 2K2) 2

Aal oL 2K2 Ah2

2, CRS K,

5 {55

Aa2 ; H AK2

a, H + 2K, K,
o 2K, BK,,

¥ B+ 2K, K, ]

For various valucs of pH, the porcentage errors in these four

concentrations duc to an crror of 10% in K. are thus as shown in Table 5.1,

There is an appreciable error in a in the iango 9 < pH < 11 which amounts
to a maximum of about 2%. The error in ay is negligible below pH 8,
becomes about 5% at pH 10 and then increases with pH to a 1limit of 10%.
However, a, is rclatively small above pH 12 so that large errors in this
range are of no practical importance, Hence thc¢ c¢rrors in a, may be
counted serious only in the range 10 < pH < 12. By similar argumcnts, the
error in a, is of no practical importance except in’this samc pH range,
whilst the error in f is negligible at 2ll pH values.

It therefore appears that the theoretical equations will give
values accurate enough for most practical purposes for a, a. and f at all

1
pH velues, but they cannot be relied upon to give accurate values of 32 in

> PR
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the range 10 < pH < 12 unless the value of K  can be shown to be highly

2
accurate.
Table 5.1
Probable percentage errors due to a
10% error in B

pH Error in a Error in al or f Error in a2
e 9.38 T 10 10.0

2 9.38 z 10 9,38 3 10~ 10.0

3 9.3 x 107" 9.38 x w0 10,0

4 9,38 x 107 9.38 x g 10,0

5 9,2 £ 10°° Sig AT 10.0

6 7.95x% 10" 9.38 x 1077 10,0

7 5.55 x 1077 9,58 ¥ 107~ 10.0

8 4,73 x107° 9.29 x 10°° 9.90

g 435 210 §.61 % 15 8.76

10 185 4,84 el
W T i 9.02 4,84 x 107
12 1,02 x 10+ 9.90 ’ 1.05 x 107%
% .06 X8 4.99 1.07 x 1072
14 1,07 x 107 10.0 1,07 x 16577

Errors in activity coefficients

Although all the equations can readily be corrected for non-
ideality by the insertion of ¥ in the proper manner, it is very difficult
to formulate the precise mathematical dependence of errors upon the prob-
able error in Y.

However, from the special solutions (3,53), (3.54) and (3.55) it
appears that we may generally put:

=1

P 1Y (5.6)

where R has a fixed value for any particular instance and r may be

anything from 2 to 4, This being so we can write:
d3HHB Y = -rRY ~(r+1) 5Ty

so that the error A H consequent upon a small errorAY in ¥ may be
formulated as:
AH AY

N T PEaa | (5.8)
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If the error in Y is 1%, then the error in H will usually be
about 2%, since the value of r for most natural weters is 2, but may rcach
4% at high pH values.

It follows from ecquations (3.34) that the errors in a, end £ will
always be nogligible if ¥ is in error by this extent, that the error in a
may be nbout 2% below pH 8 but negligible abeve, and that the error in 8
will show much the samc¢ variation as that in a.

Fquation (4.15) is considcred to give ¥ to cbout L 1%, whilst
even less error should arise when Y is found by the method of successive

approximation,

Errors duc to pH measurcments

At low values (< 7) of pH, cquation (4.4) approximates to:

12
a = H / Ky (5.9)
from which we find:
a H
At high (> 10) pH values, (4.4) approximetes to:
& = % (o - kw/H) (5-11)
which leads to:
Ba kw SALDE
g - 2eE H (5‘12>

At middlc pH values a becomes approximately equal to ¢ and so virtually
independent of H.

Consequently an error of 1% in H will give rise to an error of
about 2% in a with pH < 7, virtually no error in a with 7 < pH < 10, but
may cause very great errors in a in the range pH > 10,

Ideally, pH is a function of H only, by (3.9):
PH = - log H

and from this we have:

APH = - 5305 (5.13)

It follows that an error of about 0.05 in the pH value will make an error

of about 2% in H, and from the above it is seen that the resulting error

” - I



Sy

in a will be:

pH <17 about 4%
T <pH < 10 very small

2 pE > 10 from zero to very great,

A pH value cannot be accurately measured to legs that - 0.05
without extremely good instrumentation and a refined experimental technique.
The above errors in a are therefore likely to be encountered with normal
careful working in the laborator& when a is deduced from the pH, Measure-
ments of pH in the field, however, will certainly not be accurate to closer
than ~ 0.1 and may even be in error by morc than * 0.5. This means that'
any value of a based on a field pH measurement on a water of pH much below
7 or greater than 10 is probably worthless, but that in the range 7 < pH <10
the error in a will still be virtually negligible, Fortunately the latter is
the range most commonly encountered in natural waters,

It follows that if the pH of a natural water is measurcd with

ordinary care, thc errors in a2 and a, may be estimated at about 5% or less

1
and the errors in a, and f will be insignificant., But for other watcrs
the theoretical equations will break down completely at pH values much
greater than 10 just because of the impossibility of obtaining pH measure-

ments of sufficient accuracy.
Supmary

By summing all the probable errors (the equations being too
complicated to permit any more detailed treatmcnt), it appears that,
provided the pH is measured with ordinary care, for most natural watcrs in

the middle pH range we wmay expect negligible errors in a,, errors of cbout

2
5% in a and a, and of about 2% in f, whilst the errors in the calculated

values of H aid OH for such waters will be very small.

Errors duc to tecmperature have not been discussed, They will
become effective through changes in the values of the constants kw, Kl and
K2, but under normal circumstances the consequences cannot be very marked,

The breakdown of equation (3.43) below pH 3.7 and above pH 9.7
due to sulphates or calcium and magnesium salts has already been discussed
in chapter 3,

Finally, if the theoretical equations are used in reverse to
calculate values of pH from other observations, independently made, errors
of calculation will be well within experimental error and hence may be

considered negligible,

A
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PART II  APPLICATION TO SPECIAL TOPICS

A SOLUBILITY PRODUCTS

Carbon dioxide

All natursl waters, and most other uwnters during some stage of
their lifc histroy, are in contact with the atmosphere. Since this '
contains carbon dioxide in small but psrceptible concentration (0.03% by
volume) most waters will therefore contnin carbonic acid in solution., In
addition the respiratory activitics of the organisms inhabiting the water
ensure a continual supply of carbon dioxide to the water, especially where
therec is dissolved or suspended orgonic matter arising from enrichment or
pollution, and unless this can be rapidly rcmoved by some-process or other,
rclatively high concentrations of carbonic acid may arise,

When pure water is in equilibrium with carbon dioxide the follow-
ing equilibria will exist:

CO2 (atmosphere) — H 3

,005 (dissolved) — gt + HCO

and in consequence wc may write:

k = Ha, ¥ (6.1)

where k is a constant and H, &
kq nay be termed the solubility product of carbonic acid since any increase

(21

and ¥ are as alreazdy defined, The constant

of H or of ay which would make kn exceed its constant value will result in
carbon dioxid¢ gas coming out of solution, and conversely any such changes
tending to cause kp to take on a lower velue will result in carbon dioxide
being dissolved info the water from the atmosphere, Evidently the value
of ka depends upon temperature and the partinl pressure of carbon dioxide
over the water, but we shall consider its value only at 2500 and 3 x 10-4
atmosphere, i.e, for water in equilibrium with atmospheric carbon dioxide,
The solubility of carbon dioxidc in water at 2500 and 1 atwmos-
phere pressurc is 1,45 g/l (Handbook of Cheiistry and Physics, 1950), which
8 -3.30°x lO—2 molar, It cannot be assumed, by Henry's 1l-w, that the
solubility at 3 x 10_4 atmosphere will Be decreased in proportion, since
this law applies only to the undissociated species and allowance must be

nmade for the disturbance of the dissociantion equilibriun because of the

L Y PO
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reduced concentration, The calculation may therefore be carried out as
follows:

For the case of 1 atmosphere pressure, a = 3,30 x lO_2 and the
hydrion concentration is given by equation (3.48) in non-ideal form,

which may bc written:

2 o 2 2
. Kl/ZY + (& /407 + kw/Y F Kla/Y ) (6.2)

The concentration o, of bicarbonate ions will be given by equation (% =%}

1
whilst those of carbonate and hydroxyl ions will be ncgligibly small,

Using the method of successive approximation to find ¥, we thus obtain:

¥ = 098

¥ = 1.9%4 10‘4
-4

a; = 1,23 x 10

and then by equation (3,35) we find f = 3,28 x 10-2. By Henry's law,
the valuc of £ at 3 x 10--4 atmosphere is thus 9.84 x 10_6. From the

equation (3,35)5 or directly from the corrected form of (3.32), we have:

2
fﬁﬁ = Hyﬂﬁ

and since ay = H this may be written:
H = /(£ &)/

Using the mbove small value of f we then find, by thc method of successive

approximation:
= 0,998
B = 209330
a; = 2.09 x 10‘6
sc that, finally:
g —=: i = al =" L 1% 10_5

which is thc required solubility at 2500 and 3 x 10_4 atmosphere.,

Bquation (6,1) then gives:
k= 4,36 x 10702
For water with alkalinity e equivalents/litre the general

equation (3.43) will hold under ideal conditions (within its own limits,

of course). If this woter is to be in equilibrium with atmospheric

44/ ...
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carbon dioxide, (6.1) must also be satisfied., Ideally this becomes:

and by using (3.34) to climinate a, may be written:
) g ’ : .
k =KH a/(B" 4 K ; 2) |
Substituting in (3.43) thus yields:

k b (R b BeED) s
K, B

-

which expands to a cubic in H: ~

B 4 e Hl'- (kw +k)H=-2 LR ' (6.6)

Provided B > 2 k K,, which corresponds to pi <7.13, an
a

approximate solution of this is obtainable from:

v als (kw + ka) - 6,73

which, by (3.8) yields:

E = =2 (6.8)
and hence applies to acidic waters in which e < 0, Substituting this
result in (6,4) and rearranging gives:

k (e2 -K, e+ KK)
a 1 s

a = > (6.9)

Kle

which gives the concentration of carbonic acid in any acidic water of
alkalinity e < 0 in equilibrium with the atmosphere., Whatever the value
12)

-6 i
of e within ordinary limits (i.e. from about 10 to 10 , clearly a

will be approximately equal to ka/Kl whose value is 9.84 x 10—6, about
20% lower than the value of a for e = 0, as would be expected,

If however pH > 7,13, the approximate solution of (6.6) is

obtaingble from:

2
a'H - (kw + ka) H-2k K =0 (6.10)

and by (3.8) takes the form:

S kw 2, ka (6.11)

e

¥, 5l
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which approximates further to:
E = k/e (6.12)

With e = 10_3 (which we shall find to be the order of magnitude in most
Natal rivers), this gives H = 4,36 x 10—9, corresponding to an ideal pH
of 8,36,
Substituting (6o12) in (6.4) and rearranging gives an expression
for the ratio a/e for such a water in equilibrium with the atmosphere:
K1 K e2 + lc{.1 Kle + ka2

a 2
B e (6,13)
. a 1

This equation applies over a limited range (7.13 < pH < 9.7). An equation
of wider application (3.7 ¢ pH ¢ 9.7) is obtainable directly from (6.4)
and (6.6).

Calcium and magnesium hydroxides and carbonates

Theoretical discussions of the hardness and corrosivity of waters
hinge upon the conditions for the precipitation of the hydroxides and
carbonates of calcium and magnesium, It is convenient in the present
chapter to derive eguations for and numerical values of the corresponding
four solubility products.

The solubility product of calcium hydroxide is defined as:

k= (ca®) (087) (6.14)

where the parentheses denote activities. Since

(0B7) = x /(K" (6.15)

this may be written:

2 2 +
k, = (0a®) k */(5%)? (6.16)
In terms of concentrations, using our usual notation:
(ca®™) = e, v}
i (6-17)
(77) = HY
g0 that we have:
2 g 2
E. = B, ¥ / H (6.18)

46/ nn.
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From equation (3.40), the hvdrion concentration of an ideal

solution of calcium hydroxide is given by:

k. c (kw + 2K H) ( )
e 6.1
= B5% R LT E
w C

which may be expanded to a cubic in H:

3 2 2 ¢

: T . - = e 20

K, §1% (kw + 2c KC)H k (Kc c)H k=0 ( )

" (o]
The solubility of calcium hydroxide being 1.59 g/litre at 25 C
g
(Handbook of Chemistry and Physics, 1960), we have ¢ = 2,15 x 10 so that

k << ?2c Ke. Hence 6,20 may be written:
W
2 2
b g L e U= B - % e (6.21)
(& ] C w (el w

By the principles outlined in chapter 3, the value of H which satisfies

this is given v-ry closely by solving the quadratic:

o PR ME o i S D (6,22)
c {7y =il w
and, after correcting for non-ideality, is:
% O n A RS Kk °
Y et 5 M W ?c e v 3 ch (6.23)
46K, W BB GRS Y c
c /N | C
Using equations (3.26) to find ¢y and Co the value of Y may be
found by the method of successive approximation. The results are:
-13
Y = 0.817 and H + 4,24 x 10

so that we finally obtain:

k, = 5.38 x 10’6

The case of magnesium hydroxide may be treated in precisely the
same way. Published values (Handbook of Chemistry and Physics, 1950;
Nordell, 1951; Thorne and Roberts, 1948) of the solubility at ?SOC vary
somewhat, but a fair estimate seems to be 0.0096 g/litre. This corresponds

tom = 1.7 x 10”4, fThe solubility product is defined as:

o]

iR oD |
o= Wpde Y/ B (6.24)

where my and m, can he found from the magnesium analogues of equations

i A
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(3.26). Successive approximation gives:

-11
¥ = G497 aad Rz JarTle

whence we obtain:

k= 1.38 x w5

For calcium carbonate the solubility product is defined as:

= Y 6,25
kca C2 a2 ( )

and for an ideal solution of calcium carbonste in water equation (3.40)

gives:

; EE ’ a (K1 H+ 2 K1K2) a (kw R E H) i i
ST b k. + X B .
H + K1 H+ KlK2 W ¢

which expands to an equation of the 5th degreec in H, Taking the solubility

at 25°C as 0.014 g/litre (Handbook by Chemistry and Physics, 1950), so

tlrat @e= 8l kot 10_4, and then neglecting terms in the coefficients of

H which are smoll in comparison with others, the 5th degree equation

reduces to:

X H5 +2ak H4 + a kK, K H3 - K. K k H2
c c T e j S TR
(6.27)

H-~KK, &k £ =0
w

=, "
23 = (kw HE Eodn K2) i,

2

The solution of this equation for H is obtained by solving the
quadratic:

2
E‘.K H - k - K =
= KC o kw (kw + K, hc + a K2) 0 (6.28)

Correcting for non-idcnlity, the required solution is:

k K 2 k (k ° 4k 4)
W W W W 2
B 4 a ¥ a K2 Y

KC + a K2 Y

Employing (3.35) to find a, and a, and (3.26) to find c, and c,, the

valuc of ¥ is obtainable by the method of successive approximation:
2 -10
Y = 0,976 and o= A1 x 10

so that we finally obtain:

k = B.42 2307
ca

48/uiun.
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For magnesium carbonate precisely the same procedure may be

followed. Again published values (Handbook of Chemistry and Physics,
1950; Nordell, 1951; Thorne and Roberts, 1948) of the solubility at 2500
vary somewhat (Nordell's value is out of line by a factor of 10, presumably
a misprint), but 0,80 g/litre appears to be a feir estimate., This

3

corresponds tom = a = 9.5 x 10 . The solubility product is defined ass

v 6.30
kma Ly Sy 1 (6.30)

where ml and'm2 can be found from the magnesium analogues of equation
(3.26), Successive approximation gives:

Y= 0,840 snd HKaa22.10% 10'll

whence we obtain:
i = SR lO"5
ma

For convenience, these four solubility product values are
included in the list of constants in Table 1B of Appendix B, Values
given in the literature, for reasons adduced by Lewin (1960), show a wide
scatter beyond the range of reasonable experimental error, but it is
encouraging to note that Fair and Geyer (1954) have given k, =482x 1077
and kma ==l x—ig—s, while the Handbook of Chemistry and Physics (1950) lists
km = 1,2 x 10 7, values fairly close to those just calculated.

Note that the solubility product of calcium hydroxide is about
three orders of magnitude greater than that of magnesium hydroxide so that
normally it will not precipitate even if the pH is high enough to cause
precipitation of the magnesium compound. Similarly, that the solubility
product of magnesium carbonate is about four orders of magnitude greater

than that of calcium carbonate so that normally it will not precipitate

even if conditions are such as to cause precipitation of the calcium

compound,

B i
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7,  ALKALINITY

Definition of total alkalinity

The total alkalinity of a water has been defined above by

equation (3.42):
e=2c+20+n+p=-28=h {T:2

and this definition will be valid for most natural waters (it can be
modified so as to apply to any water at all by the addition of extra terms
of appropriate sign on the right to account for ionic solutea not already
included).

Many textbooks of water chemistry give an apparently quite

different definition which, in our notation, may be written:

= - e
e=0H+a; +2a,-H (T2

In virtue of the electroneutrality condition (3.2) this is, however,
strictly equivalent to (7.1) and mercly constitutes an alternative way of
regarding the same phenomenon,

Unfortunatecly not one of the quantities appcaring on the right
of (7.2) can be directly dctermined for any water sample, H can be found
only by means of a pH measurement and requires that ¥ is already known,

OH must be calculated from the non-ideal form of equation (3.3), while

ay and a, muét bc obtained from equation (3.35) which in turn requires
prior knowledge of the total carbonic acid concentration, a, If acid or
base is added to the water, it is necessary first to know how ¥ and pH arc
affected and then to carry through calculations bosed on the above
equations before e can be calculated from (7.2). In practice, therefore,
equation (7.2) is very often quite useless,

On the other hand, every term on the right of (7.1) can be
determined for every water by direct chemical analysis, and if =zcid or base
is added this same equation shows immediately just how e is changed,

The use of (7.1) rather than (7.2) to define the total alkalinity
thus has all the merits of logic, precision, lack of ambiguity and
practical convenience, Equation (7.2), which can often lead to consider-

able confusion of thought, would be best disregarded altogether,
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Determination of total alkslinity

Bquation (3.44) has shown that the total alkalinity of a water
may be determined by titrating it with strong acid to the "methyl orange"
end-point,

| The ideal pH value of that end-point is given by (3.48) which,

corrected for npn—ideality, becomes:
2 2 4 2 2
g | Y Y s
H = K1/2 ol | (K1 e + kw/Y + Xy a/i") 5]

3

Since a is commonly of the order of 10 7, the end-point pH will usually
be around 4.7 but will depend on the precise value of a, Transferring the

term K1/2 ¥° to the left of (7.3) and squaring, we obtain after some

rearrangement:
5 2 kw + Kla
g = ——————-——5——
L+ Kl/Y B

and since Kl/YzH << 1 at the methyl orange end-point, this approximates to:

Yz H2 =k 4+ K a
W 1

and then further to:

Hence by using equation (3.10) we may write approximately:

pH =+ log K, -~ % log a = 3.18 = & log a CTa )

We note from this that changes in the chemical composition and
TDS of the sample during the titration will ordinarily have little or no
effect upon the end-point pH, Such will be the case usually when a 100 ml
sample is taken and titrated with 0,02 N-hydrochloric acid. If for any
reason a diluted sample is taken for titration, allowance for a different
end-point pH consequent upon a materially altered wvalue of a will need to
be made.

Methyl orange indicator is often used to detect the end-point,
but this is not wholly satisfactory since the colour change is often not
sharp simply because the water under examination is no more than an
extremely dilute solution (a graphic illustration of this was provided by
Harris (1958) who pointed out that the water in a silt-free river running

at a TDS of 200 ppm is 99.98% pure, of higher quality in fact than some
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of the chemical reagents commonly used in the laboratory). Moreover the
colour change of methyl orange occurs over the pH range 3.1 - 4.4 (Tomicek,
1951) and we shall see that this does not cover the correct velue of the
end-point, which occurs in the pH rangec g Akl = 5.2,

The only accurate wey of determining the total alkelinity is thus
by electromotric titration. Since the value of a is usually not knowm at
the time, this really mcans that the titration curve of each water should
be plotted during the titration and the correct end-point sclected from the
curve, This is & time-consuming procedure, clearly not suitable as a
routine technique vhen many samples have to be anslysed. Under such
circumstances it is more expeditious to titrate to a predetermined pH velue,

Since the buffering power of the somple is very low in the
vicinity of the¢ end-point, it is evident that small discrepancies (smeller
than those arising from the¢ usc of methyl orange - sec Figure 3.4) in the
selected pH valiue will have a negligible effect on thc accuracy of the
titration, Thereforc any procedure that allows a ressonable estimate of
the value of a to be made in advance can be used to calculate an end-point
pH thot will be adequate for most practical purposes,

Such o procedure may be established by making use of the detailed
unpeblished anclytical results obtained by 0liff during a survey of the
Tugela river system of Notsl, which includes streams of a wide veriety of
water types common in South Africa (see Oliff, 1960). The relevant details
for various samples taken from these rivers are given in Table 1C of
Appendix C, For these samples there is a correlation between a and the
c¢lectrical conductivity (correlation coefficient = 0,872 with 173 degrees
of freedom, corresponding to a probability for less than €,001), This may

be expressed in the form of a regression cquation:

gon Tk w0 (7.5)

where C is the conductivity in micromho,

Using this relation in (7.4) gives:
= 5.70< Flop ¢ (7.6)

wnich allows the end-point pH of the totel alkalinity titration to be
estimated from the conductivity of the water (a property very readily and
ropidly measured). The values so calculated for various values of the

conductivity are given in Table 5B of Appendix B,
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A similar treatment can be given for the "phenolphthalein™
end~point at higher pH upon which certain other determinations depend.

By (3.50), correcting for non-ideality, at this end-point:

/ = £
- i | By (K2 'k vz/a) (7.t
v A .
Hence we can write:
3
p = 2 log ¥ - % log K, = + log (K2 +k ¥ /a) (7.8

Inserting the numerical values of Kl’ K2 and kw and using the regression

(7.5) to replace a by C then gives:
pE = 8,32 ~ + log (1 + 28.2 yz/c) 42 3pg ¥ (7.9)

Now C is approximately equal to 7/0.68 where T is the TDS in ppum
(as discussed in a later chapter). Hence by means of Table 2B we can find
a value of ¥ for each value of C and so, using (7.9), calculate the
appropriate pH, Values so obtained are also given in Table 5B of
Appendix B.

It may be noted that the American Public Health Association (1965)
in its manual "Standard Methods" suggests using a pH for the methyl orange
end-point which varies according to the alkalinity. On the assumption that
a = e (which is roughly true for meny natural waters), it is possible to

compare these values with those from Table 5B:

Total alkalinity, End-point pH, End-point pH,
ppm CaCO, "Standard Methods™" Table 5B
“
30 s 15 A 4.8
150 4.8 4,4
500 4.5 4,2

Similarly, the manual gives 8.3 uniformly for the pH of the phenolphthalein
end-point, whereas Table 5B gives 8,2, The agrecment in each case is
quite good,

Equations (7.6) and (7.9) only hold for normal surface waters,
because the regression (7,5) only applies to waters of this type. If a
water of abnormal typec is to be analysed (e,g. a highly polluted water) it
is preferable not to rely upon Table 5B but rather to make a preliminary
total alkalinity titration to an end-point pH of 4.6, i.e, an averagec
value not likely to lead to gross errors in most cases, From this an

approximate value of e can be found, and hence an approximate value of a

R i
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(by the methods described in chapter 8) which can then be used in (7.4)
to obtain a more reliable pH, This can then be used for an accurate
titration. Such a procedure-will still usually be more rapid than to
plot out the titration curve,.

Although most natural waters contain appreciable total carbonic
acid concentrations, abnormal watcrs and artificial waters (trade
effluents, etc) may be encountered which do not, In such cases, the
determinntion of total elkalinity and thc interpretation of the result
obtained must be approached with caution, For example, a solution of
sodium sulphate could ecsily be titrated to an end-point pH of about 4.6,
but the result would not give the total alkalinity of the solution since
the correct value of this is zero, A carcful study of the ion balance of
the anclysis must be made in such cases, end qualitative tests on the
water sample itself or the residuc on evoporation may nlso be required,
Sometimes (as in the case of the sodium sulphate solution) a determination
of the full titration curve will be of assistance (but not invariably -
e.g8. a mercuric chloride solution can give a titration curve exactly
similar to that of cerbonic acid),

A further factor influencing thc accuracy of total alkalinity
determinations and of numerical velues calculated from their results is,
of course, the possibility of changes occurring in the gample after
sampling but before analysis, Correct expcrimental technique will minimise
such chonges, but difficulties may arisc if the pH value measured
subsequently in the laboratory is found to be different from what it was
in the field at the time of sampling, as often does occur. It might seem
correct, having determined the total alkalinity, to utilise this together
with the field pH for further calculations rather than to combine it with
the laboratory pH, on the grounds that one is concerned primarily with

\what was in the original water body instead of with what is now in the
sample bottle, However, it must be borne in mind that the major part of
the difference between the field and laborntory pH values is likely to
consist of experimental error, occasioned simply by the use of the pH meter
under rugged field conditions, Thus in most cases therc is nothing ot all
to be gained by using field pH results (except, for example, as approximate
on-the-spot guides for tracing o particular source of pollution), provided
that the water being sampled is not one which is likely to undergo radical
pH changes before it can be brought to the laboratory (for example, a mine

drainage water containing ferrous sulphate which becomes rapidly oxidised
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and precipitated by bacterial action). On the contrary, it is usually

far preferable to utilise in calculations the results of accurate pH
determinations made in the laboratory rother than those of more or less
crude field determinations, and no attempt should be made to "corrcct" the
laboratory results to field conditions. The results of an analysis will
thus relate to the sample in the bottle at the time the ahalysis was
undertoken, ond in this respect they will be accurate. For them also to
relate accurately to the water body concerned at the time it was sampled
it is necessary that adequatce precautions concerning the storage and

preservation of the sample arce taken,

Analytical checks

Since every chemical determination necessarily involves some
degree of experimental error, and since large errors may at any time be
unwittingly made during the course of a chemical analysis, some check on
analytical accuracy is desirable,

The replication of determinations is an obvious step that might
be taken in this direction, but this is not always possible, It increases
the labour involved in an analysis by at least 100% and presupposes that
the analyst has an ample amount of sample at his disposal (usually it is
his complaint that he has not becn given enough!) In any case, replication
will not reveal errors due to any form of consistent bias (reiterated
arithmetical slips, systematic errors in calibration constants, ete),

An easy check that has already been mentioned and which can
often be applied with little added labour is the comparison of the experi-
mental TDS (if this has bcen determined) with the value obtained by calcu-
lation from equation (4,6). That equation assumed that such things as
nitrate, phosphate, iron, aluminium, fluofide, etc were absent, although
cases often occur where thesc arc present in appreciable concentration,
Not only will they then affect the TDS, but they may also need to be
taken into account in other connections so that theoretical equations nced
to be modified slightly in such cases. Equation (4.6) may be written

more generally as:

T:Ca+Mg+Na+K+so4+01+3102+o.6A+z (7.10)

where z is an additional term representing the contribution of solutes
other than those specifically shown in the equation. Sometimes such

additional solutes are not accurately determinable, so that the check

I PR



-55-

then breaks down (e.g. organic matter may be present, but unless it is
known to be some one particular compound its true amount cannot usually
be assessed).

A second easy check involves the comparison of the experimental
or calculated TD3S with the electrical conductivity of the sample. In its
simplest form this will be further discussed in a later chapter, Again,
it is not universally applicable. More complex forms of this check have
becn suggested (see American Public Health Association, 1965) as well as
quite different checks based upon independent determinations of total
anions or cations using the ion-exchange resins. All these checks suffer
from the defect that they involve additional experimental manipulation and
hence introduce additional sources of error, and for this rcason they may
be considered unsatisfactory.

A form of check that is of great utility and which avoids such
difficulties arisces from the fact that, in any solution of zlectrolytes,
the total equivalent concentration of the cations must be equal to that
of the anions, Because of the presence of inherent errors, vcry few
analyses will cver show an exact ion balance, but it is possible to lay
down limits which thc observed anion - cation concentration diffecrence
should not normally exceced,

The limits in general use at the present time (sec American
Public Health Association, 1965) arc derived from the work of Grecnberg
and Navone (1958) who undertook a statistical analysis of almost 1000
routine water analyses made in two laboratories over a period of threc
years. They found that the standard devistion of the diffirence between
the total anion and total cation concentrations, both expressed in

milliequivalents per litre, veried with the value of the total anion

concentration itself, their actual values being shown by the circled points

in Figure 7.1, From these results they derived thc relation:
{
Z anions - I cations = 0.1065 +0:Ql055 % anions (7.11)

for the standard deviation and suggested that any analysis should be

rejected if it gave an anion-cation difference numerically greater than

this,

There are two points involved here to which objections may be
raised,
In the first place, the choice of one standard deviation as the

criterion fgr rejecting an analysis is illogical, An error of this
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magnitude, by chance alone, is likely to arise about 32 times in 100
analyses and is of no statistical significance. To use the proposed
criterion in the manner suggested means that some 32% of all analyses made
must be repeated without necessarily obtaining any gain in accuracy. If

a repeat analysis by chance does not violate the proposed criterion, this
means only that it contains different errors from the original analysis
but not necessarily smaller ones, It may quite well happen that one of
the repeated determinations invelves some much larger crror than the
original but such that the ion-cation difference is numerically reduced;
the new analysis might then be regarded as acceptable even though it is in
fact more in error than the original, The net result of taking one
standard deviation as the criterion of rejection is thus to increase the
analytical work unnecessarily by more than 32% and to introducec a bias in
the final results such that the anion-cation differences reported are
abnormally low., It does not necessarily lead to increased accuracy,

It is a violation of the fundamental concepts of statistics in
this particular problem to sclect as criterion any level of the anion-
cation differencc that is not a statistically significant one. The
selected level must correspond to at least two standard deviations before
it can be counted statistically significant, for in that case the critcrion
would be violated by chance not more than 5 times out of 100 analyses. An
enalysis which violated the criterion would then be considered signifi~
cantly in error and hence worth repeating.

Two standard deviations is in fact a convenient limit to set,

so that (7.11) should be amended to read:
Z anions - % cations = 0,21%0 + 00,0310 T anions (7.12)

If an analysis violates this limit (or any other acceptable
limit that may be set) it should be independently repeated, redetermining
all the solutcs and not just checking one¢ or two (though in practice the
very first step should be to check all the calculations since an arith-
metical slip may ceasily be the cause of an apparent violation), The result
will be that about 5% of all anslyses made will have to be repeated and
that no bias will arise in the anion—-cation differences finally reportecd.
If consistently more thon 5% of the analyses have to be repeated, there
is something wrong with the analytical techniques, and the same applies
if consistently less than 5% need repetition, In most cases the repeat

analysis will prove acceptable, but if not this is a sign either that
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congistent analytical errors are being made (e.g. a standard solution is
of incorrect cowposition, o reagent is impure, interference effects are
occurring, etc), or that the analysis is not complete, i.¢, one or more
solutes arc present in addition to those that have been actually deter~
mined. On the other hand, compensating errors may result in an ion
balance being obtained when it should not, so that although the ion
balance is a useful check on analytical accuracy it is not an absolute onc.
The second objection to the proposals of Greenberg and Navone is
that equation (7,11) is too great an spproximation., The experimental
results shown in Figurc 7,1 indicate thet the standard deviation of the
anion-cation diffcrence is best represented, not by a straight line as is
assumed in equation (7.11), but by a curve which is concave downwards,
i.e, the stondard deviation is disproportionatecly less ot lower concen-
trations so that in this range (7.11) leads to o limit criterion which
is too lax, The experimental results arc in fact much better representcd

by the curve:

!z anions - I cations = = 0,35515 + ,/ 0,1639 + 0.0227 7 anfions

1)
although such a relation is too cumbersome to be of much practical use,

A better approximation than (7,11) is obtained if iwo straight
lines are employed, one holding up to a vealue of 5 meq/litre for total
gnions and the other, of lower gradient, holding for concentrations
greater than this, as shown in Figure 7.1. The equations of these linecs

are:
{0.0500 + 0,0300 3 anions (3 ¢ 5)

2 cnions = 3 cati
' & g 0.1280 + 0,0144 3 znions (3 3 5) (7.14)

Hence it is proposed that the critical value for the ion balance
should be taken as two stendard deviations based on the equations:
0.1000 + 0,0600 3 anions (5 ¢ 5

" { < 5) (7.15)

Z anions - I cations
' 2 0.2560 + 0,0288 X anions (3 > 5)

These limits (which will be formulated rather differently later in this
chapter) strictly apoly only to the range of water samples considered by
Greenberg and Navone, and it is only an interim measure, in the absence
of additional data, to apply them to all water samples, Indeed, it is
the present author's belief that equations (7.15) are too rigid at high
concentrations (TDS greater than about 2000 ppm) when applied to surface

waters in South Africa, although the supporting evidence for this is too
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scanty to warrant detailed discussion,

It should be mentioned here that some caution should be used
in applying any such balance criterion to the analysis of a sample in which
chemical changes have occurred between the times of sampling and analysis.
It is not always possible or desirable to arrest all such changes, and
this can give rise to apparent discrepancies. For example, most samples
of surface water will deposit iron compounds on storage, probably as a
result of bacterial action. It is most convenient to carry out the main
part of the analysis on a filtered portion of the stored sample (since any
attempt to stabilise the iron, e.g. by adding acid, will intcrfere with
some of the other determinations) but to determine the total iron (usually
not more than 1 ppm) on a second portion suitably treated to bring the
deposited iron back into solution. In such a case it is not legitimate
to include the iron in the ion balance (though an abnormally high iron
concentration may seem to contribute appreciably to the total cation
concentration) since the analytical rcsult for total iron relates to a

different sample than used for the other determinations,

The three forms of alkalinity

Consider a solution possessing total alkalinity e but no carbonic
acid. All the alkalinity must necessarily be in the form of free hydroxide.
Suppose carbonic acid is now progressively introduced. At first this will
combine with the hydroxides to produce normal carbonates, and when the
molar carbonic acid concentration o has risen so that a = ¥ e there will
no longer be free hydroxides, Purther introduction of carbonic acid will
convert the carbonate to bicarbonate, and when a = e¢ this process also
will be completc., The addition of any morc carbonic acid will then result
in a solution containing bicarbonates and uncombined carbonic acid.

At any stage of the process, the sum of the equivalent concen-
trations of hydroxide, carbonate and bicarbonate will be equal to e, the
total alkalinity, which remains unchanged in value. These three equivalent
concentrations are referred to as the hydroxide, carbonate and bicarbonate

alkalinities respectively and collectively constitute the three forms of

alkalinity, Their valucs can evidently be obtained from the following

scheme for any case where a and ¢ are known.
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Equivalents per litre

p O P

o=

Bi;arbonate Carbonate | Hydroxide
alkalinity |alkalinity | alkalinity
= 0 0 0
<a<%e 0 2a e - 2a
=% e 0 e 0
e<ac<e 2a - € 3 (s =u8) 0
= e e 0 0
> e £ ] 0 0

This scheme

for x
for y
for =z

is readily established when it is recognised that:

equivalents/litre of hydroxide, e =x and a=0
y

Nof—
<}

equivalents/litre of carbonate, e = and a =

equivalents/litre of bicarbonate, e =2z and a =z

Now suppose we take a water sample and divide it into two

portions which we each titrate with strong acid, one to the phenolphthalein

end-point (if possible) and the other to the methyl orange end-point,

This will require P and T equivalents of acid respectively. Various cases

now arise:

(a) If the

pH value of the water is less than or equal to that of the

phenolphthalein end-point, it is clear from chapter 3 that e < a,

Titration to that end-point with acid is then not possible and we

may take P = 0 in this case. Titration to the methyl orange end-

point will, however, give T = e as usual,

(b)) IO <

a <e, titration to the methyl orange end-point will again

give T = e, but since the methyl orange and phenolphthalein end-

points on the titration curve are separated by a equivalents of

acid, we 2lso have T - P = a,

(c) If a = 0, again we shall have T = e, but now the titration curve

reduces to that of a hydroxide solution and shows but a single

end-point inflection. We shall find approximately that P = T,

Using these results, the above scheme for the three forms of

alkalinity may be presented in an alternative form, as shown below.

These two schemes are almost, but not fully, identical, The

Kl a0 2
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first is rigidly correct as a matter of definition, but the second is only
an epproximation when the watcr contains hydroxide alkalinity alone, the
condition P = T being strictly true if the conccntration (i.e. the TDS)

is sufficiently large. In practice, however, this case is a rarc one; it
certainly never occurs in natural waters and 1s unlikely to be met in

other waters.

Equivalents per litre

]

Bicarbonate | Carbonate |[Hydroxide

alknlinity |alkalinity | alkalinity
P=T 0 0 4 T
=P <0 0 3 9. ) 2P T
P=+T 0 T 0
O<p <@ T ~ 2P 2p 0
P =90 T 0 0

]

This division of the¢ total alkalinity into its three specialised
forms is clecarly based upon stoicheiometric considcrations and makes no
direct reference to ionic concentrations. Consideration of the titration
curve of carbonic acid (Figure %.4) and of the ionisation fractions in a
carbonic acid solution (Figure 3.3) suggests, however, that there should be
some relationship between the forms of alkalinity and the concentrations
of the corresponding ions, and indeecd most textbooks of water chemistry
present arguments, based on such diagrams, to show that the alkalinities
and the ionic concentrations are virtually identical, These argumcnts are
not usually convincing, however, and it is worthwhile to investigate the
matter further.

The molar concentrntions of bicarbonate, carbonate and hydroxyl
ions existing in idecl 0.01 molar carbonic acid solutions at different pH
values (supposed obtained by the addition of appropriate amounts of strong
acid or base) can be calculated from cquations (3.3), (3.9) and (3,34).
The equivalent concentrations are readily obtained from these. By calcu-
lating the titration curve (Pigure 3.4) of the solution and applying the
rigid (first) scheme given above, the equivalent concentrations of the
three forms of alkalinity may also be obtained,

Figure 7,2 shows how thecse equivalent concentrations vary with

the pH, the continuous lines representing the ions and the broken ones thc
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alkalinities, It is seen that the concentrations of the alkalinities

are very close indeed to those of the corresponding ions. The greatest
discrepancies appear in the vicinity of pH 11 where the carbonate
alkalinity is somewhat greater and the bicarbonate and hydroxide alkalini-
ties lower than the corresponding ionic concentrations. .

For real solutions the agreement cannot be quite so good, for
the ionic curves will shift slightly because of non-ideality effects while
the alkalinity curves will shift similarly but to a smaller extent because
real and ideal pH values will not be quite identical. However, it is
clear that, in the pH range of most frequent interest (pH 5 to 10) and for
solutions of not too great TDS (not exceceding 1000 ppm), the values of the
alkalinitics very closely approximate to those of the corresponding ionic
concentrations,

Therefore, for most practical purposes determinations of

alkalinity are equivalent to determinaticons of ionic concentrations. This

is a most useful conclusion and has ensbled schemes of mathematical relat-
ionships to be set up by some workers, e.g. Dye (1958), which can often be
of great scrvice, Applications of such schemes must be made with some
caution, however, for although one or more of the forms of alkalinity may
be zero in a given case, the corresponding ionic concentration can never

be zero although it msy certainly be minute,
Notation

Before proceeding further it is convinicent to introduce a
modification of our cxisting notation,

So far, most of the theoretical equations have been expressed
in terms of wmolar concentrations, This, however, is an inconvenicent choice
of units for practical usec on account of the small magnitudes of the solute
concentrations in waters., It is much better to work in terms of millimolar
concentrations, so we shall henceforth use a barred symbol such as a and ¢
to denote a concentration in milliwoles per litre, whilst the corresponding
symbol without the bar (s.g. a and c) will continue to denote the same
concentration in molar units.

Similarly the symbol e will continue to denote the total alka—~
linity in equivalunts per litre, but e will bé used to denote the¢ same
concentration in milliequivalents per iitre,

In other words, the bar functions as an operator signifying
multiplication by 1000 and we have:

-7



e = ex lO3
8 = B3 lO3
c = ¢x lO3

and so on, The result will be greatly to simplify thc tabulation and

practical handling of data.

Reformulation of the ionic balance

Onc immediate application of our discussion of the three forms
of alkelinity arises in connection with the ionic balance discussed
previously.

Equations (7.15) as they stond present the practical difficulty
that, before the value of the term ¥ anions can be calculated, the concen-
trations of thc bicarbonate and carbonate ions must be evaluated.
Disregarding the hydrogen and hydroxyl ions whose concentrations are
usually ncgligible (correction for this at extremc pH values can easily
be introduced if ruquired), we have, in our modified notation:

Y eations = 204+ 2m+ 04+ (7.16)

wi

P anviong: = 2@+ h+n o+ 2 ERLAE

1 K

But under thc conditions supposed, for all practical purposes 51 is the

bicarbonate alkrlinity, 252 the carbonatc alkalinity and their sum is the

total alkalinity, Since the two alkalinities would be separately found by
titration, we may take their sum as the total alkalinity obtained by direct
titration. Denoting this by Et’ we cen thus replace (7.17) by:

Tanions = 28 +h + Et (7.18)

In consequence we have, from (7.16) and (7.18):

T anions - % cations = Et -fee+2h+n4p-24d~H)
(7.19)

Here the bracketed expression is also equal to the total alkalinity as
defined by (3.42) and as would be found by calculation from the rest of

the analysis, Denoting this by Ec we thus have:

Y anions - 3 cations = Et = Ec (7.20)

If the znalysis is free from error, obviously Et and e should
c

B

c

be equal. Equation (7,20) therefore suggests that +

may be

Bl e
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token as an indicator of analytical balsnce equally as well as
s anions - ¥ cations| and that the same numerical limit may be placed
upon its possible range of values,

Combining (7.20) and (7.18) with (7.15) we thus obtain equations

e, - @
t &

giving the permissible (two standnrd deviations) limit for

0.1000 + 0.0600 (2 s (For values < 5)

6]
+
oy
g
ol
Gal
~—

(For values > 5)

(7.)

i

These equations may be used in place of (7.15), to which they are exactly

0,2560 + 0.0288 (2 s

6]
+
=\
ars
(o]
o+
~—

Here the finel inequelity in each case refers to the term (2 s #5048

equivalent, o8 a criterion of accuracy to 95% confidence, i.e. it may

be expected that 95 analyses out of 100 will fulfill the balance defined
by these equations ond hence an unbalanced annlysis by this criterion
should be considered erroneous. Their application in any given cose
involves only simple arithmetic.

If necessary, the concentrations of ions other than those
explicitly named in the equations can readily be introduced by simple and
obvious modificcations.

Since the balsnce will seldom, if ever, be exact, we shall in

every analysis have two different veolucs of ¢, nomely e, found by direct

1
titration and Ec found by calculction, Usually there will be no reason to

favour onc of thesc any more then the other, so the veluc of e may be

t

Occasionally, however, it may be clear that either Et or Ec is the more

reliable, and in such cases th. appropriate one should be selected as

taken as the mean of &, and ec when further calculations are to bec made,

giving the better value for the true total alkalinity.
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Calculaetion of the total carbonic acid

It has already been pointed out that, despite the fundamental
importance of this parameter, the total carbonic acid content of a water
is not usually determined as a routine procedure by water chemists.
Consequently it is in most cases necessary to calculate its value from the
results of other determinations,

For this purpose we may utilise equation (4.5), provided it is
applicable:

6
5 v 4 K, m? 4 KK, i
AL z == (H -k /7" +e) (8.1)
- | I K !
KBV + 2 KK,

As a mathematical conveniencec we may define a quantity Hy by the relation:
H, = HY (8.2)
so that, by equation (3,10), we can put:

pH = - log H, (8.3)

H, is, of course, the hydrogen ion activity under the general conditions
supposed (see chapter 3).
Using (8.2) in (8,1) gives:

2
B 4k B, ¥ 4 KK
1 TR g
a = 5 (Be/Y = k& fE,¥ + @) (8.4)
K) By ¥+ 2 KK, K

If the terms H,/Y and kw/H*Y are negligibly small in comparison with e,

this may be simplified to:

A BTy :
YT+ B v 4+ KK,
s e (8.5)
K) By ¥+ 2 KK,

This last equation will hold to within 1% for the range
2 = ! .
5<pH <9 if e 210 ° (which is usually the case) or for the rangc

" -4
R E O e . It may be written symbolically as:
8= 0 (ol Tk o (8.6)
and multiplying each side by 103 gives:

8 = @ fgh, ¥ ° (8.7)
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Values of Q for various values of pH and Y are given in Table
3 B of Appendix B and enable a to be found very easily from the values of
pH and e in most practical cases where no direct determination of & has
been undertaken, Instances where this procedure fails will be of rare

occurrence (at least, as far as South African waters arc concerned), and

in such cases recoursc must be made to the full equation (8.1).

Determination of the total carbonic acid

The direct determination of the total carbonic acid depends on
the fact (sec chapter 3) that the methyl orange and phenolphthalein cnd-
points on the titration curve of a water sample are scparated by a equiva-
lents, The values of both a and ¢ can therefore be found for any water
by suitable titration with strong monobasic acid and strong monoacidic

base, thus:

(a) pH < methyl orange end-point

Titrate with strong base first to thc¢ methyl orange end-point
(requiring x moles of base) and then to the phenolphthalein end-
point (requiring y moles of base from the original starting
point), Then:

e o - X and aa y-Xx

(b) pH > phenolphthalein end-point

Titrate with strong acid first to the. phenolphthalein end-point
(ruquiring x moles of acid) and then to the methyl orange end-point

(requiring y moles of acid from the original starting point). Then:
e ay and aax y-x

(c) Intermcdiate pH

Titrate with strong acid to the methyl orange end-point (requiring
x moles of acid) and then, using a second sample of the water
concerned, titrate with strong base to the phenolphthalein end=-

point (requiring y moles of base). Then:
e @ X and a x X+y

If the soamples used are 100 ml in volume and the strong acid and base

are 0.02 N, the variables x and y may be taken as the volumes (in ml1)
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required for the titrations and the value of the proportionality constant
in each case will then be 2 x 10—4 or, if the results are to be expressed
as ppm of CaCO,, it will be 10,

In p;actice, the titration will be best carried out electro-
metrically to the end-point pH values given by Table 5B, The solution of
strong basc must evidently be carbonate free, however, and this requirement
often makes for difficulties and errors under routine laboratory conditions.
Jome experimental results, which show thot the total carbonic acid concen-
tration as determined in this way and as calculated by equation (8.7) are

in good cgreement, are given in Appendix D,

Frec carbonic acid

The concentration of free (non-ionised or molecular) carbonic
acid in a water cen be found by a method of calculation very similar to
that just described for the total carbonic acid,

By equation (3.35) we have:

f = il a4 (8.8)

.5
Y
Hy e Kl HY K1K2

On substituting (8,2) in this and eliminating a by (8.5) we obtain:

2
B2 vt

ks * ‘e (8-9)

N
Ky By V7 + 2 KK,

as an gpproximation valid for the samc conditions and with the same limits
of accuracy as (8.5) itself,
Multiplying through by lO3 gives:

o H*2 Y4
= 3 . (8010)

K} He ¥ + 2 KK,

ol

and we can further convert this to:

44 1,2 ¥*
B e 3 o (8.11)

K) By V7 + 2 KK,

(o)}

where F is the free carbonic acid expressed in ppm of CO

This may be symbolically written as:

F =44 P(pH, 7). & (8.12)
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and velues of P for various values of pH and Y are given in Table 4B of
Appendix B to facilitate ropid calculation of F in most practical cases,
In the rare cases where (8.12) no longer holds, recoursec must be made to
the full equation (8.8).

Similar tabulations of values to enable the bicarbonate and
carbonate ion concentrations to be essily calculated could also be drawn
up, but these will not often be required in practice ond hence necd not

be considercd here,

Unbound carbonic acid

Whenever o w-oter containing carbonatcs has a pH above thnt of the
methyl orange end-point, it must possess o total alkalinity e > O, and
conversely, On the other hand, when the pH is less than this limiting
value then ¢ < 0 and it is logically consistent to say that the weter has
an acidity equal to -c,

We have seen that, if the pH lies betweesn that of the methyl
orange and phenolphthalein end-points, then O < ¢ < a and the water has a
bicarbonate alkalinity equal to e. This at once indicates that not all of
the total carbonic acid is stoicheiometrically bound as bicarbonates -
there arc, in fact, (a - e) moles per litre of carbonic acid in an
unbound stote., It is often said that such a water also possesses an
"acidity® (duc to the unbound carbonic acid), but this is o most unfor—
tunate choice of nomenclature since it leads to the idea that the water
possesses both alkalinity and "acidity" simultancously.

We shall therefore refer to the (a - e) moles per litre of

carbonic acid in such a water as the unbound carbonic acid, and clearly

distinguish this from the free (non-ionised or molecular) carbonic acid.
Evidently if e € O all the carbonic acid present must be unbound, and
if e 2 a the unbound carbonic acid is zero,

Just 2s there is a close relationship between the three forns of
alkelinity and the bicarbonate, carbonate and hydroxyl ion concentrations,
s0 we mey expoct there to be a similar relationship between the free and
unbound carbonic ocid,

The molnar concentration of frec carbonic acid in an ideal 0,01
molar carbonic acid solution at different pH values (supposed obtained
by the addition of appropriate auounts of strong acid or base) can be
calculated from equations (3.9) and (3.34). The calculated titration

curve of the solution (Figure 3.4) enables e to be found for any pH, and

i |
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P kT Iy readily have bie corresponding value (a - e) of the
unbound carbonic acid,

Figure 8.1 shows how both the free (continuous line) and
unbound (broken line) carbonic acid vary with the pH, It is seen that the
two curves are virtually indistinguishable, and consequently the unbound

carbonic acid may for all practical purposes be taken as equivalent to the

free carbonic acid, Ag in the case of the similar conclusion concerning

the forms of alkalinity, this has becen used to establish useful mathemati-
cal relationships, e.g, Dye (1958). It must be noted, however, that
although the unbound corbonic acid is always zero when the pH is above that
of the phenolphthalein end~point, the free carbonic acid in a carbonate

solution is never exactly zero.

Comparison of thecory and experiment

The iderl equations (3.34) and (3.43) for Ay 8, and f and for

& respectively are not new. Instead of deriving them by Ricci's method by
way of the charge coefficient of carbonic acid, they may be obtained
directly from the equations (3.3) and (3.32), which define k » K, and K,
together with the stoicheiometric relation (3,33) and the alternative
definition of total alkelinity (7.2). This derivation, however, does not
lead to any precise assessment of the range of validity of equation (3.43)
and hence of the other relations that depend upon it,

De Martini (1938) published equations obtnined by this alter-
native routc which nrc identical with thosc given in the present work,
though algebraically rcarranged, Moore (1939) expressed them in numerical

form, using the value k = 10_14 i’
W

and toking the volues K. = 4,54 x 10
7 § z

(o]
and XK. = 5.61 x 10 at 25°C from McocInnes and Belcher (1933). In this

.
form the equations appenr as:
~10 ¥
- 5 & 10
OH e
(08") 2
9,70 x 10-%% A 167
(co2) = == + B =
11,52 % 307
1 = 50,000 H
- 50,000 A s >
(HHE ) = 2 CH - (8.13)
3 A11
11.22 £ b
1% B 50,000 H
o 5.61 x 10'6/H A X s
(co3 ) = o n B
11.28% 10
s R 5 50,000 H

o &
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Here A is the total olkslinity in ppm of CaCOB; (oH ), (Hco3 ) and (co3 )
are the concentrations of the hydroxyl, bicarbonate and carbonate ions,

expressed as ppm of CaCO (002) is the concentration of free carbonic

;
acid, expressed as ppo o? 002; and H is obtained from the idesl relation
(3.9) defining pH as - log H. HMoore discussed the possibility of correct-
ing these equations for non-idenlity cond for tempercture, but since such
corrections have opposing results he concluded thet 2ll such corrections -
could usually be neglected,

He himself made coreful measurements on synthetic solutions
(presumbbly mode from sodium salts) and compared the calculated results
for ionic concentrstions with the experimental alkalinity wvnlues,
supposing alknlinities and corresponding ionic concentrations to be
identicnl, However, as discuss.d above, lonic concentrotions and alkalini-
ties are not strictly identical, so a more relianble compoarison procedure
would be to calculatc e and o from the titration results, from these
compute the alkalinities, and then compare the cnlculated and experimental
alkslinities,

able 8.1 shows, firstly, the pH value and total alknlinity (os
ppm CRCOB) as detcrmined clectrometricnlly by Moore for ning such synthetic
solutions, and the value of Y obtained for each sclution by the method of
successive approximntion, Later rows of the toble show the volues of the
bicarbonate, carbonate and hydroxide alknlinities obtained by Moore by
electrometric titration, in each case expressed as ppm CaCOB, the
theoretical values of these obtained by using the non-idcal equation (4.5)
for a and then the scheme set out on p, 59, and the theoretical valuos
obtained by aprlying equations (8.13) and (3,33) to find o and then using
the scheme on p, 59,

It will bc seen that the theoretical equntions of the present
work, corrected for non-ideality, give for better alkalinity results than
do Moore's equotions. The latter, in most of the tabulated cases, glive o
quite false picture of the alkalinity components of the solutions. Our
own equations fzll off in accuracy as the pH increases, the errors at a
pH above about 9.8 becoming too large for the results to be at all
relisble. This is what would be expected in view of the discussion in

chapter 5, and indicates that our accepted value of K. must be slightly

2
in error. The complete breakdown of Moore's equations may be mainly
attributed to the use of an even more erroneous value for K2, for we have

seen that errors in Y (which he took as uniformly 1,000) do not affecct

T wan



Table

8.1

Mocore's experimental results compared with theory

. Solution 1 2 3 4 5 6 7 8 9
|
pH | 8.50 | 8.75 | 9.60 | 9.78 | 9.80 9,90 | 10.20 | 10.75 | 11.0%
Total alkalinity, ppm CaCO, | 50.0 19.0 48.0 72.0 F1a3 188.8 45.0 50.0 79.0
)
Y 0.965| 0.978 | 0.964 | 0.954 | 0.9¢70 0.929] ©€.963| 0.,962) 0,955
Bicoarbonate (Observed A47.0 =5 33,0 40.0 155 105.8 10.0 Nil Nil
Alkalinity, ETueoretical 49,2 7.5 30.3 39.0 13,7 91 +% Tsig Nil Nil
npm CaCO3 (Mocre 50.0 19.0 18.0 72.0 L) G3.6 45.0 50.0 79.0
Carbonate (Ovserved DS, 1.5 15.0 52,0 1545 83.0 35:0 33.0 38.0
Llkalinity, EThecrotical 0.8 Sl 7T 3%.0 147513 98.0 %9.5 23.5 2 s
poi caco3 (Moore Nil Nil Nil Nil Nil 95.¢ Nil Nil Nil
Hydroxide (Obscrved Nil Nil Nil Nil Mil Nil Nil 17.0 41.0
Alkalinity, ETheorotical Nil Wil Nil il Nil Hil Nil 255 57.8
ppu Caco3 (Mocre | Wil il Wil Nil Nil Nil Nil Nil Nil
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the final results very much,

Thercfore it appears that our equations, in the absence of
calcium and mcgnesium salts, arc relinble up to a pH of about 9.8, This
is rather better than the discussion of chapter 5 might suggest.

The literature contains very few records of experimentally
determined unbound carbonic ~cid determinations, probably because accurate
determin~tion is not easy and czlculation usually gives results adequate
for most purposes. Where actual determinations have been reported (e.g.
Rudolfs and Wong, 1939) it is often clear, from intcrnal evidence, that
the experimental errors were rclatively large.

However, Moore (1939) hns cited some very careful annlytical
results due to Wogner and Enslow (1922) and used them as 2 check upon his
own calculations, We may use the same figures for a similar purpose,
bearing in mind that, although Moore refers to the results as determin-
ations of "free cnrbonic acid", they are in fact determinations of what
we term unbound carbonic ncid, Unfortunately thc cited data do not include
TDS values for the determinntion of ¥, but if it is assumed that the total
alkalinity is proportional to the TDS and is equal to 65.3 ppm o8 Cn_.CO3
at a TDS of 119 ppm (these being the average values from Table 2.1),
values of ¥ can be deduced which cannot be too much in error. Values of a
are then calculated from equation (4.5), and the unbound carbonic acid as
ppm CO2 is then equal to 44 (a - e).

The experimental and calculated values are given in Table 8.2,
It will be seen that the agreement between the experimental values and
those calculated by our equation is very good, thc differences probably
being of no practical significance and about equal to the experimental
error. The results calculated by Moore's equations do not differ signifi-
cantly from ours. This might have been expected, since we have seen that
possible errors in K2 do not materially affect f or &y and that errors
in ¥ have little effect either,

It therefore appears that the theoretical cquations developed
here, with their non-ideality corrections, are in general superior to
Moore's uncorrected equations and may be trusted to agree with experiment
up to about pH = 9,8, For reasons already explained, they do not apply
much outside the range 3.7 < PH 9.7 if sulphates (at low pH) or calcium
and magnesium salts (at high pH) are present, unless special corrections

developed for such cases are employed,

s 1. ° 0



8.2

Table

Experimental 2nd calculated values

for unbound carbonic acid

Total | Unbound carbonic acid
Sample| pH |alkalinity,| a8 pem G0,

PpE CaCOB | Observed | Theoretical iMoore

1 6.80 11.0 ' 1.000 4.0 6 P 3.3
2 | 560 10.0 1.000 6.0 5.0 4.9
= 6.45 10.0 1.000 70 T 6.9
4 (Sl 80,0 0.941 AL O £2,2 2251
5 6.60 70.0 0.944 36.0 33.0 J4sd
6 6.40 60.0 0,949 46.0 44.9 46.3
7 7.55 220 C.975 1.5 Lk 0.8
8 6.45 10.0 1.000 Tl Tl 6.9
9 6.65 12.48 0.996 2R Hag B ol
10 7.00 15,0 0.987 5.0 2:5 2.8
11 £.00 Faul 1.000 7.0 5:8 5:9
1 6.00 Dl 1.000 T4 5.9 5.9
i3 7.30 YL 0.967 3.0 2.9 2.7
14 6.70 22,0 Q.S 9.0 8.4 8.4
15 6.70 25.k 0.974 8.0 8.9 8.7
16 6.95 25.0 0.972 40 5.4 5.3
i 6.60 al.0 0.976 9.0 10,2 iO.3
18 6.60 20.0 0.978 8.0 9.7 9.8
19 leas 230 0.974 4.0 1.9 1.7
20 6.50 16.0 0.984 8.0 9.9 9.8
3] 135 33.5 | 0.965 155 2.8 2.4
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Carbonic acid in Natal rivers

In Table 8,3 are shown the millimolar concentrations of the
najor solutes of the 22 unpolluted Natal rivers whose analyses arec given
in Table 2.1, together with the values of Y and the function Q defined by
equation (8,6). The analyses all fulfil the ionic balance, and the value
given for © in each case is the mean of Et and Ec' For future reference,
a summary of the scheme of calculation is given in Appendix A,

Por a water in equilibrium with atmospheric carbon dioxide, the
total carbonic acid concentration in moles per litre will be a_s and from
equation (6,13) we have, correcting for non-ideality:

2 2 P i
Y
KlK2 e + ka K1 Y e + ka Y

o
Il

(8.14)

In view of the numerical values of the various constants in this equation,

it is clear that in most cases this reduced very closely to

d.. = 8§ (8.15)

If a is the total concentration of carbonic acid actually

present, the percuntage saturation of the water with carbonic acid is

clearly:

100
S = ——a—a' (8'16)
S

and from (8,15) this becomes closely approximated by:

100 a

5 = = (8.17)

Further, using (8.6) this may be written:
S = 100 Q ' (8.18)

The function Q is thus = direct measure of the percentage
saturation, provided the conditions for (8.5) to be valid are fulfilled
(1.8, 5 < PH =9 if o = 10-'3 oar 6 =pAh <8if e 2-10—4). In other cases
the full, more complicated expression far § must be used:

3 # 2Y6 + K1 H Y4 + K1K2
2 2)

& 4 2 2
K_BY
( BY + 2K1K2)(K1K2e +k K ¥ + k

10
Ok K ¥ (2

(H - kw/m2 + e)

(8.19)
It is clear that (8.15) is independent of temperature

variation in the normal ambient temperature range becouse e is temperature

G -7 S
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Millimolar concentraticns, etc. calculated from the analyses of Table 2.1

River Y o n D L =z s h Q
Sterk near Ambleside 0.975 0.0917 | 0.204 [0.0180 |0.489 | Nil 1.09
Illcvo above Richmond 0.975 {10.0750 | 0.183 | 0.0026 |0.565 | Nil 1.01
Mooi above Mooi River 0.974 0.0750 | 0.122 |0.0180 | 0.459 | 0.0854 118
Kerkloof at Shefton 0.974 0.0708 | 0.18% |0.0128 |0.490 | Nil 1.04
Ingagane above Alcockspruit 0.970 0.083% | 0,187 0.0923 |0.647 | ¢.0313 0.993
Lions near Lidgetton 1 0.965 0.146 |0.239 |0.0307 |0.908{ 0.0177 B
Nungwanz near Nungwana Falls 0.965 0.102 | 0.304 | 0.0026 |0.345] Wil 0.99%
Ungeni et Nagle Dam 0.961 0.125 | 0.344 | 0.0256 |0.838| 0.0146 5
Ungegu at Unfula 0.959 0.16%3 | 0.583 |0.03331C.889| Nil 1,02
White Umfolozi nesar Vryheid 0.959 0.121 0.0522 | 0,159 1.01 0.0240 1.14
Lenjane's =t Lenjane's Drift 0.958 0.238 0.283 0.0769 | 1.30 0.0240 1 (G5
Tugela at Colenso 0.957 0,246 | 0.278 | 0.0180 | 1.40 | 0.018¢ 1.02
Sundays near Newcostle i 0,954 0.300 |.0.357 |0.0386 | 1.53 | 0.0333 1.0C
Gogoshi near Mtunzini 0.949 PO 1.28 0.0205 ] 0,290 Nil 1.03
Uvvoti 2t Bitekona 0.947 0.213 | C.804 | 0.0282|1.30 | 0.076C 1.02
Unfolozi at Mtubatuba 0.94% 0.375 | 1.08 0.0386 | 2.04 Mil 1203
Unzinkulwana =t Baboons Castle 0,941 G400 1 120 0.0282 | 1.38 | 0.0760 0.977
Bloukrans near Colenso 0.932 0,588 | 0.883% | 0.0436 | 3.34 | 0.0448 0.993
Uzhlanga at Trensnce 0.929 0.517 | 2.02 06,0410 | 1.49 | 0.0833 1.06
Unzinyatshana near Dundee 0.927 0.867 | 1.03 G.0%5%3 | 3.68 | 0.07(L 0.982
Isipingo near Inwabi 0.918 0.659 3.20 00,0682 | 113 0.144 q S8
Mpushini near Pietcrnaritzburg | 0.916 | | 0.804 ! 2.44 | 0.0282] 3.67 i 0.0490 1.06
* & ig tolte can of €4 =nd &,
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jinvariant., Hence also must be (8.18), i.e. Q must be virtually indepen-
dent of temperature in this range., Thereforc here is some justification
for disrcgarding temperature effects in the present work (see chapter 5).,

From thc values of Q given in Table 8.3 it is clear that the
percentage saturation in the 22 Netal rivers ranges from about 98 to 118%
with a mean of 104%, It therefore appears as a general rule that unpollu-
ted river watcrs in Natal (and indeed most other river waters also,

according to the data published in the literature) are virtually in

equilibrium with atmospheric carbon dioxide. The fact that there is a

small bias to values rather more than 100% indicates a slight tendency to
supcersaturation, suggesting that those processes occurring within rivers
to generate carbon dioxide (meinly the respiration of aquatic organisms)
take place a littlc more rapidly than the diffusion of carbon dioxide to
the atmospherce through the air-weter interface,

Moreover, on the bosis of these results it appears that the

composition of & river water may be regarded o8 anomalous (i.e. probably

affected by pollution) if the percentage saturation with carbon dioxide

lies outside thec range 95 - 120.

In Table 8,4 are shown th.. calculated concentretions of free
carbonic acid, as ppm of C02, in the seme 22 rivers (obtained from equation
(8.12)). The valuecs range from 0,1 to 10,1 ppm with o mean of 2,1 ppm,
end it is recadily seen that 95% of the values are less than 6 ppm, On
this basis, it may therefore be supposed that, with 95% confidence, a
river water may be regarded as anomalous (i.e. probebly affected by
pollution) if the frec carbonic rcid excecds 6 ppun., This is in agreemcnt
with the conclusions of Ellis (1937) thnt more than 6 ppm of free carbonic
acid in rivers of the U,S.A, is usually indicative of pollution, But the
fact that the unpolluted Mpushini river shows 10,1 ppa and yet only 106%
saturation indicates that the percentrge saturation is more significant
than the concentration,

This conclusion is also reached by considering that the satur~
ation will always be high in a stream of low pH but that thc free carbonic
acid will only be high if the alkalinity is high, and conversely that at
moderate or high pH the saturation may not be significantly high although
the free carbonic acid may be high if the alkalinity is sufficiently
grent (as in the Mpushini),

The volues of Q given in Table 3B of Appendix B show that any

woter in contact with the atmosphere is saturated with carbon dioxide

. 4. M



Table 8.4

Free carbonic acid in unpolluted Fatal rivers

River Free 002, ppm
Sterk near imbleside | Lo
Illcve above Richmond 0.4
Moci above Mooi River 3.0
Karkloof at Shafton 0.9
Ingagane above hlcockspruit G
Lions near Lidgettcn 3.9
Nungwana near Nungwana Falls Qiel
Ungzni at Nagle Dam 5.4
Ungega at Unfula 1.0
White Unfolozi near Vryheid 442
Lenjene's at Lenjane's Drift 1.9
Tugela at Colenso ik 5
Sundays near Newcastle 0.9
Gogoshi nesr Mtunzini 0.4
Unveti at Bitakona 1.2
Uuafclozi at Mtubatuba 2.9
Unzinkulwnna at Baboons Castle - 0.2
Bloukrans near Colenso 1.2
Unhlanga at Trenchce 4.1
Unzinyatshana near Dundee 0.8
Isipingo near Inwnbi 1.0
Mpushini near Pietermaritzburg s o |
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when its pH value is that of the phenolphthalein end-point, i.e, when

its total alkalinity is stoicheiometrically in the form of bicarbonate

and there is no unbound carbonic acid so that a = e. Equation (8.15) also
shows this. At lower pH values the water will be supersaturated and tend
to evolve carbon dioxide to the atmosphere, at higher pH values it will be

under—saturated and tend to absorb carbon dioxide from the air,

Carbonic acid in rain and sea water

Analyses of rain and sea water are given in Table 8.5. The
former is the mean of five soot-free samples from the English Lake District
(Gorham, 1955B). The latter is a mean analysis taken from Sverdrup et al
(1942).

B

For the rain water we have = 0.040 and Ec = - 00,0042, The

e
former does not accord with the pH valze (the total alkalinity would be
zero at a pH of 5,2, so that at the tabulated pH the sample must have a
total acidity, not alkalinity). The latter is likely to be erroneous
since it contains all the accumulated analytical errors, which are
probably great in view of the low concentrations even though the analysis
fulfils the ionic balance, However, by equation (6,8) the pH value corres—
ponds to e = - 0.013. Using this, the total carbonic acid concentration
is given by (4.5) a8 1yl & 10_5 molar, which corresponds to about 150%
saturation., Supersaturation can be accounted for by the fact that rain

is formed by condensation in regions of the atwmosphere where the temper-
ature is low and the¢ solubility of carbon dioxide in water correspondingly

5

bigh (8.8 at OOC the equilibrium concentrstion is 2,4 x 10 ° molar,
instead of 1,00 x 10-5 molar at 250C). A1l the carbonic acid is in the
unbound state and will be able to act chemically upon minerals, rocks and
soils, so it is easily appreciated why rain plays such an important part
in geological westhering processes. Rivers being, as we have seen, almost
in equilibrium with atmospheric carbon dioxide, thc weathering processes
evidently consume almost all the aggressive (unbound) carbonic acid of
rain water that does not return unchanged to the atmosphere,

i
gives an ionic balance. We take e = Et since the alkalinity of sea water

For the see water e, = 2.41 and éc = 5, although the analysis

haos been determined with great accuracy by many workers. From (4.5),

using the value ¥ = 0,297 adopted in chapter 4, the total carbonic acid
=3 :

a=2,16 x 10 ©, If however, equation (8.14) is applied with this same

value of Y,.the percentage saturation with carbon dioxide works out to

T e
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about 66%. Yet it is clear that, since the pH of sea water is very close
to that of the phenolphthalein end-point, there must be almost equilibrium
between the carbon dioxide dissolved in the oceans and that of the atmos-
phere, i.e. the saturation is approximately 100%. Harvey (1928) has
suggested that sea water may be undersaturated with carbon dioxide, but
later work (summarisad by Defant, 1961) hes shown that, although slight
locr1 undersaturation or supersaturation can occur, on the whole there is
a fairly steady equilibrium state, The apparent value of 66% saturation
is in fact a false result, consequent upon using the empirical value

Y = 0,297 in an equation to which it was never intended to apply. The
incorrectness of such a procedure was pointed out at the end of chapter 4,
There is no means of dce¢termining from the available dats what value of Y

may be adopted for usc in equation (8,14),
Table 8.5

Analyses of rain and sea water

Rain water |Sea water
pH 4.9 ‘Exs
TDS, ppm b 255320
Total alkalinity, ppm C.-t—zCO3 2.0 120,3
Ca, ppm 0.2 410
Mg, ppom 0.3 1,303
Na, ppm . 10,818
K, ppm 0.2 389
SO4, ppm 15008 2,713
Cl, ppm -2 ] 19,441
§10,, ppm - 0.1

N htdun
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9. THE TITRATION CURVE

General characteristics

At this stage it will be useful to consider in more detail the
titration curve of a normal (carbonated) natural water,

Fgure 9.1 shows the ideal titration curve of a typical water
for which 2 = 10—2, plotted with pH as ordinate and total alkalinity during
titration as abscissa. The two end-point inflections occur at e = 0 and
e = a so that the horizontal separation between them is equal to the
total carbonic acid concentration, a, in this case 10_2. The actual total
alkelinity of the water in its initial state at the commencement of
titration is represented by some particular point on the curve such as
the point X, ;

The horizontal distance between this initial point X and the
methyl orange end-point is equal to the total alkalinity, e, of the water.
Meure 9,l(a) shows the situation when 0 < e < a, Figure 9.l(b) when
e > a and Figure 9,2(c) when e < 0,

These three diagrams also show that, when the total alkalinity
of the water chonges, its (ideal) titration curve remeins unaltered, The
only difference in the diagram is that the point X denoting the initial
state of the water is displaced in the appropriate dircction along the
curve, ‘

The reciprocal of the gradient of the curve at the initial
point X is a measure of the buffer capacity of the water, and this is
clearly low in the vicinity of the two end-point inflections but rcla-

tively high elsewhere.

Changes in carbonic acid content

If the total ecarbonic acid content of the water becomes changed,
the titration curve itsclf becomes altered,

In Figure 9.2 arc shown the ideal titration curves of waters
with o = 10‘2, 5 x 10'3, 2 & 10‘3, 1077 i S that, as a
decreases, the pH for a given value of e increases, the phenolphthalein
moves closer to the methyl orange end-point inflection, while the buffer
capacity in the range 0 < e < g (reciprocal gradient of the curve)
progressively decreases. Eventually the two end-point inflections

become indistinguishable, the curve then resembling that of a strong

TR e
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Total alkalinity x 102

FIGURE © 1

ldeal fiftration curves of a water

which 1s 10=2 molar in carbonic acid
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acid, In the range e < 0, however, the curve remains unaltered,

The buffer capacity, B, is defined as:

dpE

and since, in the ideal case, the pH 1s equal to - log H this may be
written:

de r
= 2 L s 90Z
B = 2.303 H - (9.2)

From equation (3.43) it follows that in the range 3.7 < pH = 9.7 we have;

! 2
e afEm & 00, X, ) k_
B = 2,303 . £ e +H+— (9.3)

) ot H
1 K
(H° + X B + 8, 2)

Here B is expressed as equivalents per litre per pH unit, For practical
purposes it is more convenicnt to express the buffer capacity as meq per

litre per pH unit, Denoting this by B we can write:

= a 9.4
B U, 541, (9.4)
where:
. 2 o o
2,303 K, BE (B + 4 K_H+ KK_)
1 2 1.3
T > > (9.5)
H 1 + K_K
(B + K, H K1K2)
U, = 2303 (H + kW/H)

Values of U1 and U2 for various pH values in the rangc 4.0 to 9,0 are
given in Table 6B of Appendix B, Activity corrections may readily be
introduced to these equations, but for the application it is intended to
make here this is unnecessary.

Table (9.1) shows the values of B for the 22 Natal rivers of
Tables 2.1 and 8,3, They show little correlation with any other property
of the water, but have a tendency to increase as the TDS increases.

According to McKee and Wolf (1963) a water is considered as
being adequately buffered to support healthy aquatic life if its pH is
between 7 and 8 and its total alkalinity at least 100 ppm as CaCOB. This
corresponds to a value of B of at lemst 0,12, 1In the following chapter
we shall see that Natal river waters should have B at least 0.10 if they

are to be successfully treated to eliminate corrosivity. The value

B = 0,10 therefore appears to be a significant one.

i |
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Kleijn (1965) has given a discussion of buffer capacity, though
he has used approximations that are dubious, water analyses that are not
in ionic balance, and assumptions as to the saturation of waters with

carbon dioxide which do not seem valid,

Pgble 9.1

Buffer ceapacities of Natal river waters

Buffgr cepacity
River B
in millimolar units
Sterk near Ambleside 0.09
Illovo above Richmond 0.03
Mooi above Mooi River 0,14
Karkloof at Shafton 0.05
Ingagane above Alcockspruit 0.04
Iions near Lidgetton 0.20
Nungwana near Nungwana Falls 0.02
Ungeni at Nagle Dam 0.25
Umgega at Umfula 0.07
White Umfolozi near Vryheid 0.26
Lenjane's at Lenjane's Drift 0.11
Tugela at Colenso 0.0S
Sundays near Newcastle 0.08
Gogoshi near Mtunzini 0.03
Umvoti at Bitakona 0.08
Umfolozi at Mtubatuba 0.17
Umzimkulwana al Baboons Castlec 0.10
Bloukrans nesr Cclenso _ U:19
Umhlanga at Trenance 0.22
Umzinyatshana near Dundce 0.21
Isipingo near Inwabi 0.07
Mpushini near Pietermaritzburg 033

Changes in TDS

In Table 9.2 are shown the calculated pH values of a 10_3 molar
solution of carbonic acid for various values of the total alkalinity under

both ideal and real conditions, in the latter case assuming ¥ = 0.800,

Tolls i s
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i.e. supposing the TDS to be about 2500 ppm.

Below e = a the real pH is a little higher than the ideal, above
e = a it is a little lower, However, the two sets of values are only
slightly different (not more than 0,3 units), so that in most practical
cases the pH may be calculated accurately enough by assuming ideality,
Differences between the ideal and real hydrion concentrations may
nevertheless be appreciable (6.2, at &= 5% 10_4 in the present case the
ideal velue of H is 4.6 x 10'7, the real value 2,9 x 10‘7), and hence also

must be those between the real and ideal values of other ionic concentrations.

Changes in watcr composition

The effects upon the titration curve of changing the composition of
the water in any way may readily be deduced from the above discussion, and

may be summarised as follows:

(a) the addition of neutral non-carbonated salts such as sodium chloride
or magnesium sulphate (provided the general equation (3.41) remains
valid) has only a second order effect on the titration curve conse-
quent upon the change induced in the activity coefficient 7,

(b) the addition of strong base or acid changes the value of the total
alkalinity e and causes the point X representing the chemical state
of the water to move along the titration curve to the right (base)
or left (acid) without msterially changing the shape of the curve,

(c) the addition of carbonic acid in general lowers the pH and causes the
titration curve to change its shape in the manner shown in Figure 9.2,
although the point X representing the¢ chemical state of the water
remains on the curve at the same value of e,

(d) the addition of a carbonate or bicarbonate (each of which may be
regarded as a mixture of base and carbonic acid) will change the
shape of the titration curve as in (c¢) and will also cause the point

X representing the chemical state of the water to move to the right,

towards larger values of e,

In general, any solute which is added to the water may, according
to Riccits (1952) concepts be regarded as the equivalent mixture of acid
and base, so that the effects on the titration curve can always be worked
out from the above principles, One special case is the addition of
aluminium sulphate, commonly used in water treatment processes, for at the

usual pH values encountered in surface waters this becomes hydrolysed to

e, f T
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Table 2

-3
Real and ideal pH values for 10

molar carbonic acid solutions

3 Ideal pH Real pH
ex 107 | y_1.000 |7¥=0.80
- 1.00 3,00 3,10
- 0.50 3,30 3.40
- 0.30 3.52 3.62
-~ 0,20 F a0 3.80
- 0,10 4.00 4.10

0.00 4,68 4.70
+0.10 5.40 5.69
+0.20 5.75 6.04
+ 0,30 5,99 6.27
+ 0.50 L 6.64
+ 0,70 6.72 7.01
+0.80 6.96 7.25
+ 0,90 i 7.60
+ 1,00 8.30 8.12
+ 1,10 9.28 9.08
+1.20 9.62 9.44
+ 1,30 9.84 9.67
+ 1,50 10,17 10.04
+ 1,80 10,43 10. 40
+ 2,00 10.5% | 10.59

insoluble aluminium hydroxide and free sulphuric acid:

AL, (so4)3 +if Bl =t AR (OH)3 J,+ 3 H, 80,

The addition of 1 mole of the salt therefore has the same effect as the

addition of 3 moles of sulphuric acid, Ferric sulphate may behave in the

Samce way:

Pe, (50,); + 6 H,0 —> 2 Fe (OH)3~J,+ 5 H, 50,

B0/ ss s
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but it may alternatively give a.basic precipitate:

Po, (50,), + 2 H,0 —> 2 Fe (0H) so4\1/+ H, 50

43 4

in which case the liberated sulphuric acid will be less than 3 moles,
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10, CORROSIVITY AND THE pH
=

Saturation pH velue

The saturation pH value (pHS) of a water is defined as the pH
value that results when, by addition or removal of carbonic acid but by no
other chemical change, the water is brought into equilibrium with solid

-calcium carbonate, -

This parameter was first introduced by Langelier (1936) in
connection with the corrosivity of water supplies, His theorstical
equation for the calculation of its valuec may be regarded as a first
approximation, since its derivetion rested upon an assumption (that H and
OH were negligibly small in comparison with other ionic concentrations)
that is not necessarily true and which was introduced at too early = stage
of the working,

. A morc rigid expression for pHS is obtainable from equation (3,43)
for a water containing carbonic acid end alkalinity under ideal conditioms.
Using (3.34) this mey be written:

. . B, (Kl s 2 K1K2)

H - Ty = G (10'1)
g K1K2

The ideal condition for the water to be in equilibrium with solid calcium

cerbonate is the ideal form of (6.25):

E. = a8 (10.2)

But (3.43) is valid only in the range 3.7 < pH < 9.7 and in this range c

2
is indistinguishable from ¢ (see Figure 3.1), Hence (10.2) mzy be written:
k. = ca, (10.3)

and insertion of this in (10.1) gives:

k
e k. (Kl B2 K1K2)
g = o KK = (10.4)

This equation expands to a quadratic in H:

2
(kCa -c K2)H = s {ee — 2 koa)H tekK,k =0 (10.5)
and will have a real root only if:

BT
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2 2
= 10,6
K2 (ec -2 kca) >4 c K2 kw (kCa c K2) ( )

This condition is not always satisfied. Provided e >0, it will certainly
be satisfied if:
2

2
10.7
K, (ea)" = d-o K,k k ( )

i.e. & 54X /c K (10.8)
w ca 2

so that there may be no solution to (10.5) if |e| and c are small in
value. In practice, this is likely to happen if the total alkalinity is
less than 5 ppm as CaCO3 and the calcium concentration less than 4 ppm as
Ca, i.e, with rain water and surface waters of extremely low TDS.

Provided the condition (10.6) is satisfied, then for all ordinary
values of e and ¢ the root of (10.5) is, by (3.8):
K- Con =7 kca)

. (10.9)
ca 2

and since ¢ K2 is always negligibly small in comparison with kca this

further reduces to:

T (me =~ 20X
q = —2 : ca (10,10)
ca

Evidently this is only of physical significance if ec > 2 kca
for otherwise it becomes negative in sign, 1In particular this requires

e > 0, s0 that no water with a pH of less than about 4 can ever be in
equilibrium with calcium carbonate. If e > 0 but is small in value,
equilibrium is only possible if the condition (10,6) is fulfilled, as we
have seen. On the other hand, if the product ec is too large, equation
(10.10) will lead to & value of H so great that it is outside the range

of validity of (3.43), i.e. pH < 3.7, and the above theorctical treatment
will fail, However, (10,10) shows that this will only occur if ec exceeds
about 2 x 10-5, which corresponds to the product A,Ca exceeding ahout
40,000, A being the total alkalinity as ppm of CaCO3 and Ca the calcium
concentration as ppm of Ca. The treatment is therefore valid for most

ordinary cases encountered in practice, since such high values are rare,

Denoting the value of H given by (10.10) as HS and correcting

BSeeis
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for non-ideality gives:

k. (s @ 78 adik 1
H o= =2 i (10.11)
s 4

e o
ca

and if pHS is defined as - log Hs Y we obtain:
H = logk = MgEK 33 log¥~ log (e = L ) {16,312}
Pg ca 2 ca

This may be written in numerical form by inserting the values of kca and

K2 and replacing e and ¢ by the practical values A and Ca:

P, = 11.34 + 3 log ¥ - log (a.ca - 20.5) (10,13)

The equation developed by Langelier (1936), whose derivation we
have criticised, gives results almost indistinguishable from those of
(10,13) in the iderl case, cxcept that whereas (10.13) leaves pH_ undefined
if A Ca Y8 < 20.5, i.,e. such a water cannot be in equilibrium with calcium
carbonate, Langelicr's equation always gives a definite value, Langelier
attempted to introduce non-ideality corrections, although in this he was
not very successful, better results being obtained later by Larson and

Buswell (1942) which numerically agree very closely with the corrections
in 0L 1S,

An approximate pH equation
Is)

If it is assumed that the alkalinity and calcium contents of a
natural water are proportional to the TDS, we can write:

2
ACa = aT (10,.14)

where a is a constant and T is the TDS in ppm. Using the average values
A =653, Ca=10,9 and T = 119 (so that ¥ = 0.946) from Table 2.1, we
have o = 5,03 x 10_2. If T is further assumed to be approximately equal
to two-thirds the electrical conductivity in micromho (see chapter 12
below), then after inserting (10,14) in fig. 1), using the above value

of ¥ and neglecting the term 20,5, we obtain:
P = 13,12 - 2 log C (10.15)
where C is the electrical conductivity in micromho at ZOOC.

In Table 10,1 are given the pH and pHS values for the Natal
rivers of Table 2,1, The pH_ was obtained from equation (10,13) using the
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Ca values of Table 2.1 but values of A corresponding to e in Table 8,3
instead of the original alkalinities (which have already been stated to
contain errors). In column 5 of Table 10,1 are given the 12:98 values
calculated from the approximate relation (18.35).

It is evident that (10.15), though a crude approximation, gives
surprisingly good results (apart from the anomalous case of the.Gogoshi),
The root mean square error of the calculated values is 0,61, so that the
95% confidence limits of accuracy for (10.15) can be set at about & 1,2,
These limits are too wide for'the equation to be of direct practical use,

On the basis of equation (10,15) it might be supposed that, for

any particular natural water, a regression equation of the form:
pH, = X - Y log C (10.16)
would exist, where X and Y are constants. Such relationships do indeed

exist, the following being examples calculated from data recorded during

some South African river surveys:
(a) Tugela river system of Natal (0liff, 1960):
pHs = 10.40 - 0.943 log C
Standard error of estimate = 0.41
(b) Umgeni river system of Natal (Schoonbee and Kemp, 1965):
pHS = 11,64 - 1.%] 1log (
Standard error of estimate = 0,46
(c) Great Berg river system of the Cape (Harrison and Elsworth, 1958):
pHS = 15,30 « 1.8% log T
Standard error of estimate = 0,20
(d) Jukskei river of the Transvaal (Allanson, 1961):
PH_ = 9.16 - 0,478 log C
Standard error of estimate = 0,17

However, these equations are clearly of little practical use,

| 7 R
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Table 10,1

Saturation pH values of Natal river waters

I Saturation | Approx.
pH pHs | index pHs by R
equation
(10.15)
sterk near Ambleside T | 979 - 2.4 9,67 0.28
Illovo above Richmond 8.2 | 9.3 - L2 9.48 0.04
Mooi above Mooi River 7.1 ] 9.54 - 2.4 9.86 0,50
Karkloof at Shafton 7.7 | 9.64 - 1.9 9.85 0.10
Ingagane above Alcockspruit 8.4 1 9.27 - 0.9 9.59 0.14
Lions near Lidgetton 3 18,13 - 1.8 9.48 0.05
Nungwana near Nungwana Falls 8.4 | 9.81 -~ 1,4 9.14 e, 275
Umgeni at Nagle Dam i 5 B . B - 2.0 9.20 879
Umgegu at Unfula 7.9 § 9.10 = TR 9.06 0.38
white Unfolozi near Vryheid 7.2 | 8.83 - 1.7 9.12 0.12
Lenjane'!s at Lenjane's Drift T30 8555 - 0.8 9,12 0.09
Tugela at Colenso 8.0 | 8.50 - 0.5 8.95 0.05
Sundays near Newcastle 8.2 | 8,53 - 0.3 8.91 0,05
Gogoshi near Mtunzini 7.8 110,84 - 3.0 8.70 4,54
Umvoti at Bitakona 8.0 8.67 - 0,7 8.64 0.42
Unfolozi at Mtubatuba FrEE BiSl - 0.5 8155 0.28
Unzimkulwana at Baboons Castle | 8,7 | 8.58 + 0.1 8.33 0,82
Bloukrans near Colenso 8.4-1 7.80 + 0.6 8,19 0.06
Umhlanga at Trenance T on L SchE + Y.2 7.88 1.e5
Umnzinyatshana near Dundee 8,6 | 7.81 T 058 8.11 0,08
Isipingo near Inwabi 8.6} B,67 - 0.7 s i 3,80
Mpushini near Pietermaritzburg | 7.5 | 7.81 - 0.3 755 0.66

Corrosivity and the pH
o

It is evident that if the pHS of a water exceeds its actual pH
value, that water will tend to dissolve calcium carbonate when it has the
opportunity. Conversely, if the pH exceeds the pHs the water is super-
saturated with calcium carbonate and will tend to deposit it out of

solution,

Langelier (1936) took the view that any water will corrode

86/.. ..
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metals, particularly iron, but that a water supersaturated with calcium
carbonate would deposit a scale of calcite upon metallic surfaces in
contact with it and so protect them from its corrosive action, He defined

the saturation index of a water as equal to (pH - pHS), so that a water

with a negative index would be potentially corrosive whilst one with a
positive index would be scale~forming and hence not corrosive. To minimise
the corrosivity of a water, on this view, it was essential to treat the
weter so that its saturation index would be just on the positive side of
zero (a markedly scalce-forming water being undesirable since it would
eventually, not corrode, but block pipes and fittings). Treatment would
involve changing the pH or pHS or both by suitable addition of lime, soda
ash, etc.

It will be seen from Table 10,1 that the waters of most Natal
rivers, according to these principles, should be counted as corrosive
(negative saturation index). The pHS tends to decrease as the TDS (or
conductivity) decreases, as cquation (10,15) predicts.

Ryznar (1944) suggested the use of the stability index, defined

as (2 pHS - pH), as a more quantitative parameter for measuring the
corrosive or scale-forming properties of waters, but this suggestion appears
to be not well founded and his observational data have been questioned,
For example, Stumm (1960) has discussed the importance of organic acids,
oxygen, chlorides, nitrates, redox potentials and other factors which can
influence corrosivity.

In this connection it is relevant to refer again to Lewin's (1960)
Observation that, in precipitation reactions, it is often necessary for
the relevant ionic product to be between 103 and lO5 times greater than the
normel solubility product value before precipitation actually occurs.
This means that the effective value of k _ must be, not 5,12 x 1077, but
between 5 x 10"6 and 5 x 1074 so that, aZiording to equation (10,13), the
effective pHS values of most waters will be from 3 to 5 units higher than
the normal calculated values, i.e. most river waters should have very great
potential corrosivity.

In place of Ryznar's stability index, Dye (1958) introduced the

momentary excess of calcium carbonate, that amount by which the calcium

carbonate concentration in an aqueous solution exceeds the theoretical
maximum as measured by the stability product, Similarly McCauley (196OA)

introduced the driving force index, the ratio of the calcium carbonate

concentration to that of the solubility product, Both these indices

a7/
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appear to be more useful than Ryznar's index (McCauley, 1960B; Dye, 1964)
and the driving force index in particular takes some account of Lewin's
comment,

However, even if the basic postulate that the dcposition of
calcite makes for protection from corrosion is correct, it by no means
follows that a positive saturation index (or corresponding valucé of the
other indices) indicates thnt a protective scale will necessarily be
formed, The deposited solid phasce could easily remain in suspension as a
turbidity or settle as a loose and non-protecting sludge. The practical
importance of pH_ in rcgerd to the corrosion of metals seems, in fact, to
have become greazly over-stressed in recent ycars, It does not seem to be
really such a fundamentally useful parameter in this connection as is
generally supposed, and clear and convincing experimental evidence of its
utility has never been produced. The fact that Langelicr (1936) himself

only claimed that his saturation index denoted a potentiality appears to

have become disregarded by leter workers, There are many waters in Natal
with large negative saturation indices which yet are used in public and
private water supplies without any especial anti-corrosion treatment but
without the appearance of any very exceptionally heavy corrosion in pipes
and fittings, so that one suspects that the connection between pHS and
the corrosion of metals is lergely illusory. Indeed, in Natal it seems
often more rensonsble to attribute cases of high corrosivity to high
chloride content rother than to pHS. However, the importance of pHS with
regard to the corrosion by waters of cement, concrete and asbestos cement
seems to be unchallengeable,

More recently (Larson and Skold, 1958; American Public Health
Association, 1965) an entirely different index of corrosivity has been

suggested, This is defined as:

. Bé+h & & + h
R = % = (20, ¥T7)

In the neutral pH range and in presence of dissolved oxygen, values of
this index less than about 0.2 are said to indicate general freedom from
corrosion to metals, whereas increasingly higher values are indicative of
more corrosive waters. The value of this index R for each of the riveré
concerned (calculated from the data of Table 8,3 is shown in the last
column of Table 10,1, Using this criterion, 10 of the 22 rivers may be

counted freec from corrosivity, although this bears very little relation

&L il
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to the indications of the saturation index.

Notes on anti-corrosion water treatment

Although we have expressed doubts as to the real worth of the
pHS in connection with corrosivity, the fact remains that anti—co?rosion
water treatment based on control of the pHS is very widely practised., It
is of intcrest, thereforc, to consider the application of our theoretical
equations to this problem,

First of all, we note that the rivers of Table 2.1 show the
following average volues: total alkelinity 65,3 ppm as CaCOB, calciun
10,9 ppm as Ca, pH value 7.85 and TDS 119 ppm (the latter corresponding to
Y = 0,946), From these velues it is readily scen that Q = 1.03, c = 1,31
and 2 = 1,35, If the TDS of this average water is supposed to become
chenged by simple dilution or concentration, the variation with the TDS of
the pH can be found from equation (3.49) in its non-ideal form and that of
the pHS from equetion (10,13). Figurc 10.1 shows how thesec two parameters
change with the TDS under the conditions supposed, and Figure 10,2 similarly
shows the corrcsponding changes in the saturetion index. The value of the
corrosion index R defined by (10.17), however, remains constant as the TDS
changes, its average value being C,46,

These variations may be taken as typical for Natal river waters
(although, of course, waters of composition different from the average will
behave somewhat differently). It is seen that the pHs progressively

" decreases as the TDS rises, the pH is almost unchanged, while the saturat-
ion index has negative values at low TDS and rises to approach the value
+ 1,0 at high TDS, becoming zero at a TDS of about 300 ppm, i.e., according’
to the Langelier hypothesis the water is potentially corrosive at low TDS
but scale-forming at high TDS, This of course does not mean that the
saturation index of a water may be raised merely by increasing the TDS
(e.g. by adding sodium chloride), for the addition of salts in this way
would so change the chemical composition of the water that Figures 10.1
and 10.2 would no longer apply.

Clearly a scale-forming water can be made stable, i,e. gzero
saturation index, by any treatment that will reduce the pH and/or increase
the pHS. Both these effects may be achieved by the addition of acids, and
in practice the water can be stabilised by gassing it with carbon dioxide
or by dosing it with sulphuric or hydrochloric acid, Since most river

waters of Natal (at least, most of those used as water supplies) have
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negative saturation indices, as shown by Table 10,1, this problem does not
usually arise in this Province,

The more common waters with negative saturation index can simi-
larly be stabilised by any trcatment that will raisc the pH and/or decrease
the pHS. Dosing with bases or soluble carbonates or bicarbonatés will have
the desired effect, but the most efficient treatment is dosing with lime
(calcium hydroxide, Ca (OH)Z) since this increases the pH and lowcrs the
pHS by a double action (increase of alkalinity and of calcium content -
see equation (10,13)).

A useful technique (Hoover, 1938; Cox, 1964) in working out a
possible treatment is to stir excess powdered calcium carbonate into a
somple of the raw water until equilibrium is attained (this normally is a
motter of o few minutes, and can be checked by snalysis since at equilibrium
the pH and pHS must be equal). The required lime dose will be approximately
that which is necessary to produce in the raw water the samec total alka-
linity or the samc pH as after the calcium carbonate treatment (the
addition of celcium carbonate necessarily changes the total carbonic acid
content of the water whilst the addition of lime does not so that the lime
dosv is only approximated by this technique, but the discrepancy cannot be
great unless the lime dose is large). The actual dose can therefore be

established by trial or obtained from the simple relation:

Lime dose (ppm) = (a, - Ar) £ 0574 (10.18)

t

where At is the olkalinity of the sample after calcium carbonate and A
T

that of thc raw water, both cxpressed as ppm of CaCO Where A_ excceds
T

3

At the raw water is scale-forming and can be dosed with sulphuric acid,

the approximate dose being obtained in similar fashion:

Sulphuric acid dose (ppm) = (Ar - At) ‘ (10.19)

The theoretical calculation of the lime dose necessary for a
water with a negative saturation index is not simple becrause of the compli-
cated mathematical forms of the equations involved. 1In outline, it may be
accomplished approximately, as follows., Let x ppm be the amount of lime
added. The zlkalinity of the treated water then becomes (A + 1.35 x) ppo
CaCO3 and the calcium content (Ca + 0,541 x) ppm, where A and Ca are the
values in the raw water. On the assumption that the dosing does not

materially change the TDS and hence leaves ¥ at its raw water value, the
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pH_ of the treated water can be found from equation (10,13) and the pH
value from the non-ideal form of th. relevant one of equations (3.49) -
(3.51), If these results for various values of x are plottecd, the value
of x fdr which pH = pHS can be found and will be the required limc dose,
The value of the pH at this velue will be that of the treated water,

When this procedure is applicd to thce "average Natal river woater!
discussed above it is found that the pH 2t which, by treatment with lime,
the water is stabilised varies with the TDS as shown in Figure 10,3,
Clearly, waters of low TDS are only stabilised at high pH levels,

This gives risc to practicel difficulties, Accepted standards
for drinking water (World Henlth Org-nisction, 1963) specify that the pH
value should not exceed 8,5, while Figure 10,3 shows thst, in genersl, -
raw weter with 2 TDS less thon about 100 ppm cannot be stebilised with
lipe and meet this stendnrd. Similar calculations show that the use of
soda ash instend of lime gives almost identical results, Further, the use
of a calcium salt, such as calcium chloride, instead of lime can be shown
to require such extremely laorge doses as to be quite impracticable,

Evidently the difficulty with low TDS water arises from their
low buffering power, which means that the pH value becomes raised by the
addition of lime or soda ash to a much greater extent that the pHS becomes
lowered. It is readily shown that, at a TDS of 100 ppm the average Natal
river water has a buffer capacity B of 0.10, as has already been mentioned
in chapter 9.

There appears to be only one means of stabilising a water of low
DS and yet leaving its pH reasonably low, This is by adding excess lime
to bring the pHs to below 8,5 and then adding sulphuric acid or gassing

with carbon dioxide until the pH is reduced to the same level as the pH
s

The second stage of this process will cause a small increase in the PHL,
S

and this should be allowed for in the initial lime dose. But even this
treatment may well fail if the TDS is too low,

The lime dose required to produce a given pHS in this lime-acid
treatment can be obtained approximately from equation (10,13), Assuming
¥ to have the average value 0,946, letting A and Ca denote their values
in the raw water and pHS the desired value after adding x ppm of lime,

that equation may be written first as:

PE_ = 11.46 - log (A + 1.35 z) (Ca + 0.541 x) (10.20)
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and then as:

(A + 1.35 x) (Ca + 0.541 x ) = antilog (11.46 - pHS) = X
(10.21)
This is a simple quadratic in x whose solution, after introducing some
numerical approximations which do not materially affect the result, may
be written:
2

x=,/ |2 (0.54+1.4 1T L Tk (TS e 2 (0.5 4+ 1.4 a)

L (10,22)

J—

If sulphuric acid is used in the second stage of the process,
the necessary dose may be found by trial or obtained from the calculated '
(ideal) titration curve of the limed water. A considerable simplification*
arises 1f the final values of pH = pHS can be chosen equal to the initial
pH of the raw water, The necessary sulphuric acid dose is then given

very closely by:
Sulphuric acid dose (ppm) = 1.35 x (10.23)

It should be remembered that most rew waters need treatment to
remove suspended solids. This commonly entails flocculation by the
addition of aluminium sulphate and lime, and the treatment will always have
some effect on the pH and pHS. The "raw woter" considered in the design of
pHS correction trestmecnts should thereforc be taken as the water after the
addition of the flocculation reagents. Often the two processes, floccu-
lation and pHS correction, can be combined into one,

In view of the considerable expense of any form of pHs corrcction,
it is clear that the whole subject of pHS and corrosivity necds further
fundamental investigation in order that its many doubtful aspects can be

clarified,

*
Alternatively, if pH = pHS is chosen equal to 8.3, the sulphuric

acid dose will be that needed to reduce the value of e for the
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Bl HARDNESS

Terminology

Historicslly, the hardness of a water was a paremeter designed
to measure the soap-destroying powers of the watcr and was early shown to
be related to the calcium and magnesium concentrations, It is a matter of
elementary chemistry that dissolved calcium and magnesium salts react with
the soluble sodium (or potassium) compounds that constitute soap to form

insoluble substances by a simple process of double decomposition:
B X 2 (He soap) R iete (05 soap) + Na2 X
and the detergent powers of the soap are not manifest until such reactions

have first removed most of the dissolved calcium and magnesium salts,

Total hardness may therefore be unambiguously defined as the sum of the

calcium and magnesium concentrations in the water, expressed in any
convenient units,

Metals such as iron, aluminium, mangsnese, strontium and zinc can
also give rise to the precipitstion of soap, but these do not usually occur
in appreciable concentrations in natural waters and so need not be consider-
ed here, |

Heating any water where 0 < e < 2a expels carbonic acid, convcrts
dissolved bicarbonates to carbonates and causes the pH to rise, Some or
all of the total hardness may thereby be caused to precipitate as a sludge
or scale of insoluble calcium and magnesium compounds, The total hardness
will thus be rcduced, and that part of it which is so removable by heating

is termed the temporary hardness. The remainder, which is not removable

in this way, is termed the permanent hardness.

Confining our attention to dissolved calcium and magnesiunm only,

if the total hardness in eguivalents per litre is donoted by i it is clear
that:-

i=2(¢ +m (11.1)

In practical units the total hardness is usually expressed as ppm of

CaCOB. If T is the total hardness in these units, then:
5 -
I=10 (c+m) =100 (¢ + ) (11,2)
Since the total alkalinity of the water in equivalents per litre is

W e
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defined by (3.42) as:
e=2c+2m+n+p=-2s-h {13.3)
we can write:
e=1i+z (11.4)
where z 1s defined as:
z=n+p=-2s-h (11,5)

The quantity z may be termed the soda alkslinity of the water, In practi-

cal units -of pmeaCO3 its value will be:
Z2=4-1 (11.6)
Clearly two distinect possibilitics arisec:

&) =>0

The sods alkalinity will be a true net alkalinity, and in an

ordinary water containing carbonic ancid it will be stoicheiometrically
combined to form bicarbonates or carbonates., When carbonic acid is
driven off from such a weter, the bicarbonates will be converted to.
carbonates and the pH raised so that calcium and magnesium compounds
nay be precipitated. The precipitation will not necesserily be
couplete because of the small but definite solubilities of the proci-
pitoted substances, c¢.g. Taylor (1958) states that, on an average,
ebout 20 ppa of the total hrrdness cxpressed as CaCO3 remains in
solution, Converscly; if the initial calcium and magnesium concen-
trations are less then these values, no precipitation can occur at
all, 1In generel, then, waters of this type will have temporary
hordness and & small permonent hardness, but there will be sone
instances (mainly wcters of low TDS) where the hardness must be

counted as wholly permanent,

{(b) <O

The soda alkalinity now has a negntive value and is strictly a net
acidity. Any calcium and magnesium that are present will therefore
be combined partly with this net acidity as sulphates and chlorides,
and partly with the carbonic acid as bicarbonates and carbonates.

It is therefore possible to distinguish between non-carbonic hardness

and carbonic hardness, The former will be equal to —z equivalents

per litre or (I - A) ppn of CaCOB, the latter will be equal to

7. VR
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i + z = e equivalents per litre or A ppm of CaCO (for a water

where z > 0, the total hardness will be wholly o? the carbonic type
and the non-carbonic hardness will be zero). A water with z <0 will
also increase in pH when carbonic acid is removed from it, and the
precipitation of calcium and magnesium compounds may therefore occur
just as in the previous case, i.e. the water will usually show
teuporary hardness and will always show permanent hardness, However,
the proportion of combined carbonic acid in this water is necessarily
less, relative to the total hardness, It would therefore bec expected
that the loss of carbonic acid would not have such cextensive conse-
quences, i.e, the weter of this typec would in general have a greater

permanent hardness,

What we have above tormed the "carbonic hardness" is rcferred to
by other authors, e.g, Nordell (1951), as the "bicarbonate" or "carbonate"
hardness, or even the "temporary" hardness. Similarly what we have termed
the "non-carbonic hardness" is alternatively t.rmed the "non-carbonate® or
e€ven "permanent® hardness, The terms "bicarbonate", "carbonate" and 'mon-
carbonate" arc confusing when so used, while it is clear that to define
"temporary" and "permanent" hardness in this way bears no relation to the
original meaning of these tcrms., In the present work, for the sake of
logic and consistency, we shall adhere to the original meanings of temporary
and permancnt hardness and usc the additional names as we have introducecd

them above, viz:
soda alkalinity ZAR— | =t e
carbonic hardness i or T provided z > 0; otherwise the balance

of the hordness

non-carbonic hardness -z =i - & 0r = Z =1 ~ A provided z < Qg
otkerwise zero,

Determination of temporary hordness

The analytical procedure for the determination of temporary
hardness (sce Vogel, 1951) is simple in principle, A sample of the water
is boiled, toking care to minimise evaporation losses, allowed to cool,
and filterced., The total hardness of the filtrate is then detcrmined, e.8,
by versenate titration., The result is the permanent hardness of the
water, The temporary hardness is then found by subtracting this value

from the separetely determined total hardness of the original water,

) QAT
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The procedure is liable to many errors, arising for example
from evaporation losses, uptake of carbon dioxide during cooling and lack
of equilibrium between the solid and aqueous phases at the time of filtra-
tion, Also it seems doubtful whether the results can have much direct
practical application since the physical conditions of the determination
are not very closely related to those of prasctical water cngineering,
e.g. the conditions within a domestic water heater where the possible
deposition of scale could present problems of maejor importance. Filtering
the boiled sample while hot would give rather different analytical results
and would b¢ more closely relevant to many practical applications, although
it would probably introduce additional experimental errors,

It seems to be because of objections of this kind that the
analytical determination of temporary hardncss, according to its original

definition, is largely omitted nowadays as a routine procedure.

Calculation of the temporary and permanent hardnesses

To attempt the theoretical calculation of the temporary and
permanent hardnesses of a water, as defincd above, is an extremely diffi-
cult task which, as far as is known, hes not been attempted hitherto,

The faet that the aenalytical determination of temporary hardness
involves the cold filtration of the boiled woter sample means that, for
purposcs of calculetion, we necd only know the values of the various
dissociation and solubility constants at room temperature, Otherwise, in
the absence of knowledge of their values nesr the boiling point, calcu-
1ation would not be possible,

Although the water is boiled during the experimental procedure,
this serves only to remove ecxcess carbonic acid, In a theoretical treat-
ment we may picture the removel as proceeding at room temperature, i.e.
we merely supposc the concentration a to decrease progressively until
bicarbonntes are converted to carbonates so that a = + e, The pH is
thereby increased,

The hydrion concentretion at a = + ¢ is given ideally by
equation (3,52) provided the caleium and magnesium concentrations are not
appreciable, This condition is most probably not satisfied closely
enough for the applicntion we are now attempting and for accurate results
we should therefore use, not (3.52) which is itself a special solution
of (3.41), but a form of the more general equation (3.40). This,

however, is too cumbcrsome for caesy manipulation and we heve no choice
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but to use (3.52). OQur trectment cannot thercfore be very accurate, but it
should certainly provide a correct quelitative picture of the herdness
properties of ordinnry waters,

Since the results will not be quantitetively exact, we may

further simplify matters by cssuming ideal conditions (Y = l,OOO).

When o = + e, the water may deposit megnesium and calcium

hydroxide¢s and carbonates, provided certrin conditions are fulfilled,
Thesc conditions arisc from the solubility product relations (6,18),
(6.24), (6.25) and (6,30) and, by the use of (3.25) and (3.24), may be

written:

k. # e +F B
o ™ W L1 (11.7)

for MHg(0H),

1 B
for Ca(OH), | >>kc B (k +K, H) (11.8)
ol
W Cc
k (k +K H) (H2 +E Be ik
for Mg0, . ma ‘w  'm i T (11.9)
3 sk XK. K H
el
k (k. + K ‘H) (H2 £ Wi B
for CaCO3 o > =La W £ 1 12 (11.10)
sk & E
L2 e

The calculated limiting values which must be excecded before these com-
pounds precipitate are therefore as shown in Teble 11,1 for various values
of a, UFrom these results it may be deduced that magnesiurn hydroxide will
be precipitated from nost waters, calcium hydroxide will not usually be
precipitated, magnesium carbonate mey be precipiteted from waters of very
high TDS (above about 2000 ppm) and calcium carbonate will be precipitated
fron most watcrs,

Hence, if we consider nornal surface watcrs with TDS below
2000 ppm, we need only be concerned with the precipitation of magnesiun
hydroxide ond calcium carbonate,

We therefore suppose that such a water is changed in composition
in two stages. First, carbonic acid is removed until a = + e. Second,
the precipitation of magnesium hydroxide and/or calciur carbonate occurs

until equilibrium is extablished. 1In this seacond stage, each mole of

a7/
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precipitate that is formed corresponds wo one additional mole of carbonic
acid becoming lost, either to the atmosphere as carbon dioxide or to the
501id phase in chemical combination:

2+ - [ /T\

o A L
Mg & co3 + H0 Mg(Oﬂ)2\/ + €O,

2+ 2= |
(4] + CO = EE00:
3 . o

At the same time there is a correspending decreasc in the total alkalinity,
so that thc condition a = 5 e is always maintained during this stage of
the process, As précipitation occurs the pH must fall, consequent upon
the simultanecous decrense in a, as shown in Table 11,1, and this will
continue until the cquilibrium valucs of m and ¢ are reached., The whole
process will then stop.

Table 11,1

Limiting values of m and ¢ at

various values of a

o ow | et SEEEREIT R e
2 z i .
W Y13 1,13 = 16~ Wl 13:63 2.87 x 10 | 6,20 x 107"
1070 10.56 | 1.17 x 104 | 405 x 10 | 5 g4 & 1072 8,29 x 1077
100 9,87 | 2.58 x 1077 | 962 x 10° 6.50 x 107" | 2,00 x 107*
107 8.98 | 1.50 x 1071 | T8 x 102 3.81 x 10 1.20 = 167°
10°  8.00 | 1.33 x 10 2226 x10° | 5 0021200 |11

Three cases in general are possible:

(a) Both Mg(OH)Cfand CaCO__are precipitated
)
Let e' be the final alkalinity of the water. The final concentration
of total carbonic acid is then a' = + e! and the final concentration
of hydrions is given by equation (3.52), The final magnesium and
calcium concentrations are then, from (11,7) and (11,10):
k HE (k& +X H)
St W il
m' = - L, 1)

k X
w m

2
2 k (o I H
i ca ( W (@ ) ( 2 Kl d + K1K2) : : \
e' K. K. X H (11.12)
172 ¢
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These relations yield the values shown in Table 11,2 over the

range of e' of greatest interest.

Table 11.2

Bguilibrium concentrations as functions of e!

e! m! c! H pH
1072 2,14 x 10™° | .30 x 107 Vo8 s 107 | 20,87
82107 | 2.66 r 102 |5 60 % 107 1.22 x 107 | 1091
6x107° | 3,55 x 1072 | 2,25 2 10° | 1,44 x 107 | 10.84
431107 | 5,40 x 107 3,61 x 107 1,81 x 1071 | 120,74
P Ia | 106 z 0" e st § ate x 102 10,56
107> 2,67 x 1007 | 1.98 x 207 | 4.25 x 1071 | 10.37
8x10°%| 3.55 2 107% | 2.64 x 10~ T et T
6x107% | 5.19 x 107 | 3.91 x 107 | 6.00 x 1071} | 10.22
4 x 107 9.14 x 107 | 6.96 x 107> 8,01 x 101t 10,10
221074 | 2.57 x 107 2.00 x 1077 | 1,36 £ 1070 | 9.87
1074 8.01 x 2072 | 6,31 2:36°" | 2.4t x 36720 9.62

In this range, it is found that log m', log c¢' and log H can be

represented very closely as linear functions of log e', thus:

logm! = « 7,5667 ~ 4/3 log e! (12.13)
log ¢' = - 8,5499 ~ 4/3 log e! (11.14)
log H = - 12,4539 - 2/3 log e - (12,15)

By subtraction, it is readily found from these relations that:

n'= 9,62 ot (11.16)
From (11.3) and (11.5):

' w2 el + 2 ml.9 = EREAT)

where z is the soda alkalinity, positive or negative and the same

in the final as in the initial state, Inserting (11,16):
et'=21,2 gl 4= (11.18)
and on substituting this in (11.14) we obtain:

log ¢! = -~ 8,5499 - 4/3 log (212 et 4 2) (11,19)

9/.....
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which, in terms of millimolar units, may be written:
log o' = - 1,5499 - 4/3 tog {22, 2:¢* + 2) (11.20)

Values of ¢! which satisfy this for various values of z (found by a
graphical solution) are as in Table 11,3, By plotting these valucs
of ¢! against z as independent variable, the valuc of ¢! for any
particuler case can be rcad off and the corresponding value of m'

may be found from (11,16) in the form:
m' = 9,62 ¢! (11.21)

The permanent hardness of the water will thus be, in milliequivalents

per litre:
5h = ot domille BHHT B (31.28)
or, in ppm of CaCOB:
P, = 1062 c! (11.23)
and the temporary hardness, as ppm of CaCO3 will be:
= - 1L, 2
T, I B (11.24)

Only CaCO_ is precipitated

Woen the ;orking for the previous case (a) is applied to a water
which precipitates calcium carbonate but not magnesium hydroxide,
it necessarily ensues that the velue calculated for ' exceeds tho
value of m in the original water, In such a case the final alka-

linity of the water must be, not that given by (11,17), but rather:

BT = 2¢f £ 2@+ B (11.25)
Equation (11.19) must therefore now be replaced by:

log ¢' = - 8,5499 - 4/3 log (2¢! + 2 m + ) (11,26)
which may be written:

log ¢! = - 1.5499 - 4/3 log (Z¢€' + 224+ 8) {11.2%)

Values of ¢! which satisfy this for various values of (2 m + E),
again obtained by graphical solution, are as in Table 11,4, and a

plot of these against (2 m + z) may be used to find the value of c!

in any given case,
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The permenent hardness, in ppm of CaCO3 will now be:

P, = 100 (' + m) (11,28)

and the temporary hardness is obtainable as before from (11.24).

Table 115

solutions of equation (11,20)

3 5 g
z c'

+ 2.0 0,0098

+ 1.0 0.0183
0.0 0.0380

- 1.0 0.0700

- 2.0 0.1112

Teble 11.4

Solutions of equation 53 )

(2 0+ %) ¢!
2,0 0.0105
4.0 0.0258

0.0 0.1458
- 1.0 0.553%0
. 1.0338 AJ

No precipitation

In this case, not only will n' as calculated in (a) exceed 5, but

also ¢' as calculated in (b) will exceed ¢, The permament hardness

is now equal to the total hardness and there is no temporary

hardness,

Hardness in Natal rivers

It is convenient at this stage to consider the hardnesses of the

Natal rivers of Table 2,1, Out of these 22 rivers, 3 have non~carbonic

hardness (Nungwana, Umhlanga and Isipingo) and 4 have no temporary hardness

(sterk, Karkloof, Nungwana and Gogoshi), as shown by the calculated

results given in Table 11.5 which are obtained by the procedure described

RO e
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Results cf hardness calculations for the rivers of Table 2,1

s CRCO3 prizE;Iizzgd Ias | Ty as | p,
R4 78 5 izDiém Tc?a} j Total Soda. Permanent | Temporary % of | % of ;Eal
alkalinity* | hardness alkalinity | hardness hardness CaCO3 Mg(OH)2 TDS I
A I Z Ph Ty

Sterk 4 23 17 6 17 0 - - 42 0 10.23
Illovo 41 28 21 . 17 4 + - 51 19 10.24
Mooi 42 20 20 0 19 1 + - 48 5 10,17
Karklcof 42 24 16 8 16 0 - - 38 0 10,24
Ingagane 49 -5 31 12 16 5 - - 43 24 10.28
Lions 59 41 iR 10 22 9 + - 53 29 10,32
Fungwana 60 [y 20 - 5 20 0 - - 33 0 10,14
Ungeni 69 36 29 7 21 8 + — 42 8 10.28
Ungegu i 44 30 14 22 8 + - 39 27 10.3%6
White Umfolozi 78 44 37 T -l 16 + - 47 43 10,28
Lenjane's 81 63 55 8 29 26 + - 68 47 10,37
Tugela 85 69 57 12 29 28 - 67 49 10.40
Sundays - it 58 19 ¥e 26 + + 61 45 10,46
Gogoshi 108 14 10 4 10 0 - - 93 0 10,08
Unvoti 116 64 47 4 26 21 - - 4l 45 10.41
Unfelozi 136 99 74 25 29 45 + + 54 61 10.47
Unzimkulwana 143 fds €9 2 39 30 + + 48 a4 10,40
Bloukrans 191 168 153 35 25 108 + + 70 81 1Q:51
Unhlanga 213 71 76 -5 43 33 + + 36 43 10,37
Umzinyatshana 232 188 153 35 25 128 + + 66 34 10.51
Isipingo 320 66 99 33 60 59 + 4 31| 39 | 10.27
Mpushini 332 173 157 16 33 i24 + 47 79 10.45

* Accords with the value of e in Table 8.3.
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above, The absence of temporary hardness from the Gogoshi is clearly
due to its anomalous chemical composition, most of its TDS comprising
sodium chloride; in the other instances it is a result of the low TDS.
The fallacy involved in teking the non-carbonic hardness (zero except
in the three named cases) as representing the permanent hardness is
clearly shown by the tsbulated data.

The total hardnesses range from 10 to 157 ppm as CaCO3 or from
31 to 93% of the TDS, but in no systematic manner. No water with TDS less
than 95 ppm shows temporary hardness due to the precipitation of magnesium
hydroxide, and no water with TDS less than this shows a temporary hardness

exceeding 28 ppm as CaC0, or 49% of the total hardness., At higher levels

of TDS, however, temporaiy hardnesses up to 84% of the total hardness
occur, although it is notable that the two rivers in this TDS range with
non-carbonic hardness (Umhlanga and Isipingo) each have a temporary hard-
ness of only 30 -~ 40% of the total, i.e. much lower than the other rivers
of about the same TDS.

& classification of waters according to total hardness has been

given by the British Ministry of Health and is quoted by Klein (1957):

Total hardness as

BEE.QQQQB Description
0 - 50 Soft
50 - 100 Moderately soft
100 - 150 Slightly hard
150 -~ 200 Moderately hard
200 - 300 Hard
> 300 Very hard

The waters of Table 11.5 mostly fall in the soft to slightly hard groups,
Taking these rivers as representative of Natal rivers in general,

it therefore appears that we can divide their waters into two main groups:

(a) those with TDS below about 100 ppm, which usually are soft to moder—
ately soft, do not have temporary hardness due to magnesium hydroxide
and whose temporary hardnesses never exceed 50% of the total hardness

or 30 ppm as CaCOB; often the temporary hardness in this group is

zero,

(b) those with TDS above 100 ppm, which are usually slightly to very hard

J
may show temporary hardnesses exceeding 50% of the total (unless

WOR/; i ves
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they possess non-carbonic hardness) and usually have temporary

hardness due to both calcium carbonate and magnesium hydroxide.

It is interesting that the 100 ppm limit for TDS is the same
value that we have suggested as "critical"™ in relation to buffer capacity
(chapter 9) and enti-corrosion water treatment (chapter 10).

For any water, the pH value after precipitation of the temporary
hardness by removal of carbonic acid is given approximately by cquation

(11.15) in the form:
b = 9.32 + °/3 log A" (11.29)

where A!' is the final alkalinity in ppm of CaC0, and is equal to (z+P

p- h)'
For the 22 Natal rivers these final pH values are shown in the last column
of Table 11,5 and range from about 10,1 to 10,5, but experience shows that

they are not reliable, being 1 - 2 units too high,

Errors of the calculations

Errors in the theoretical treatment given above arise from two
sources: (a) the assumption of ideality and (b) the use of a form of
equation (3.41) probably outside its pH range of applicability, It is
virtually impossible to estimate quantitatively the effects of these two,
except to say that (b) cannot be very important since the coefficients of
¢ and m in the most general equation (3.40) do not depart greatly from
2.00 except at relatively high pH valuss,

In Appendix D are given some results which show that the ideal
calculations are fairly well confirmed by actual experiment, Discrepan-—
_cies appear to arise, however, for waters of very high magnesium content
(50 ppn and more), Since such weters are not common, in Natal at least,
whenever the TDS is reasonably low, it therefore appears that the calcu-
lations can satisfactorily be applied to most waters which have any
potential domestic or industrial use, i.e, to most waters for which the

calculations are ever likely to be of importance,

Variation of hardness with TDS

It is clear that a water can show no temporary hardness if its
TDS is too low, since the calcium and magnesium concentrations will be
less that their equilibrium values at a = + e and no precipitation will
ensue., It is also clear, since the molar equilibrium concentration of

magnesium is about ten times that of calcium although the molar megnesium

4057 v s
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and calcium concecntrations in most surface waters are of the same order
of magnitude (sce Table 2.1), that ths deposition of temporary hardness
always involves the precipitation of csolecium carbonate but only that of
magnesium hydroxide if the TDS of thc water is suificiently great.

If a water is supposed to increase steadily in TDS through
simple concentration, without any other change of chemical composition,
the variation of the temporary and permanent hardnesses will show some

interesting features., There are three cases to consider:

(a)

(b)

oW

In this case the data of Table 11.% show that, once the TDS is
sufficiently high for both celcium carbonate and magnesium hydroxide
to precipitate together., the permanent hardness remains constant at

38 ppm of CaCO This behaviour is shown schematically in Figure

TN IR - The3temporary hardness, at increasing TDS, approaches 100%
of the total hardness, but can never actually attain this level
because of the persisting 38 ppm of permanent hardness.

2>

Here, once the TDS is sufficiently high, thg permenent hardness
decreases as the TDS increases, as in Figure ll.l(b). The tempora
hardness, s a percentage of the total, therefore climbs more rapidly
than in the preceecding case as the TDS continues to rise and earlier

approaches more closely to the 100% level,

Z2<0

The permanent hardness now increases as the TDS increases, as in
Figure 11,1(c). As n percentage of the total, the temporary hardness
rises very slowly with increasing TDS (it may even show a maximum
under certain circumstances) and eventually tends to a limit well

below 100%,

Figure 11,2 shows the three corresponding forms of the¢ veriation

with TDS of the temporary hardness as percent of the total. Note that in

cach case there is a range of TDS where the temporary hardness is zero,

then a range over which only calcium carbonate is precipitated, Bach curve

then shows a discontinuity and continues with a different gradient as

magnesium hydroxide commences to deposit as well.

The anomalous characteristics of the waters of the Umhlanga and

Isipingo rivers, noted above, are now understandable as a consequerice of

their possessing non-carbonic hardness (case te), &= 0).

iy, O
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Note on the cold lime-soda process

One extensively used method of water softening which depends
upon the above theoretical principles (although textbooks often give a
quite inadequate theoretical explanation)’is the cold lime-soda process.
This consists of thc addition of lime (calcium hydroxide) to the water
being treated so that the pH is raised and the following reactions are

induced:

Ca (0B), —> Bt lBnE

OH + HCO3 a— CO3 + H20

Gy 0032'-——+> CaCOB\L

The net result of these is:

2+ -
ﬁ, >
Ca (OH)2 4 Oa 2 Hco3 —_— P CaCOB\/ + H20

so that most of the calcium already present as well as all that added in
the lime can usually be precipitated. Addition of still more lime then
causes the pH to rise still further until the additional reaction:

Wg=t + o0 ——> g (OH)Q$
is also induced, The net result of all four induccd reactions is then:

= 2

2 Ca (OH), + 2 HCO™ + Mg —> CaCOB\L + Mg (OH)Z\L + 2 B0

3

so that most of the original magnesium may now be removed without increasc
of the calcium content, The addition of lime thus results in a decrease
of the total hardness.

When sufficient lime hns been added, dosing with soda ash (sodium
carbonate) may follow, if considered neccessary, This supplies further

arbonate icns so that a further precipitation of calcium carbonate may

result.

The final product is a clear water with a reduced total hardness
(silt, organic matter, iron and manganese also being removed, as well as
many bacteria) and a pH of anything up to about 11 (which can later be
reduced if necessary by carbonation), In principle the doses required and
the composition of the treated water can be calculated approximately by
theoretical methods similar to those used above for hardness calculations,

but in practice the process is prone to involve delayed or partial

1315 S,
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precipitation so that on empirical approach is always necessary.

Detrils of the technology of the process have been given by
Nordell (1951), Taylor (1958) and the Americen Woter Works Associction
(1951) =mong others, including consideration of vorious after-treatment
processes designed to correct the final high pH and to prevent the slow
.subsequent formation of precipitates from supersaturated solutions, It
cppears thet, by using a lime dose chemically cquivnlent to about 1F times
the carbonic hardness (i.c. 106 ppm of lime per 100 ppm of carbonic
hardness as CaCO3), this form of hardness moy be reduced to about 30 ppn
as CaCOB. About 10% of the magnecsium will be precipitated, the rest of
the reduction being due to precipitetion of calcium corbonate., By using
a soda ash dose cherdcally equivalent to about half the non-carbonic hard-
ness (i.e. 53 ppr of soda ash per 100 ppu of non~carbonic herdness as
CaCOB), this form of hardness mny also be appreciably reduced, These are
empirical findings which must be experimentrlly checked in every case, and
it must be borne in mind thst results obtained on the works scale nay,
because of supersaturation and delayed precipitstion, be quite different

from thosc obtained in the laboratory.

106/-0-00
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PART III  RIVERS OF NATAL

12, THI; PHYSIOGRAPHY OF RIVERS

Physiographic zonetion

The course of any river is mainly controlled by the topography
of the country over which it flows, since it will usually follow the path
of steepest descent from its source te the sea (the exceptions to this
comprise those cases where the course was initiated by an ancient topography
which has subsequently changed). However, as soon as it starts to flow the
river commences to erode the soil or rock over which it passes, rapidly
cutting a bed or channel for itself and, in the course of geological time,
even causing marked alterations in the topography of its catchment area.
The moving water carries with it a certain amount of solid matter, either
small rock particles in suspension or larger bodies (sand grains, pebbles
or even boulders) which it rolls along the river bed, Where the water runs
rapidly, the load of solid material that it transports is large and acts as
a rasp to erode thc bed still more, Where the watcr runs slowly the load
of solids is small and instead of erosion there is a deposition of the
surplus solid matter which the water can no longer carry, so that pebble
beds, sand banks, etc. are built up,

Usually the source of the river lies in mountainous or hilly
country where the topography is onc of steecp slopes. Though streams hcre
may not be large in size, the current speeds arc great so that erosion
proceeds apace,

Often, before recaching the sea, the river flows across a coastal
plain of almost level country. Here, though the river may be of major size,
its current specd will be low so that much solid material is deposited and
that in such a way as to divert the water and cause it to meander in a
slowly changing course across a flat flood plain,

The curve which results when the distance of each point along
the course of the river from its source is plotted against altitude is the
profile of the river, end the river is said to be of a certain age accord-
ing to the cheracteristics of its profile,

The profile of a typicol meture river is shown in Figure 12.1,

It is convenient to divide this into four zones, each of which has different
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physiographic charccteristics from the others. Close to the source is the
alpine zone‘or region of mountsin streams, and this is followad by the

torrential zone or region of most ropid descent. Erosion occurs predomi-

nantly in these zones, As the descent becomes less rapid the foothill zone

occurs and here, where the current speed is less, there is a balance

between srosion and deposition. Following this comes the floodplain gzoneg,

the region of slowest descent where the water is no longer confined between
banks and deposition occurs predominantly, The lowest reaches of this
zone, where the water level rises ond falls with the tide and where the
freshwater of the river becomes mixed with the salt water of the sea,
constitute the estuary,

With a young river, the floodplain and perhaps the foothill zone
is missing and over the whole course erosion procceds rapidly, As the
river comes to maturity = floodplain zone develops and grows, and as it
passes into old age the alpine and then the torrential zone becomes
smaller and disappears as erosion scours away thc mountains and levels the
topography.

Differentiel movements of the sea and land surfaces in geological
time can cause changes in the profile so that an old river can become
rejuvenated or a young one prematurely aged., Again, a river may show a
repetition of some of its zones, e.g. the foothill zone may lic on an
elevated platenu an! hence be followed by another torrential zone as the
woter runs over the edge of the plateau.

The zonation of a river is usually regarded as of particuler
importance to the hydrobiologist since differences of =ltitude (hence of
temperature), current speed, load of solids and nature of the river bed
presumably markedly influence the flora and fauna of the water so that the
species inhabiting one zone are quite diffcrent from those found in another,
However, results obtained by Schoonbee (1964) during a hydrobiological
study of the Umgeni river have suggested that these effects are sometimes
not so pronounced as is often supposed,

River zonation in Natal is usually more complex than elsewhere,
The Province is bounded inland by the Drakensberg escarpment, and from
there the ground falls away to thc coast in a series of erosion terraces.
Most of the rivers that reach the sea course through narrow gorge-~like
valleys cut into rugged country in their lower portions, although higher
up they flow with low gradient over open rolling country and there show

ox~-bows and meanders, This is a consequence of the Natal Monocline, an

A2



-108-

extensive downwards flexure towards the coast of the otherwise almost
horizontally bedded rock strata, along an axis running roughly parallel to
the coast (King,'l951). The rivers have thus beer’ rejuvenated - the
floodplain zones are not extensive and "drowned estuaries" are common,
Moreover the occurrence of falls or rapids as the water passes down from
one erosion terrace to the next causes some zones to be repeated..

In general, the asctual catchment area of a river can also be
divided into zonss which correspond to thosec of the river profile, as
shown in Figure 12,2, Thesc catchment zones possess different potenticli-
ties of development and use (Whitmore, 1961) so that the development of
any catchment for agriculture and industry usually follows one uniform
pattern. The alpine zone is generally left undeveloped since it is often
not readily accessible, The first permanent agricultural settlement
usually occurs in the torrcntial and foothill zones, where dryland farming
is practised on account of the high rainfall that these zones usually
experience, and the torrential zone usually remains as the grazed, culti-
vated or forrested uplands of the catchment, Usually the rainfall in the
floodplain zone is relatively small so that here irrigation farming must
be practised once agriculture in the upper zones of the catchment hns becn
estoblished, Diversion and storage works in the foothill zone thercfore
become necessary to ensure a stable supply of water, and consequently a
competition for w.ter between the floodplain and foothill zones commenccs,
Urban and industrial development usually commences in the floodplain zone,
and with this problems of river pollution begin to rise. The water supply
must now satisfy, not a stable, but = progressively increasing demond,
Once the demand for water equals the available supply, further economic
development of the cntchment will cease. Consequently in a fully developed
catchment water storage must be very carefully planned, the upper zones
of the catchment must be skilfully managed so as to ensure a stabilised
run-off, pollution abatement and re-use of water must be practised, and
all other sources of water must be exploited to the full,

In Natal, this development pattern has been followed closely,
The Province is still primarily an agricultural one, Cattle are raised
over its whole area, and also sheep (except in the extreme north coastal
region). Maize (but not wheat) is grpwn extensively but especially in the
northern aress (again except in the extreme north coastal region) and
citrus orchards are established in a belt extending from Mooi River to

Durban (principally naartjies, with lemons and some oranges and
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grapefruit). Pineapples are grown along the coast to the north, sugar is
cultivated along the whole coastal belt except for its northern end, and
forrestrics are developed slong the cosst and in the Natal Midlands.

The population of Natal is concentrated around Durban and
Pietermaritzburg, one quarter of the total population (211 races) being
found in this region. Here live most of the Europeans. Bantu dwell all
over the Province, but are conccntrated in and near the middle and lower
Tugela b-sin and in a broad region slong the coast and in the south - the
coastsl belt is in fact separated from the higher region of the Midlands
by an almost continuous belt of Bantu rescrves occupying the rugged
country just inlend from the coast., Coloureds and Asiatics are found
predominantly in the cocstal belt, espccially to the south of Durban.
There arc no largc cities apart from Durban and Pietcermaritzburg, and
zccording to the 1960 census there werc then only 38 towns each with a
population of more than 2000, In the rural sreas the density of the
Buropean population is of the order of 1 per square mile, whilst that of
the Bantu population on Europesn farms is of thc order of 100 per square
mile, In the Bantu reserves, however, it rises in places to around 300
per square mile, The density of the rural Asistic populotion is negligible,
people of this race being limited to the town and villages.

Some of the inland towns are industrial centres on a rclatively
small scale, but mostly the land surface of Natal is given over to
Buropean farms and Bontu reserves, areas of other types (the conl mincs
of Northern Notsl, the sugnr growing arens, forrestries, nature reserves)
being few in number and moking up only a smcll fraction (just over 5%) of
the total land arec, Conseqﬁently it is apparent that most of the river
catchments in Natal are at present in an early stage of development while
only very few (including the Umgeni catchment in which stand both of the
two major cities) have reached the stage of urbanisation and industriali-
sation, and of these only the Umgeni catchment is approaching the stage

where water supply and demand are balanced.

Climate and river flow

The flow of a river is almost wholly derived from the run-off
in its catchment. This in turn depends primarily upon the rainfall but is
also affected by such factors as topography, geology, pedology and land
use. Moreover, since the area of the ground surface which contributes

the run-off is extremely large in comparison with the actual bed of the
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river, there is a magnifying effect which makes the flow very sensitive to
changes in run-off,

The river flow thus shows a marked seasonal variation, pesrallel
to the seasonzl variation of rainfall., Where there are well-marked dry
and rainy seasons, therc will be corresponding times of low and high river
flow. In high latitudes where freczing conditions occur during one period
of the year and where the precipitetion then occurs as snow, the time of
highest river flow will be when the annual thew sets in, and a similar
effect will occur anywhere else if sufficiently heavy snowfalls are
experienced,

Supcrimposcd on the seasonszl variation will be variations of
flow of shorter period, representing the day-to-day variation of precipi-
tation over the catchment,

The effects of climate upon river flow in South Africa are
particularly marked, In the summer months (Nbvember to May) anticycloncs
arc established over the Indian and Atlantic Oceans and favour an influx
of warm moist air on the castern side of the country. During this period
86% of the Republic receives the bulk of its annual rainfall, In winter
(June to Scptember) a prominent anticyclone srises over the centre of the
country so that the flow of air from the east is prevented, Rain is then
confined to thc southern and western parts of the Cape Province, the rest
of the country experiencing drought conditions., Over thc whole country
the mecn annual rainfall is about 17.5 inches and is highest in the east
(about 45 inches), lowest in the west (l - 2 inches or less). Prolonged
heavy rains occur at times over wide areas, cspecially in the south and
south-ecst of the Cape Province, but the summer rainfell of most of the
country occurs with thunderstorms which reach their maximum frequency in
February. The rainfall cen then be very intense for short periods (3.5 -
4 inches per hour in perts of the Transvaal), often accompanied by hail.

During summer, moximum tcemperatures of 90 —-950F are fairly common
and, since the greater portion of South Africa has an elevation of over
3000 feet, the evaporation rate is high, Hot winds (berg winds) are
experienced in the coastal districts and dust storms can occur over the
inland regions, In winter, temperatures below freezing may occur inland,
but frosts sufficient to frecze water are rare along the coast. Snowfalls
are confined to mountainous districts and occur most often (average 5 times

per year) on the Drakensberg escarpment,
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The annual rainfzll of Natal ranges from less than 25 inches at
places inland to 45 inches or more at the coast and in the vicinity of the
Drakensberg, of which some 70 - 80% falls in summer. Because of the high
temperatures and low humidities inland, many of the smaller streams there
dry up completely during the wvinter (dry season) months, although all the
ma jor rivers maintain steady but much reduced flows (this behaviour in
fact prevails throughout the summer rainfall areas of South Africa), Near
the coast, rivefs and streams are fed by the seepage of underground water
working down from areas of higher altitude. For example, it is estimated
from figures gquoted by Thomas (1951) that about half the average dry
season flow.of 200 cusecs in the lower Umgeni river is due to underground
water.

The steep contours and river gradients as well as the hcavy
summer rains mako summer floods frequent, In the smaller streams irregular
flash floods often occur during which the flow may rise to at least 300
times the seasonal average. Describing the occurrence of floods in the
tributaries of the Tugela river, 0liff (1960) speaks of "a wall of muddy
water 3 = 5 fect high advancing downstream bearing trees, animals and
detritus",

The silt concentrations in the Natal rivers, because of such
circumstances, are naturally high, Thus, as much as 2.78% of suspendecd
solids has been rccorded in the Tugela at Bergville (Middleton and Oliff,
1961), the average concentration at this station being about 0,1%. Values
of the order of 10% have been found in the Umkomaas river. Although the
river waters are ususglly fairly clear during the dry season, the silt
contents and turbidities rise to maximum valuecs during the early stages of
ecach flood, only to fall again as the flood continues even though the
level of the water remains high., High silt loads and turbidities are
troublesome in water storage and purification works, but on the other
hand the summer floods scour out the river beds and prevent the accumu-
lation of detritus that could otherwise give rise to conditions of gross
pollution,

The occurrence of brief periods of very high flow complicates
statistical calculations concerning river flows, since a bias towards high
values is thus introduced into means. By using a logarithmic transforma-

tion of the data, however, this bias can be largely eliminated,
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Climate and TDS

Clarke (1924 A) points out that where rainfall is abundant, so
also is vegetation, Organic matter then accumulates in the soil and pro-
vides a source of carbonic acid which serves to break down rocks, Abundant
reinfall (giving rise to large volumes of run-off which tend to dilute
surface waters) and active rock decomposition (tending to produce greater
emounts of soluble salts) thus have opposed effects on the TDS, which
remains moderate in value,

In the colder parts of the temperate zone, alternations of
freezing and thawing help to disintegrate the rocks and make them more
accessible to the action of percolating water, thus increasing the TDS.

But where winters are long and severe the soil remains frozen during a
large part of the year and the solvent action of water is then very slight
so that the TDS of a river is generally low, In hot and arid regions, on
the other hand, the TDS tends to be high owing to evaporation.

Other factors can sct so as to modify climatic effects very
considerably, Pervious soils which can soak up a large proportion of the
precipitation, releasing it only slowly by scepage to the rivers of the
region, will serve to even out variations in flow, and because the perco-
lating water has a larger contact time with soluble materials the TDS will
tend to lie above the level thet would otherwise be considered normal for
the region concerncd. Conversely, impervious soils which retain only a
small fraction of the precipitation will lead to cxtreme variations in the
flow and cause the TDS .t times orf flood to fall to abnormally low valucs,
The formation of hard-pan in a soil, resulting in almost the whole of the
precipitation appecaring as run-off, is onc way in which this may occur,

Now the South African climatc is not sufficiently humid nor is
the general relief of the country sufficiently low to favour the accumu—
lation of vegetable decomposition products end the formation of humus soils,
except in a few alluvial valleys. In fact, because of the fairly high
diurnal tempersturc range =nd the strongly contrasted seasons over most of
the country, mechanical wcathering of surface rocks is favoured. The
episodic nature of the raoinfall aids in the removal of freshly formed rock
fragments, so that no very great dcpths of soil are forméd and plant growth
has 1little opportunity to establish itself and exercise a protective effect.
In consequence soil erosion is active. The absence of a soil cover of any

extensive thickness over the underlying rocks means that the run-off is
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relatively high in comparison with the run-in, Hence the flow of South
African rivurs varies very greatly and the TDS during floods con fall to
very low values,

Barly in the rainy season changes of TDS of 40 ppm Or more can
éccur.in a very short time (less than a day) owing to the rise and fall of
floods, fluctuntions of the daily rainfesll over the catchment, etc,

Minimum TDS values occur with nd definite periodicity and are usually
accompenied by high turbidities, As the season progresses the soils of

the catchment become more wsterlogged, thus increasing the ratio of run-off
to run-in, and the TDS tends to fall to a fairly stcady seasonal minimum
while the flow climbs to a maximum, '

As the dry scason comumences the TDS begins to increase and the
flow to drop. These trends are usually interrupted by the occurrence of
occasional rains but are resumed after each interruption so that a seasonal
maximum TDS is eventually attained at the same time as & minimum flow.

The onset of the first rains, however, immediately causes departure from
this state of affairs,

Generally, the rainy season average TDS is of the order of 0.5
times the annual average, while the dry season average is of the ordzr of

1.5 times the annual average, i.e. about 3 times the rainy season average,

Correlations between TDS, flow and conductivity

Since the TDS of natural wnters is due mainly to mineral salts,
an indication of the value of the TDS is provided by the electrical conduc-
tivity of the water. It is,usual to determine the conductivity, in micromho,

of 2 1 cm cube of the water and reduce the result to a standard temperature

of 20°c.

The conductivity is gencrally proportional to the TDS:
Conductivity (micromho) x Factor = TDS (ppm)

and this relationship is o useful check upon TDS detsrminations. The value

of the factor usually lies in the range 0.55 to 0.70, and in many cases
can be taken as approximately 0,67,

Becnuse of the high mobilities of the hydrogen and hydroxyl ions,
the factor may be much lower than 0.55 if the water is exceptionally acidic
or alkaline, Because of the effects of interionic attraction, the factor
may be greater than 0,70 if the TDS of the water is high. Also, if the

water contains organic matter this will contribute to the TDS but not
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usually to the conductivity (since it will be largely colloidal and non-
ionic) and the proportionality factor will then be high, Taylor (1958)
states that, out of a number of wanters examined in this way, the higher
values of the factor werc given by peaty waters - one of these gave a value
as great as 1,25,

T1llustrations of this reclationship are provided by statistical
examination of the results obtsined from vérious river surveys in South
Africa, using in each case the method of least squares to calculate the
value of the proportionality factor aftcer imposing the boundary condition

that the conductivity and TDS appraoch zero together:

(n) From the results obtained by 0liff (1960) during a survey of the

Tugela river system of Natal:
TD3 = 0,657 x conductivity

valid up to 1120 micromho and associated with a standard error
of estimate of 40,3 ppm in the TDS. This is an example of a

normal river with a factor close to 0,67,

(b) From the results obtained by Schoonbee and Kemo (1965) during a

survey of the Umgeni river system of Natal:
I8 = 0.661 2 conductivity

valid up to 978 micromho and associated with a standard error of

estimate of TDS of 18,9 ppm. This closely resembles the Tugela

result,
(c) The results obtained by Harrison and Elsworth (1958) during their
survey of the Great Berg river of the Westemrn Cape gave:
TDS = 1,105 x conductivity
valid up to about 1000 micromho and associated with & standard error

of estimate of TDS of 13,6 ppm. The water of this river contains

organic matter, often sufficient to give it a distinet colour, and the

high value of the proportionality factor is attributable to this,

(d) The Jukskei river of the Witwatersrand, according to the results

of Allanson (1961), gave the relation:
DS = 0,589 x conductivity

This river is highly polluted and during the survey gave conductivity

values of high order, ranging from 406 to 6218 micromho,
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It might be expected that an inverse corrclation would exist
betwe.n the conductivity of a river at a given point (Or the TDS, since
these variables are correlated) and its flow. Any relation between
conductivity and flow would not be ex+.ected to be linear in form, since
at high flow the conductivity should approach, not zero, but a minimum
value of the order of that of rain water and at low flow it could become
very high. The. cxpeceted form is therefore hypurbolic, but would become

aprroximately linesr if both variables were logarithmically transformed:
log Flow = A - B log conductivity

where A and B ar. constants,

Such reletions do cxist (but not at any point on a river below a
dam which artificially regulates the flow), For example, Hem (1959) gives
data for the flow and conductivity of th. San Francisco river at Clifton,

Arizone, which lead to the rolationship:
log Flow (cusecs) = 4,56 - 0,932 log Conductivity (microimho)

with a standard error of estimate of 0,20, This standard error is rcla-
tively high, It correvsponds to a value of -~ 0,682 for the coefficient

of correlation betwecn the logsrithms of flow and conductivity which, with
194 degrecs of frecdom, is of high statistical significance though of
relatively low value, The rclation therefore does not provide any accurate
estimate of the flow from measurcment of the conductivity,

Similerly for the Tugela river of Natal, measured at Colcnso,
there is a stotistieczlly significant correlation (correlation coefficient
- 0.316 with 85 dcgrecs of freedom), and also for the Umgeni river just
above Nagle Dam, the only dam on the river at thet time (correlation
coefficient - 0,609 with 25 degrecs of frecdom), In neither case is the
correlotion closc enough to be of any practical usc.

Thc absence of a close¢ corrclation between conductivity and flow
may arisc from two mcin causes., It may be due to the occurrence of inter-—
mittent pollution, It m-y otherwise be due to the occurrence of sudden
floods in the river, the first waters of a flood being often of higher
conductivity than the loter waters (Hcm, 1959) because (a) the early run-
off can itself be highly saline, (b) the enrly flood water can pick up
salts left in the river channel by evaporation, and (¢) the first water of
the flood consists of water that was in transit in the channel before the

rise of the river, Since South African rivers in general are subject to
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sudden floods, they would not be expected to show closc corrclations of
the nature discussed, although the seasonal variations of flow and TDS

(or conductivity) do go hand-in-hand simply because floods arc rarc in the
dry scason,

It is worth noting here fhat the apparent flow of a stream does
not necessarily besr any relation to its reql total flow, Streams on
sandy beds, for example, wty appear completely dry and yet still be
flowing at 20 cusecs or more within the sand of the bed, Consequently
accurste flow measurements are far more difficult to obtain than might be
supposed, and it is only under very gspecinl circumstances that a flow

figure of any relianbility is provided by superficial measurencnts,

TDS and chemical composition

It is clear from the above discussion that there is some relation
between the flow of a river pest a given point and the TDS of the water,
even though that relation may not be a very definite one, But whether or
not the chemical analysis of the water is also variable is not immediately
apparent.

Conway (1942) has concluded that the concentrations of carbonate,
calcium and magnesium in natural waters rise rapidly with the TDS until
limiting values are reached at about 200 ppm. Higher TDS values are largely
due to increases in the sodium sulphate and chloride contents,

Clarke (1924 B) observed that, although the waters from springs
and wells may contain carbonates, sulphates or chlorides as their pre-
dominant salts, river waters mostly contain either carbonates or sulphates,
the former being the most common,., According to Conway (1942), chloride
predominates over sulphate in the more dilute rivcrs, sulphate becoming
predominant in the most concentrated ones.

Changes of flow may sometimes sive rise to extonsive changes of
composition, Clarke (1924 A) cites the case of the river Chéliff at Ksar-
Boghari, Algeria, studied by Ville in 1857. During low flow sulphates
predominated in the water of this river, although chlorides became predomi-
nant when the flow increased. This was attributed to the ready solubility
of sodium chloride, which was thus considered to be the salt most rapidly
leached from the soil during a flood,

The general trends discussed by Clarke and by Conway are not
often observable in the waters of a single river since they relate to

differences in magnitude of TDS which are of quite a different order from
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those ocourring in any one particular stream, On thc othor hand, it is
well-known that there is often a correlation between the TDS and the
concentrations of most of the major solutes of a river (Woxholt, 1959).
This in turn implics that most of the composition changes shown by rivers
(unless affected by pollution) are merely changes of dilution or concen-
tration, such as will alter the TDS and the absolute magnifudes of the
concentrations but leave the ratios between the differcnt solute concen-
trations unchanged.

For this implication properly to be examined further, however,
it is first necessary to have some standardised means of expressing analy-
tical results which will eliminate simple dilution effects. BSuch a scheme
of standardisation would have more practical application also since, from
the above discussion, it is clear that the TDS valucs of rivers are so
varieble that it is not usually possible to make any immediate comparison

between two different water samples,
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L) THE STANDARDISATION OF WATER ANALYSES

Possible procedures

A widely used means of standardising analytical results is to
express them, not in terms of concentrations, but as percentages of the
TDS. This scheme, however, suffers from various defects,

The experimental determination of TDS (by evaporating a known
volume of the clarified water to dryness and dehydrating and weighing the
residue) is liable to relatively large errors. Traces of finely divided
suspended matter, partizl ozidation of organic material, volatilisation
and decomposition of solid sglts and incomplete removal of water of
crystallisation all contribute to produce spurious expsrimental values,
Often the dricd residue is hygroscopic and difficult to weigh accurately.
Different workers advocate difrerent drying temperaturcs so that their
results diverge somewhat, Bven if all these difficulties are overcome,
the fact remains that the solid material finally obtained does not coincide
with the material originally present in solution (Hem, 1959). As an
illustration of this last point, it may be noted that solutions of sodium
bicarbonate and sodium carbonate containing 840 and 530 ppm respectively
of the anhydrous salts both give experiemntal TDS values of 530 ppm because
of the loss of carbon dioxide on evaporating the bicarbonate solution.

This last objection can still be valid if a calculated TDS is
used in placc of an expcrimental one, It certainly holds if the TDS is
calculated according to equation (4.6), since the value giver by this
designedly relates to the solid residue, not to the original solution,

A different basis for the calculation could meet this objection, but thc
others would still remain valid,

Even if thc other solute concentrations vary roughly in propor-
tion to the TDS, that of silica often does not (see chapter 2), In fact
the behaviour of silica is often such that, if it is expressed as a
percentage of the TDS, many rivers will show a decrease in silica parcen—
tage as their TDS rises, even though the percentages of the other solutcs
remain almost unchanged., In other words, just because the silica concen-—
trations of many rivers show such little variation, the percentage of
silice in the TDS would be merely another way of expressing the TDS

itself and as such would not be independent of dilution effects at all,
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Mo arithmetical procedure can be designed to correct for this effect
becouse it exhibits no great regularity and is not of a fully gcneral
occurrence - rivers in some parts of the¢ world do not behave in this way,

These considerations may be coupled with the conclusions of
chapter 2 that silica in natural waters is often not ionic. Jointly they
suggest thet it would be expedient to omit silica altogether from the
standsrdised cnalysis, If this is done, the individual solute concentra-
tions could in most cases be expressed as percentages, not of an experi-
mental or calculated TDS, but of the total ionisable solutes in the water,

However, therec remains one practical defect of any method of
standsrdisation based on concentrations, namely that it is not stoicheio=
metric unless the concentration units arc molar or normal, Unless such
units arc uscd, the analysis will never show in a solution of mixed salts,
for examplc, that a particular cation is necessarily linked with a parti-
cular anion, and likewise if the concentration of one of the salts is
increased or another is added it will ncver show the percentages of the
corre¢sponding cation and anions to increasc by directly related amounts,

It therefore appears that a sstisfactory way of standardising
water analyses would be to utilise the equivalent or molar concentrations
of all the ionic solutes, ignoring non-ionic ones, and to express each

such concentrotion es o porcentrnge of their total,

lolar percentages

Most of our theorctical work hes been cxpressed in torms of
molar (or millimolsr) concuntrations of the acids and bases present.in the
water (the Riccion solutes), the one exception being the total alkalinity,
Yot although the latter is expressed in equivalents (or milliequivalents)
its value is obtrinsble from an cquation (3.42) in which the cxperimental
concentrations appear in molar units. wé have cven expressed the ionic
balance (7.21) in terms of molar units,

It would be possible tc rewrite all the equations, replacing
moles by equivalents, But this would give rise to a host of fractional
coefficicnts, destroying the simplicity of many of the equations, It is
therefore far preferable to keep to the molar units; This will only prove
inconvenicnt, in fact, if ion-exchange processes are considered, -and then
it will be necessary to introduce other equotions like (3.42).- Such

considerations are outside thc scope of the present work, -
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Therefore we propose tc cxpress any water analysis in standard-
ised form by summing the¢ millimolar cencentrations of the icnised acids
and bases present in solution and expressing esch such concentration as a
percentage of that sum, The resulting pcrcentages will be referred to as

the molor percenteges of the solutes in the water.

This automaticslly limits the standardisaticn to concern only the
ionic solutes of the water and thus avoids any difficulties with silica,
It can takc into account the possible prescnce of organic and unusual
inorganic acids and buses in polluted and s2bnormal waoters, but it must be
remembered thet such substances will interfere both with the calculsation
and determination of the totnl carbonic acid concentration so that
stondardiscd analysces of these waters must be calculated and interpreted
with suiteble caution, [rom chapter 2 it is c¢vident that only scven
solutes (calcium, nognesium, sodium and potassium hydroxides together with
carbcnic, sulphuric and hydrochloric acids) nced normelly be considered in
the standardisaticon calculstions, sincce other solutcs (excluding silica)
rarely occur in concentrotions of more thon 1 ppm and their ncgleet will
normn1ly c-usc no apprecinble error (especiclly so since snalyticnl errors
are usuclly of - larger order).

It may be pointed out that the checking of the ionic balance and
the calculation of the total carbonic acid concentration require the molar
concentrations to be calculated, The use of molar rather than any other

form of percentages therefore does not add unduly to the arithmetical work.

Examples

To illustrate the molar perccentage concept we may use the analyses
of rain and sea water given in Table 8.5, to which may be added the follow-
ing figures given by Clarke (1924 B) as representing a world average river

whose pH is about 7,5:

TDS, ppm 100

Total alkalinity, ppm CaCO3 60.8
Ca, ppm 21,2
Mg, ppm -
Na, ppm : 6.0
K, ppm Ly
SO4, ppn 1255
Cl, ppm 25
SiOz, ppm el
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Bach analysis fulfills the ionic balance, but we have seon
(chaptef 8) that we must take € = - 0,013 for the rain water and e = Et
for thc sea water, PFor the river water we may take e as the mean of EC
and Et in the usual way., In Table 13,1 are given the results of recalcu-
lating these analyses in terms of millimolar concentrations, according to
the methods of Appendix A;

In Table 13.2 are given the molar percentages for these waters.
From these, since concentration differences have been eliminated, some
interesting comparisons can be made, The high molar percentages of sodium
hydroxide and hydrochloric acid in sea water are, of coursc, only to be
expected. NMore worthy of comment is the extremely low molar percentage
of carbonic acid and thc fact that the molar percentage of wmagnesium hydro-.
xide is over five times that of calcium hydroxidé. The rain water shows a
closely similar composition, although with a negative value of e (see
chapter 8), Evidently the dissolved substances in this sample have been
derived largely from the seo (sce chapter 2). The river water differs
markedly from the others. Carbonic acid is the predominasnt acid, the
molar pereentage of calcium hydroxide exceeds that of magnesium hydroxide
and the proportions of sodium hydroxide and hydrochloric acid are greatly
reduced., The value of e is positive agsin.

Purther examplcs are provided by thc analyses of Natal rivers
given in Tables 2,1 and 8,3, The molar pecrcentages corresponding to thesc
arc shown in Table 13,3 and it will be scen that many of the irregularitics
previously apparent have now disappeared. The last column of the Table

shows thc total millimolar concentration of ionised solutes in these watcrs,
Table 13.1

Molar concentrations of rzin, sea and river water

Rain water Sea water River water
¥ 1.000 0.297 0.952
e -0,013 2.41 1
c 0.005 10.3 0. 530
m 0.0125 54,3 0.146
n 0.135 470 0.261
D 0.0051 9,97 0,0564
a 0.0151 2.16 Y5
B 0.0177 28,3 0.1%1
h 0.144 548 0.166
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Teble - 13,2

Molar percentages of rain, sea and river water

Rain water

Sea weter

River water

NaOH
KOH
H_CO

-

H2S04

BCl

ca(0H) 5
Mg(OH) s

1.3
I
40.4
1.5
4.5
Jid
43.1

03
4.8
41.9
Q.9
0.2
a D
48,8

203
5.6
10.0
2.2
50.5
5e @
6.4

Variation of the molar percentages

It is o logical consequence of the mathematical form of the

molar percentages that they must succeed in eliminaeting dilution or concen-

tration effects from the analysis in the desired manner,

However, we must

now enquire as to the consteoncy of the percentages in any given case.

Since any water analysis necessarily contains errors, it is

evident that o

series of analyses for samples from the same point on a

given river will show a rsondom variastion from this couse, and this must be

properly allowed for when comparing the molar percentages.

little firm information avalisble on analytical errors,

Yet there is but

The American Public

Health Association (1965) have included some data in their manual of stan—

dard methods, but it is not very clear just what the figures measure. The

present author has carricd out 10 replicete analyses of a solution contain-

ing 30 ppm of calcium, 15 ppm of magnesium, 100 ppm of sodium, 140 ppm of

sulphate and 80 ppm of chloride, with a total alkalinity of 80 ppm as CaCO

and obtained the following standard deviations:

These do not accord with the above published data,

Ca

Alkalinity

0.80
0.57
4.51
3.24
P 89
0.66

3!

Moreover, if an analysis

is checked by an ion balance technique, the errors in the results finally



Table 13,3

Yolaxr perccntages caleculated fronm the cnalyses of Table 2,1

i

Totel

Molar percentages ;
River IDS, _ — ; . ; millim?10§/11tre
PPR | ca(oH), | Mg(OH), | NeOH | KOH H,C0, | H,S0, | HC Ogoiiizzed
Sterk near Ambleside 41 Taf 9.1 20,3 | 1.8 4845 0.0 12.6 1,007
Illove cbove Richmond 41 13.3 747 38,7 | 0.3 | 57.7 g 2.3 0.978
Mooi ebove Mooi River 42 13.7 8.2 13.4 2.0 50,5 9.4 2.8 0,910 .
Karkloof at Shafton 42 9.8 7.9 20.5 1.4 | 55.0 | 0.0 5,4 0.892
Ingagane above Alcockspruit 49 10,5 7.0 15.7 | 7.7 Y 2.6 v ) 1.191
Lions near Lidgetton 59 10.9 9.7 15,81 2.0 | 60,2 Y63 0,2 1.509
Pungwana near Nungwena Falls 60 7.6 8.1 2574 0.2 | 27,0 | 0.8 IS 1.281
Ungeni at Nagle Dam 69 9.3 Tud 19.5 | 1.5 | 47.5 | 0.8 | 14.3 1.761
Ungega at Unfula 77 Eicks 7.6 27.%5 | 1.6 41,6 0.0 15e4. 2.138
White Umfolozi near Vryheid 78 14,7 7.2 3.1 | 9.5 60,6 y 91 3.5 1.670
Lenjane's at Lenjane's Drift 81 137 10,3 12.3 | %3 56,6 1,0 218 2.302
Tugela at Colenso 85 13,9 10.6 12,0 | 0.8 | 60.4 | 0.8 1.5 2,318
Sundeys necar Newcastle 95 11.0 11.8 14,0 1.5 60.3 1.3 0,1 2.540
Gogoshi near Mtunzini 108 2 1sd 43,0 | 0,7 9.8 0.0 430 2.975
Unvoti at Bitakona 116 8.3 7.0 26,3 | 0.9 4246 2,5 12.4 %.056
Unfolozi a2t Mtubatuba 136 8.2 8.4 24.% | 0.9 46.0 0.0 12,2 4e443
Unzimkulwana at Baboons Castle 143 6.6 g,1 LT 0.6 31.6 y 23,0 4,382
Bloukrans necr Colenso 121 12.9 10,2 15.%3 | 0.8 58.1 0.8 1.9 5.752
Unhlanga at Trenance 213 3.8 7.9 30.8 | 0.6 22,7 1.3 32,9 6.559
Unzinyatshana near Dundee 232 10.3 13.4 15.9 ¥ 0.5 | 56.7 | 1.2 2.0 6.482
Isipingo near Inwabi 320 L 6.9 33T | 0.7 11.9 1.5 41.7 9.510
Mpushini near Pietermaritzburg 332 Tl 8.1 24,5 | 0.3 37.0 0.5 21.9 9.929
Mean 119 | 9.4 8.4 20,8 1.8 45,2 1.3 13.1 -




reported will not be the same as thosc determined for simple replications,
Consequently all that can be done under the circumstences is to give a
rough cestimate of the magnitude of analytical errors, and it is proposed
to take the standard deviation of each determination as 5% of the true
result, This at least appears of about the right order of magnitude.

Now if Xi is the molar concentration of any solute, the corres-

ponding molar percentage will be:
y = & i " 13.1
P, 00 x,/7 % (33.1)

where the summation extends over all the ioniscd solutes considercd in
calculating the percentages. Assuming that, owing to compensating effects,

the errors in I x, arc negligible, the variance of 19 is given by:

i
2
100
var p, = X, var x, (138}
fi

By a familiar theorem of statistics, if u and v are two independent

varinstes:
var (u - v) = varu + var v ik A4 0]
Hence if [\ . denotos the differonce between two independent determina-

tions of P, :

var [& v 2 var B .= 2 %99;

i

var x, (13.4)

Toking the stondard devintion of X, as 5% of x. (see above), we have:
1

2
var x; = (0.05 xi) (13.5)
so that:
= .
var [& g 2 i (13,6)
2 X
.

which, using (13.1) nay be written:

var ’Zl.. = 2‘(pi/20)2 (A%

1

and the standord deviation of [& ; s thus p,/2/20,

184S . . one
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This suggests that we can be 95% confident that, due to analyticel
error alonc, Zk'i (which is clearly distributed about a zero mean) will not
exceed pﬁ/2/10, i.e. two standard deviations, In other words, two values
of 19 observed on different occasions should not differ more than 5 timcs
out of 100 occasions by more than about pi/7.

In Table 2 C of Appendix ¢ are given the analyses of two differ-
ent snap snmples from each of 14 unpolluted rivers of Natal, each pair of
semples hoving been taken at different times from onc sampling point,

Each analysis fulfils the ionic balence, and the calculated molar percent-
ages are given in Table 3 €, If pi is taken as the mecan of each pair of
values, it is found that out of all 98 pairs, 51 differ by more than pi/7.

This suggests that the differences betwecn the percentages are
due to factors additional to analytical error, and that thesc rivers show
real chomical variations beyond those due to simple dilution or concen-
tration.

Such chemical veriations could arise in any river from several
couses., Water rising to the surface from underground in the form of
springs or seepage water draining from soil strata several feet in thickness
would be expected to be of fairly high TDS and quite different in compo-
sition from surface run-off which has had very little contact time with
the ground surface and hence is usually of low TDS, The composition of the
river water would thus depend upon the proportions in which thesc two
componcnts are mixed into it, and this could vary from time to time,
Similarly, rainfall can ceuse soluble materials accumulated on the ground
surface to be washed into the river and so change the chemical composition
of its water. This would be perticularly marked with the first rains
after a fairly long dry period.

In addition, the water which passes o given point along the
course of a river is usually gathered from a set of large and small tribu-
taries, If the total catchment area is large, rain may on occasion fall
over the catchment of one tributary but not over those of others., The
water will require o certnin period of time after it has reached the
ground surface beforc it passes the given point, and this period will be
different for all the tributary catchments., Thus the ﬁater at the point
concerncd is likely to consist of a succession of different water mnsses,
each derived from a different tributary catchment, There is evidence to
support this hypothesis in that different types of suspended silt, each

derived from its own particular catchment, are known to arrive at a given

L 31, R
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station along o river at different times, according to the distribution

of recent rminfall, and cach type of silt must necessarily move with the
watcr in which it originally became .suspended. Each of these uater masscs,
since it has a different place of origin, has had a different history and
is of a differcnt age from those adjacent to it, is thus likely to have
different chomical charactoristics.. There will be no sharp line of demarc-
ation between one water mass and thc next because of diffusion and turbu-
lent mixing, but thc result will be to produce perceptible differences in
the snalyses of snmples taken from the same place but at different times.

A fourth possible cause of chemical variation in a river crises
when it reccives coffluents of sny kind, Most efflucnts are quite different
in composition from river water and hencc causc composition changes in the
river. Since efflucnt flows can vary quitc independently of the river flow,
the composition of thc river water below the point of entry of an effluent
is likely to vary in a quite complex manner.

Of interest in this connection are the detailed results obtainecd
by Malan (1959) during his investigetion of the Wilge river of the Orange
Frec State. In the course of this work samples were taken daily at various
sampling points over a period of a year (from 1957 to 1958). Where two or
more successive samples did not differ in conductivity by more than 10
micromho thcy were combined in equal proportions to form a composite sample,
and in this way the samples from the Wilge at Frankfort for the whole year
were reduced to 59 in number, Several of these did not fulfill the ionic
balance, and on eliminating these there remain 44 analyses for the river at
that point., These analyses are given in Table 4 C of Appendix C and the
calculated molar percentages in Table 5 C.

Inspection of these results suggests that there is some systema-
tic variation of the molar percentages with the conductivity, and in fact
each molar percentage shows a highly significant degree of correlation with
conductivity. In Table 13.4 are given, for each solute, the value of the
coefficient of correlation between molar percentage and conductivity and
the probability P that this value might arise by purely random effects,

In each case the probability is exceedingly small,

The values of the correlation coefficients are too low to be of
any practical utility, but they show that, on an average, the molar percen—
tages of calcium and magnesium hydroxides and the carbonic acid tend to.
increase as the conductivity increases whilst those of sodium and potass-

ium hydroxides and sulphuric and hydrochloric acids tend to decrease,
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and it cannot be doubted that these variations are real,

Hence it is clear that, although the¢ molar percentages are
necessarily independent of simple dilution effects, in any particular
river they may still show = fairly wide degree of variation because of

real chemical variations which occur in the water.

Design of sampling programmes

The above discussion has im.ediatc application to the design of
scampling programmes for ihe conduct of river surveys.

The extent of th. chemical variation will evidently vary from
one river to another so thet it is not possible to say in advance for a
given casc what that extent will be, If any accurate and detailed know-
ledgé is required of the mean and extreme chemicel compositions of the
water of a particular river, regular and very fruquent sampling for at
least a full year (to cover the complete river regime) is thus nccossary.

The data of Table 3 C suggests that often over 100 samples may be needed,
Table 13.4

Correlation of molar percentage and conductivity

for the Wilge river

Soiute Correclation coefficient betvegn P
molar percentage and conductivity

Ca(OH)2 + 0.606 < 0.001
Mg(OH)2 + 0,557 < 0,001
NaOH ~ 0.596 < 0,001
KOH - 0.786 < 0,001
H2CO3 + 0.726 < 0,001
H2804 - 0.421 0.001
HC1 - 0.663 < 0,001

However, from the practical point of view of water technology
such details are not usually necessary. Such parameters as the buffer
capacity, pH, pHS and hardhess are not much affected by relatively extensive
changes in the molar percentages, as can be appreciated from the contents
of earlier chapters, and it is only these chemical parameters together with
the TDS that are usually of technological interest (excluding the investi-

gation of water pollution), Hence a very good idea of the average and

U fon 5 21
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extreme velues of technological interest can be obtained from a merc two
samples, teken at theo height of the dry and rainy seasons sO as to cover
virtually the full range of variation. Working according to this scheme
neans sacrificing more detailed information on grounds of economy, but it
would be advisable to take some additioncl samples if the two analyses are
found to differ morkedly as shown by their molar percentages, As & working
criterion, we mry take the extreme values of the differences between pairs
in Table 3 C, conveniently rounded off, and regard moler perccentages as

disngreeing if they differ by more than the following cmounts:
p
C&(OH)2

Mg(Oh)2
KOH

H2SO4

A

NaOH 1> 10

HC1

-

HZCO3 15

Only 4 of the 14 rivers of Table 3 C show greater differcnccs than theses
the Mooi, Mpushini and Umvoti only just exceed one or two of the limits

(BC1 in eack case, and H2SO for the Mooi) but thc Ingagane shows quite

4
large differences for NeOH, KOH, HZCO and H,_SO

Two samples should also noriqlly siffice for the detection of
pollution by chemical mcans, judging this not only from the samples from
a single station but also from those from higher and lower stations used
as controls, Studies of the amount and degree of pollution in a particular
case, however, constitutes a detailed investigation for which a large
number of samples is necessary.

If, instead of comparing the analyses of semples teken at
different times from a single station (as in Tables 2 C and 3 C), we

" compare those of samples token at almost the same time (within a few hours)

from stations severzl miles apart, the variation of the molar percentages
is of a much smaller degreec (excluding, of course, cascs where a major
tributary of quite different composition or a large load of polluting
materinl enters the river between the two stations). This is illustrated
by the data of Tables 6 C and 7 C, which respectively give the normal

analyses and the molar percentages for each of two different stations on a
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set of eight unpolluted Natal rivers., In no case do the two members of any
pair of the percentages differ by more than the amounts listed above,

On the other hand, where effluent streams enter the river between
the two stations, these critical values are often exceeded. Table 8 C
gives the normal analyses and Table 9 C the molar percentages for each of
two stations, one above and one below an effluent, on a set of four Natal
rivers., The Umbogintwini receives the treatcd sewage effluent from the
African Explosives and Chemical Industries factory (the effluent also
containing the outflow from laboratory sinks, drainage from the factory
area, etc); only the sodium and potassium hydroxide percentages are
virtually unchanged., The Umzinyatshana receives sewage effluent from
Dundee via the Steenkoolspruit but it also collects the drainage from coal
mines (mostly disused) and dumps in its catchment; there is a marked
increase in its carbonic acid percentage and a corresponding increase in
the proportion of sulphuric acid. Similarly the Ingagane collects drainage
from both active and disused coal mines, and although this is not suffi-
cient to cause any very marked deterioration in the quality of its water,
it results in a rather large increasc in the molar percentage of sulphuric
acid, The Mool receives domestic and industrial efflucnts from Mooi River
town, and these cause an increase in its molar pcrcentage of sodium
hydroxide (this would not by itself be considered as evidence of pollution,
but becomes significant when considered in conjunction with the pH,
conductivity, TDS and other chemical parameters),

Results such as these fully justify thc usual technique of river
surveys for the detection (but not assessment) of pollution by comparing

the analyses for adjacent sampling stations,

Minor comments

Applications of the molar pircentages will be further considered
in the following chapters, but before coming to these there are three
minor points which should be mentioned,

Firstly, it may to some seem objectionable to speak of the molar
percentages of acids and bases in waters which are virtually neutral in
reaction and contain in solution, not acids and bases, but salts, However,
this is only a mode of expression and is really no more misleading than,
for example, thc widely used method of reporting a magnesium concentration
as "ppm of CaCO3",, Indeed, Nordell (1951) went so far as to report all

analytical results (except pH) in CaCO, units, even if the water should

3
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have no calcium or carbonic acid at all, In most natursl waters the molar
concentration of an acid or base, i.e. of any Riccian solute, is in fact
identicel with that of some single ion, except in the case of carbonic
acid. Were it not for this exception, an snalysis could be expressed
indifferently and with numcrical identity in terms 6f either ions or acids
and bescs, but in proctice, because of the invariable presence of carbonic
acid, no such alternative mode of expression is possible unlcss somc form
of arbitrary convention is separatcly introduced. Anyone unfamilier with
the convention would then find anelyses reported in terms of it just as
confusing (if not more so) «s analyscs expressed in terms of Riccian
solutes. Therefore no attempt is made here to establish such a convention,

Secondly, it will be noted from the Tables of molar values
already given that the sum of the molar concentrations or perccntages of
the bases is rarely cqueal to that of the acids. This is because of the
different valencies of thc ions concerned os well os the fact thot carbonic
acid mny be present in non-ionised form, The acid and base sums would be
more nearly equal if equivalent rather than molar units were used, but the
equality would still not be exact in waters of low pH because of the non-
ionised carbonic acid (at extreme pH values, high or low, hydrogen or
hydroxyl ions would also have to be taken into account), Thernfore this
is not an additionnl argument for using equivalent units (sce ﬁbove). But
necither is the inequality of the acid and bese sums = sign of an erroneous
enalysis,

Thirdly, an admitted defect of the molar percentoges is that,
once they are calculated, it is not possible to convert them back to ppm
concentrations at a given TDS because the total molar concentration of
the sclutes involved has disappearcd during the course of the percentage
calculations. Fortunately it is only rarely that such reversed calculations
arc ever necded, and in the few cases that are cencountered a feirly crude

approximation will usually suffice, BEvidently, for a given water:
Total molar concentrations (millimoles/litre)

=G x TDS (ppn) “(13.8)

where G is a constant. From the lest column of Table 13.3 it is readily
verified that, for the 22 Natal rivers concerned, the value of @ ranges

from 0,0212 to 0.0327 with an average of 0,0266. Hence we can put:

concentration (millimoles/litre) = R.0808 ¥ moligo% x 15 (ppn)

(13.9)
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from which the approximate ppm concentration is readily found (by multi-

plying by the appropriate molecular or ionic weight).
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14, A GRAPHICAL REPRESENTATION OF WATER ANALYSES

Possible schemes

It is often not easy to compare analyses one with another and
hence deduee general trends because a mass of numerical data can have a
masking effect, Particularly if several parameters vary simultaneously,
the anélytical figures can even cause some confusion so that no clear
picture of the overali variation is obtainable, Moreover, a set of figures
is not varticularly memoriseble, But if the data can be represented by
some kind of diagram then comparisons of all kinds are greatly facilitated
and, with a proper graphical system, analytical results can become better
retained in the mind,

The molar percentages introduced in the previous chapter are well
suited to form the basis of a graphical means of displaying most of the
inorganic results of a water analysis becausc, as has been discussed,
dilution effects of a more or less accidental nature have been eliminated
from them., They may be utilised graphically in many different ways
(polygonal diagrams, bar charts of histogram form, pie charts, diagrams of
circula. form, etc,), but in most cascs some objection which renders the
scheme of limited utility can always be raised, For example, diagrams
such as polygons with a fixed number of axes or vertices are not suffi-
ciently elastic in that they can represcnt only a fixed number of solutes,
bar charts arc similarly objectionable, pic charts are not comparable one
with another becausc the sector representing a particular solute never
kecps the some orientation from one case to the next, and diagrams built
of concentric circles always look very much alike,

After trials with many possible systems, the one described below

proved to be the simplest and the most satisfactory,

The molar perccntage spectrum

The data n.eded for this particular technique consists of the
molar pcrcentages, the TDS in ppm and the pH value,

The molar porcentages are to be arranged in a perticuler order
(in fact, essentially the same order as has been used in the tabulations
already prescnted), It is most important that this order should never
be varied, for alteration will utterly confuse the final diagram. The

perticular conventional order, to be invariably retained, is the
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following:

Ca(OH)2

Hg(0E),

Any other bases, in order of molccular weight
NaOH

KOH

H2CO3

Any other acids, in order of molecular weight

H2504

HC1

The diszgram is obtained directly from the molar percentages in
the above order,

First a rectangle is drawn with its long sides horizontal and of
any convenient length but scaled to represent 100%. For most purposes a
scale of 1 cm = 10% will beo suiteble, The width of the rectangle should be
about one-tenth of the length, otherwise the intcrpretation of the diagrem
becomes less easy.

The left hand side of the rectangle represents zero percent, At
a distance to thc right of this proportional to the molar percentage of
calcium hydroxide, a vertical line is drawn., At a distance to the right of
this line proportional to the molar percentoge of magnesium hydroxide, a
second vertical linc is drawn. Then to the right of this, at a distance
proportional to thc molar percentnge of the next solute in order from the
above list, another vertical line is drawn. Continuing in this way, work-
ing progressively to the right and toking the moler percentages in strict
order from the above list, the last vertical line to be drawh will reprcsont
hydrochloric acid and will, of course, coincide with thc right hand edge
of the rectangle,

In drawing the¢ vertical lines it is convenient to use broken lincs
for the additional acids and bases (if any) not specifically named in the
list, e.,g. for silicic acid if this need be considered, for ferrous and
ferric hydroxides, for nitric or hydrofluoric acids, and so on, This will
emphnsise that the molar percentnge concerned relates to an unusual solute
and will prevent it being confused with the more common solutes.

The rectangle will then appear as in Figure 14,1, Each line in
it (except the first) represents a solute, and the molar percentage of that

solute will be proportional to the distance of the line from that on its
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immediate left. The whole dingram will in fact resemble o line spectrum,

and it is convenient to refer to it as the moler percentage spectrum of

the water concerned (though, of course, it is not really a spectrum).

To complete the representation, the TDS in ppm may be written
numerically to the left of the spectrum, - Since the spoctrun itself makes
no refurende to the TDS (TDS values cover too great a range to permit any
dircect grophical reprOSuntction), this allows wnters to be comparaed whosec
only differencc is one of TDS. Oftén it may be more convenicat to use
conductivity instead of TDS, Similarly the pH value may be written numeri-
cally to thc right of the spoctrunm,

The¢ spectrum, with its associated numericel data, contains all
the basic information needed to chrracterise the water it reprcsents, at
least as far ss the inorgenic solutes are concerned, If the molar percen-
tages are subsequently read from the spectrum (with the acid of & ruler),
the millimolar concentrations can be approximately obtained from the TDS
by means of the relation (13.9), and from these approximate values of the
ppm concéntrations can be found., The total alkalinity is approximately
obtained by substituting these approximate millimolar concentrations in
equation (3,42) and is expressible in ppm of CaCO3 by multiplying by 50,
Estimates of the herdness and soda elkalinity may then be obtained. By
substituting the wolar percentages themselves in equation (3.42) and
dividing the result into the molar percentage of carbonic acid we have an
approxitcate velue for the a/e ratio which, under the appropriate conditions
(see chopter 8) provides an estimate (after multiplying by 100) of the
percentage saturation with carbon dioxide, Knowing e and E/E gives a.
Approximate values of the forms of alkalinity (chapter 7) and free carbonic
acid (chapter 8) may then be found, and if desired, since ¥ can be found
from the TDS in the usual way, a value for pHS can be obtaincd from
equation (10,13%),

In most cases the molsr percentage spectrum will show featurcs
which, provided the above list of solutes is uemorised in correct order,
ennble the individual lines to be readily identified without the nccessity
of actually labeclling thenm on the diagram. For example, the molar percen-—
tage of potassium hydroxide is usually gquite small so that this and the
sodiumn hydroxide line form n doublet which can readily be picked out. The
line to the right of this doublet will always represent carbonic acid,
and this will usually be widely separcted from the doublet since the

molar percentage of this solute is usually relatively large. The extrene
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right hand edge of the spectrum always represents hydrochloric acid, These
particular lines therefore act as signposts for the identification of others.,
It is because of consequeﬁces such as this that the list of solutes is
arranged in the particular order given above, and it is because these

direct identifications will otherwise break down that the stated order

must never be varied.
TIllustrations

Familiarity with molar percentage spectra can only be acquired by
the study of some examples.

In Figure 14,2 are shown the molar percentage spectra of the
rain, sea and world average river waters of Table 13,2 as well as of the
average Natal river water (which is tsken to have the composition of the
mean of the 22 Natal rivers of Table 2,1, expressed in molar percentage
form in Table 13,3). The differences between these spectra are very
striking, The high molar porcentages of sodium hydroxide and hydrochloric
ecid in the rain and sea water are clearly apparent, as also is the great
similarity bctween the two waters despite the large differences in TDS and
pH. Similarities between the two river anslyses can also be seen, although
the Natal aversge shows more sodium hydroxide and hydrochloric acid but
less calcium hydroxide and carbonic acid thon the world average., The
NaOH - KOH doublets in these two spectra can be clearly seen,

The twenty-two spectrs shown in Figure 14.3 relate to the Natal
rivers of Tables 2,1, 8.3 and 13.3. That many of these rivers show vari-
ous similarities can be suun at a glance, while the few exceptional cases
(e.g. the Gogoshi) also stand out, It is intcresting to note that there
is some tendency for the percentage of sodium hydroxide and hydrochloric
acid to be incronsed in the weters of higher TDS, while the percentage of
carbonic acid is decreased. Clearly, however, there arc many exceptions
to this,

In Figure 14,4 arc shown the spectra of the four rivers of
Tables 8 C and 9 C, each sampled above and below sources of pollution,

These plainly show the featurcs already indicated in the previous chapter,
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L3 WATER SERIES

Gencral characteristics of Noatal river waters

Tt is clear from the materiel presented in chapter 2 that the
composition of a river water, i.e. the nature and amount of the substonces
dissolved in it, must be to some degrec influcnced by the geology of its
catchunent arca, although other factors (such as climate and pcdology) must
be of influence also, From the information already summarised it is
possible to make some brief comment on the obscrved compositions of the
Netal rivers, ond for this purpose we toke Clarke's (1924 B) world average
river as a stondard for comparison even though this average is to some
extent conjeccturnal, The figures aveilable to Clarke were by no means
comprehensive (in particular he lacked results for rivers of Asis and
Southcrn Africa) and he could only fill the gops by making some assumptions,

ainst this world average we may set a Netal average, obtained from the
date of Table 2,1 and assuming thot the 22 rivers listed there form a
representative sample, These two averages have already been presented in
molar percentage form, but the figures are repented in Table 15,1 for

easy reference,
Table - 15.1

Average analyses of rivers

] i
Yorld average | Natal average

pH value 7.5 7.86
TDS, ppm 100 119
. Cu(OH)2 20.% 9.4

0]

H

5 wg(ox),, 5.6 8.4

»g NaOH 10,0 20.8

(0]

© | KOH 2.2 1.8

[¢)]

(SN o

: H2CO3 50.5 o2

[ -

= H2SO4 S 0 35

= NHe 6.4 g EI

The following comments may be mnde:
(a) TDS

The abundant summer rainfall =nd the winter aridity will have
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(c)
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(e)
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opposing effects upon the average TDS of the Natal rivers (chapter
12), The fact that mogt of the surface rocks of the Province
comprise ancient and well lcached shales, slates and sandstones
suggests that the average TDS should be about 100 ppm (see chapter
12), and this agrees well with the tabulated value of 119 ppm,

Calcium

The sbsence of any widespread limestone formations in Natal suggests
o relatively low velue for the average.molar percentage of celcium
hydroxide, In fact, the figure for the Notal rivers is almost holf

that for the world average, in ngreement with this,

Mognesium

In view of the low aversge TDS, the molar percentnge of magnesium
hydroxide in the Watnl rivers would be expected to be somewhat lower
thon that of calcium hydroxide (sce chopter 2). This is indeed the
cose, although the offect is very slight, the proportion of magnesiun

hydroxide in th. Nntol rivers being in fact surprisingly high.

Sodium

Unexpectedly, the molar percentoge of sodium hydroxide in the Netal
rivers is about double that of thc¢ world average. The fact that
most of the sediment~ry rocks of Natal were laid down undcer marine
conditions (du Toit, 1954) and hence doubtless conteoin connate sea
watecr might be relevant here, On the other hond, sea salts derived
from the Indian Ocean may be carried for inland by the strong on-
shore winds which frequently arise - Bond (1946) hns suggested that
sodium in Netal woters up to 180 miles from the cosst might originate
in this way, Either of these possibilitics might also explain the
high proportion of magnesiuvm hydroxide in these waters, already
noted, since in sea water this solute is present in greater concen-

trations than calcium hydroxide (see chapter 13).

Chloride

Since sodium ond chloride rppenr to go approxinately together in
river waters, it is not surprising that the molar percuntage of
hydrochloric ncid in the Natal average is sbout twice th-t of the
world average., In fact the ratio NaOH/HCl of the percentngés is
almost equal for the two cases (Natal 1.59, world 1.56) but different
from that of sex water (equal to 0.86), which in turn suggests that

)
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the rivers do not contain sodium and chloride derived entirely from

the sea,

(f) Carbonic acid

Since the pH and TDS values are much the same in the world and Natal
sverages, both the concentration and the molar percentage of carbonic
acid in these waters would be expected to be very similar (each being
in equilibrium with atmospheric carbon dioxide), This is indeed the

case,

(g) Sulphate
The molar percentage of sulphuric acid in the Natal average is low.

A low sulphate content has already been noted (chapter 2) as appar-

ently characteristic of surfuace watcrs on the African continent.

These comments are, of course, very general in nature. They do
not take into account the quite striking differences that arise in the
chemistry of individuasl Natal rivers, even in the absence of pollution
(see Tables 2,1 and 13,3). It might seem that such differenccs would be
due to the fact that the catchments of individual rivers lie upon quite
different geological formations. Certainly Bond (1946) has shown that
underground waters derived from similar rock formations in South Africa
have similar chemical features and differ from those from different formo-
tions, although there arc varicus inconsistencies in the data. Similarly
Kemp (1963) hes shown that there is s tendency for some surface streams
draining crtchments built from particular geological formations in Natal
to show similar chemical features, differing from those of gﬁreams drain-
ing catchments which are geologically different, Indeed, an attempt has
buen made (Brand et al, 1967), based upon this data, to "predict" the
composition of rivers at particular points from knowledge of the catchment
geology. However, this attenpt has not proved particularly successful,
since it hos been found thet even unpolluted waters often show quite
unexpected characteristics, e¢.g. the Gogoshi and Isipingo rivers (Table
13.3) contain high proportions of chloride which cannot be accounted for
by the geological date, the TDS of the Isipingo is very much higher than
would be expected, and other examples of similar discrepancies have been
noted in the publications just cited, However, the differences arising
between different river waters in Natal are by no means random in nature,

as will now be shown.
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The series of chlorided waters

The data of Table 13.3 for 22 unpolluted Natal river waters show
at once that thcre is no relationship at all between the TDS of the water
and the molar percentzge of any solute, It clearly follows that any type

of Natal surfac: wetcr may occur at any dilution, The TDS gives no clue

to the water chemistry, nor docs the chemistry to the TDS.

The solutc which shows the greatest renge of variation in molar
percentage is carbonic acid. Owing to the arithmetical properties of
percentages, if onc¢ percentage incrcases progressively it is obvious that
some other percentage or group of percentages must progressively decreasc,
and it is thus of intcrest to enquire how the other percentages change as
the molar percentage of carbonic acid increases,

If cach of the other perccntages of Teble 13.3 is plotted
agoinst the molar percentage of carbonic acid it is found that there are

several systematic variations:

(a) the percentages of potessium hydroxide and sulphuric acid remain

almost constant (apart from statistical scatter).

(b) the pcrcentages of calcium and magnesiunm hydroxide each tend to
increase (the former more rapidly) as the pcrcentage of corbonic

ncid increases,

(¢) the percentages of sodium hydroxide and hydrochloric acid each
decrease markedly as the perccntage of carbonic acid increases, the
latter decreasing much morc rapidly and becoming elmost zero when
the cerbonic acid reaches 60% while the former is reduced to only

about 15% at thisg point,

The last of these is particularly interesting since it indicates that, as
the proportion of carbonic acid increases, not only is the proportion of
sodium chloride in the water reduced, but also that some of the sodium
chloride becomes progressively replaced by sodium bicarbonate (or carbo-
nate, depending on the pH).

No attempt has been made to calculate regression equations for
these relationships, sincc the scatter is in each case too great for such
equations to be of much reliability, but by visuzlly fitting "best™
straight lines to the plotted dats and combining these lines in the appro-
priate fashion, the diagrem of Figure 15.1 was obtained, This is equiva-

lent to a display of molar percentage apectra stacked one above the other,
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the upper ones relating to waters of high molar percentage of carbonic
acid, Reading across the diagram horizontally for specific carbonic acid
percentages encbles the spsctra to be drawn in the usual form, and in this
way the spectra of Figurc 15.2 have been obtained, These spectra match
very closely with those shown in Figure 14,3,

In Table 10 C are given the anclyscs, expressed in terms of
molar percentages, of 28 rivers of Natal selected from Brand et al (1967),
the sole criteris of sclection being that the rivers concerned should be
unpolluted and their ennlyses fulfil the ionic bnlance. On comparing
these with the values obtained from Figure 15.1 to match the observed molar
percentage of carbonic acid, excellent agreement results and, using the
usual criteria for comparing molar percentages (chapter 13), in only three
instances (Umvunyama, Waschbank and Sinkwazi) is there any significant
discrepancy.

It therefore seems that most Natal river waters are members of
one great series of waters whose compositions are as represented by Figure
15.1, at least to a first approximation. In addition, the analyses of
sea water (Table 13.2) with only 0,9% of carbonic acid and of rain water
(Table 13.2) with 4.5% of carbonic acid also fit into this same series.

For convenience, this particular series of waters will be

referred to as the series of chlorided waters.

The series of sulphatcd waters

It is clearly not to be considered that all surface waters should
belong to the chlorided scries, not can it immediately be assumed that
this series of waters exists outside Natal. It is therefore of great
intercst to examine the analyses of river waters from other regions,
Nordell (1951) ha~ published the analyses of 98 river waters
from the U,S.A, All this data are expressed in terms of ppm of CaCOB,
but recalculation to millimoles/litre is relatively simple. Unfortunately
he does not itemise sodium and potassium separately, but it may be assumed
for purposes of calculation that the molar percentage of potassium hydrox=
ide is 1,8, as in Figure 15,1, Also, he omits to give pH values, so that
accurate calculation of the total carbonic acid cannot be made, but it is
clear from chapter 8 that there will be no very great error if we assume

that e = a for these analyses, With these assumptions the molar percen-

tages can be calculated, the results of the calculations being given in
Table 11 C.
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Examination of these results shows that in many instances the
analyses cen be fitted to Figure 15,1, i.e, waters of the chlorided series
are common in America as well as in Natal. In some cases the fit is not
very good, and in 40 cases there is clearly no agreement at all. These
cases are marked with an asterisk in Teble 11 C.

If the 40 discrepant cases are treated in preciscly the same
fashion as the 22 Natel rivers of Table 13,3, a diagram (Figure 15.3) can
be constructed similarly to that of Figure 15.1, and this seems to repre-
sent o second series of weters which may conveniently be tormed the series

of sulphated waters since all its members contain greater molar percentages
g

of sulphuric acid than in the previous cnse, The diagram shows that these
waters (a) contein more calcium hydroxide than those of the chlorided
series, (b) contain less hydrochloric acid, (c¢) have sodium sulphate and
sodium chloride together showing the same behaviour as sodium chloride
alone in the chlorided series as the molar percentage of carbonic acid
decreases, and (d) contain less sodium, particularly at the higher levels
of carbonic acid percentage,

It therefore appears that the sulphated waters constitute a
second mejor series of the world's surface waters, and to seek confirma-
tion we may now examine the data for 43 British rivirs given by Taylor
(1958). Taylor has expressed mmmmmessmsmsi his snolyses in torms of the
concentrations of hypothetical dissolved salts, but recalculation is
readily accomplished, Agnin pH values are missing from the data so that
the assumption e = a must be invoked. Many of the snsalyses show relatively
high concentrations of nitrates, but thesc have been disregarded in the
calculations, the results of which are shown in Table 12 C. Comparing
thesc with Figure 15.% it is found that, except for one circumstance, 10
analyses (marked with an asterisk in Table 12 C) fit reasonably well into
the chlorided series, 3 (marked with a double asterisk) are anomealous,
while the remaining 31 fit reasonably well into the sulphated series, The
exceptional circumstance is that in almost every case the calcium hydroxide
percentage is much higher and the magnesium hydroxide percentage much
lower than accords with Figure 15,3, but if only their total is considered
(i.e. the total hardness) the fit is quite good, That these British
rivers are anomalous as regards their silica content has already been noted

(chapter 2), so it is perhaps not surprising that some other anomalies

should appear as well,
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However, although it cannot be claimed that any really satis—
factory proof hes been given, these results strongly suggest that the
series of sulphated woters exists and, like the chlorided series, is quite
common throughout the world, It is of interest to note that the world
average (Table 15.1) accords quitc well with the sulphated but not with the
chlorided series,

It is not possible to account for the origin of either of thesc
twc series of woters at the present time., However, it is of interest to
note that, in Netal, rivers polluted by drainnge from coal mines often
approximate to the sulphated type. In addition, the clays of thc temper-—
ate zone arc known to contain much pyrite which yields sulphates on
weathering, and this might explain why sulphated watcrs are relatively
common in Britain and the U.S.4. Typical molar percentagc spectra of the
sulphsted scries, obtsined frem Figure 15,3, are shown in Figure 15.4.

Obviously it cannot bc claimed that the chlorided and sulphnted
series are the only types of natural waters that exist, for Clerke (1924 B)
hns listed many other kinds of water., The two series do seem to represent
the mnjority of river waters, however, and they bring together waters
which Clarke separated as distinct types. It might be expected that waters
of intermediate type, resulting from a mixture of waters of cach series,
would be fairly common, but out of all the analyses listed here only one

in Table 12 C (Dee ** ) appears to be of this nature.

General choractsristics of the two woter scries

By roading off wnlues from Figures 15.1 and 15,3 it is readily
shown that 11 waters of the sulphnted series should possess a negative

sods alkolinity (chepter 11) while most wrters of the chlorided series,

i,e. those with o molar percentoge of carbonic acid exceeding about 20,
should show a positive sodr alkalinity. The cxpected variction is showm
in Figurc 15.5, where the soda alkalinity has been calculated by applying
equation (11,5) to the molar percentages. If the same calculation is
applied to the chlorided waters listed in Tables 13.3 and 10 C, the soda
alkalinity curtainly shows a trend of the correct foram (correlation
cuefficient + 0.717 with 45 degrees of frecedom and hence statistically
significant) but the scotter is too great for this to be of any practical
utility. The existence of such a trend, however, shows that although the

sulphated waters evidently heve greater total herdness than chlorided

waters of the same TDS, their temporary hardness will, on the whole,
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amount to a smallecr pcrcentoge of the total herdness and hence, in absolute
nognitude, may not siffer very much from that of the corresponding chlorided

waters,

Since the corrosion ratio (chapter 10) is independent of the TDS

(being a concentration retio), it can be computed b applying equations
(10.17) and (3.42) to the molar percentages. For each of the two series

of waters, the value of the corrosion ratio then vories with the molar
percentage of carbonic acid as in Figure 15.6, No watcr can have a molar
percentrge of carbonic acid much greater than 60 (for 66,7% corresponds

to a pure calcium or megnesium biccrbonete solution), so that the sulphated
waters, which show the higher values of R, will in general always be corro-
sive to metals while the chlorided waters will only be corrosive if their
molar pcrcentrge of carbonic acid is less than about 50. This evidently
means that most waters, of whatever scries, will in feoct be corrosive to
netals. The chlorided waters of Tables 13.3 and 10 C in fact give velues
of R which lie closely on a curve intermediate between the two full curves
of Figure 15.6, as shown by the broken line. The above conclusion is
therefore valid.

If it is the case thot o water contains 100 milliwcles/litre of
dissolved ionic substances, the molar percentages become identical with the
nillimolar concentrations, Concentrations in ppm can then be calculated
and hence, using equation (4.6) and assuning an average of 16 ppm of
silica (chapter 2), so 2lso can the TDS. Concentrations at other TDS
velues con then be found with good accuracy by proportion, and in parti-
cular the calculrted values of Ca and A con be used in equation (10.13),
in conjunction with velues of ¥ from Teble 2 B, to find the saturation
pH value, pHS. The results of such calculations are summarised in Figure
15.7. It #ill be seen that the pHS decreases with the molar percentage of
carbonic acid but decreases as the TDS increases, and also that the pHS
values for chlorided and sulphated waters of the same TDS are very little
different, Since most of these wnters have pH values in the range 7,0 to
8.5, it is evident frouw Figure 15.7 that almost any water of either series
with TDS less than 100 ppm will be under-saturated with calcium carbonate,
whereas at higher levels of TDS the controlling factor will be the molar

percentage of carbonic acid,

The buffer capacity, B, at a given pH value will evidently show

a linear dependence on both the TDS sand the molar percentage of carbonic

acid, and the relationship will be precisely the same for the chlorided

71, 7 S
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as for the sulphated series.

It is interesting to note that, taking the electricsl conduc-
tivity to be proportional to the TDS, the curves of Figure 15.7 can be
represented by an equation of the form (10.16), the constant X heine g
function of the molar percentore of cnrboniec acid, Taking this functien
to be linear, as a first approximation, the calculated values of Figuve

15.7 can be represented by:

oH_ = 13.95 - 0,07 (% H2003) - 1.85 log C (15.1)

where C is the electrical conductivity in micromho and is taken as 1.5
times the TDS in ppm. For the 22 rivers of Table 2.1, using the values
of the carbonic scid percentaze in Table 13.3 and comparing the pHS
values with those accurately calculated in Table 10,1, it is found that
the abcve equation gives results with a root mean square error of 0.36.
This is considerably less than that for equation (10.15), as was expected,
However, the new equation is of no greater practical value since the
percentage of carbonic acid cannot be known unless a full analysis has
been carried out, and in that cese it is evidently more satisfactory to
calculate the pHS accurately from equation (10.13).

Both chlorided and sulphated waters show very similar character-
igtics as regards those properties of technological interest (hardness,
corrosion ratio, buffer capacity and pHS). This is because all these
wvaters have a certain close similarity in chemical composition, although
naturally this is not true if we consider waters of abnormal analysis
such as caused by anpreciable pollution or other agencies. However,
previous chavnters have shown that TDS is important to all these techno-
logical properties. Consequently it may be concluded in general that,

provided the abnormal waters are not considered, these properties are

governed principally by the TDS of the water.
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16, CHEMICAL CLASSIFICATION OF RIVER WATERS

General

We are now in a position to consider the classification of
river waters on a chemicgl basis,

River waters can be classified in various difforent ways,
depending on the application for which the classification is designed.

Thus Clarke (1924 B) has established a classification according to the
inorganic salts dissolved in the water, Kolkwitz and Marsson (1908, 1909)
followed by later workers such as ILiebmann (1951, 1955) have formulated
clessifications based on the oxygen chemistry of the water and its flora
and founa, Beak (1964) hos used a purely hydrobiological classification,
Klein (1957) quotes n classification due to the Royal Commission on

Sewage Disposal and some variations of it which virtually consider only

the presence of orgonic matter in the water, Horton (1965) classifics
rivers by means of an index number bzsed not only upon the water chemistry
but also geographic knowledge of their catchments, and Wilcox (1948, 1955)
and othur workers (sec references cited by McKee and Wolf, 1963) have
classified wotcrs for use in irrigation, confining their attention to the
inorganic solutes, There is a distinct neced, however, for a classification
of general scope that gives an overall picture of water quality and rclates
directly to potential water use,

Unfortunately "water quality™ is an ambiguous term which cannot
be precisely dcfined without reference to some specific use of the water
(Hoak, 1953), It is not synonymous with purity (distilled water is very
pure but hes corrosive and solvent properties which make it unsuitable for
many uses) nor with freedom from pollution (a mineral spring may be unpoll-
uted and yct be unsuitable for most uses because of its excessive content
of dissolved salts). Moreover, different water uses have different water
requirements, so that what is considered "good" quality for one purpose
may be "poor" for another, e,g, McKee and Wolf (1963) quote specifications

which require a total alkelinity of 80 - 150 ppm os CaCO, for brewing

3
dark beer, 75 - 80 ppm for brewing light becr, and not exceeding 60 ppm
for lsundering,

It is thus clear that any practical classification of river
waters according to quality must be to some extent artificial. This is no

real defect if the basis of the classification is sufficiently clear,
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Water quality

Evidently very many factors have to be taken into account in
assessing the suitability of a given water for a particular use, and a
scheme of classification which attempted to incorporate them all would be
far too complicated for practical use, It is therefore a practical necess-
ity to select a small number of paramsters which are independently variable,
each of them individually having a major bearing upon water use.

With the proper choice of parameters it will then be possible to
make an assessment of the potential uses of the water (though other factors
must be considered before any finality becomes possible), and water

quality can then be defined in terms of broadness of potential water use.

In particular, it follows that water which is suitable for drinking will
automatically be regarded as of high quality, since such a water is also
suitable for almost any other domestic, industrial, agricultural and
recreational use,

From chapters 9, 11 and 15 it is clear that the TDS of the water
must be of major importance in such a classification since it influences
the hardness, pHs and buffering power, which are themselves parameters of
great practical interest, It is certainly of importance in connection
with the suitability of the water for drinking, since it is generslly
considered (S.A. Bureau of Standards, 1951; World Health Orgonisation,
1961; Henzen and Stander, 1962; U,S., Public Health Service, 1962) that,
because of the physiological effect of water contesining a high proportion
of dissolved salts, watcr of TDS exceeding 500 ppm is not suitable for
drinking unless no other source of supply is available, ond that water
with more than 1000 ppm TDS is not suitable for drinking at all,

We have scen that natural waters, by and lsrge, are all very
similer in chemical composition, It follows that, provided the TDS is
acceptably low, the actual analysis of the water hes little relevance to
its suitability for drinking (except for the possible presence of certain
elements such as fluorine, zinc, copper, arsenic, etc, and toxic organic
substances), nor does it have much influence on hardness, pHs and buffer-~
ing power. Further, if = water h:s been polluted by inorganic substances,
this usually results in an increase of the TDS, and in general any result-
ing unacceptable values of pH, alkalinity, hardness, sulphate content, ete,.
are reflected in abnormally high TDS values,

Therefore the TDS is certainly one of the factors that must be
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utilised in assessing potential water use and hence water quality.

"In fact there ere only two other factors, also of major inmport-
ance but independent of the TDS, that need to be considered. These are
the dissolved oxygen concentration and the content of orgenic matter.
These are topics not yet discussed in the present work, which is meinly
concerned with the inorganic chemistry of river wnters, so some brief
snccount of them must be given for the sake of completeness before pro-

ceading further,

Oxygen relationships in rivers

Organic material in a river becomes oxidised in course of fime
and converted to simple mineral substances, Bacteria initiate this con-
version and proliferate, utilising the organic materials as foodstuffs,
but because the processes of breakdown require oxygen the result is to
decrease the dissolved oxygen (DO) content of the water, even to the point
where anaerobic conditions arise if there is sufficient organic material
present. However, as the organic matter is consumed, the DO is eventually
replenished from the atmosphere. Algae usually become established below
the anaerobic zone, contribute to the oxygen replenishment by their photo-
synthetic activities (which can cause the DO at a particular point to
follow a diurnal cycle of variation since photosynthesis changes its rate
with the intensity of the incident light) and proceed to remove nitrates,
phosphates and other essential plant nutrients from the water., Bacterial
feeders, such as protozoa, which are prolific while the bacterial popula-
tion rcmains high, are replaced by slgal feedors (insccts, crustaceans,
snails and some fish) and the water eventually returns almost to its
original condition. The TDS, however, usually shows some increase, for
once mineral salts are formed in solution they remain,

These are the processes of self-purification. They respond to

changes in tcemperature and also proceed more rapidly in shallow and tur-
bulent streams because oxygen can be more readily taken up by turbulent
water and therc is increased opportunity for organic material to be brought
into contact with the sides and bottom of the channel, the surfaces of
rocks and debris and the leaves and stems of growing aquatic plants, all

of which may become covered with a zoogleal slime in which intense biolo-~
gical activity can occur to promote the rapid removal of organic material
from the water, In a country such as South Africe where water is often in

scant supply and has o limiting effect on almost every form of economic
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development, the self-purifying powers of the rivers rank as a national
asset and merit very careful preservation (Stander, 1959). In some
countries the rivers were at one time assumed to be a relatively simfle and
inexpensive means of disposing of wastes of all kinds, but the consequcnce
was that the self-purifying powers of thec water became completely over—
taxed and pollution reached alarming proportions, the river waters being
made unfit for any uses whatsoever and very complex problems of water
supply end waste disposal being created., Some such problems are already
appearing at some localities in South Africa,

The decomposable organic matcriel in a water is indirectly

measured by the biochemical oxygen demand (BOD), which is essentially the

respiratory oxygen consumed under standsrd conditions (5 days at ZOOC in
the dark) by aerobic micro-organisms in or added to the water (American
Public Health Association, 1965; Ministry of Housing and Loecal Govornment?
1956; Society for Analytical Chemistry, 1958). Though open to a numbcr of
objections, both theoretical and practical, the BOD provides a measurcment
more related to the conditions and processes occurring in organically
enriched water than do other experimental quantities which involve chemi-
cal oxidation by means of permanganate or dichromate or by combustion,

It provides o link between river chemistry and hydrobiology in that it
gives values which are recasonably reproducible for surface waters and
which relate quite closely to the composition and structure of the faunal
population at the point of sampling.

Strceter and Phelps (1925), during a survey of the Ohio river,
proposed a simple mathematicel formulation linking the DO and BOD of an
organically enriched or polluted river. This hes given rise to a vory
extensive literature which nced not be reviewed in detail here., The
essential idcas involved are (a) that the BOD decays exponentially by a
kinetically first order process governed by a rate constant kl, (b) that
removal of BOD enteils the consumption of an equivalent amount of DO, and
(c) that the DO of the water is replenished from the atmosphere by a first
order process governed by a rate constant k2. These lead to a differen-
tial equation which can rcadily be integrated to show the DO as a function
of time or of distance downstream from the point of entry of the organic
material, as in Pigure 16.1. This shows a typical oxygen sag, the DO
- falling at first as demand excceds supply, passing through a minimum and
then rising as it is roplenished from the atmospherg, while the BOD itself

decreases exponentially,
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Streeter and Phelps (1925) found the rate constant kl to have
the value 0,1 day_l (in terms of decadic logarithms) from experiments in
the laboratory., Many workers have studied the value of the rate constant

k and among the more recent results may be mentioned those of Owens,

2’
Edwards and Gibbs (1964) who gave the equation:

67 h-l.85 -1 (16.1)

PR ST L day

2

where U is the mean velocity of the stream in ft/sec and h the mean depth
in feet (U in the range 0.1 - 5,0 ft/sec and h in the range 0.4 - 11,0 ft),
When the theory is applied to rivers, however, rather different values of
k, are often found (Thomas, 1948). This is not surprising in view of the
fact that the simple oxygen sag equation ignores the removal of BOD by
deposition and adsorption (i.e. without consumption of DO), takes no
account of the oxygen demand of sludge banks, does not consider the resus-
pension of deposited organic material and makes no attempt to allow for the
generation of oxygen by photosynthesis (such matters have been included in
a more complex formulation by Dobbins, 1964), Even the kinetic assulp—

tions underlying the constant k. have been called into question (Stones,

1963; Re Velle, Lynn and Riveraf 1965),

Although the quantitative aspccts of the simple oxygen sag
theory are therefore not well founded, it is clear that it does give a
correct qualitative picture of the self-purification process. Below tho
entry of organic material a river shows a zone of pollution whcre the BOD
remains relatively high while the DO decreases to a minimum, This is
followed by & zone of recovery where the BOD decays to vanishing point
while the DO rises again to its normal level, The later, more complex
and more accurate theorics of oxygen sag do not disturb this siumple overall
picture,

Very little work on oxygen sag has been undertaken so far in
South Africe despitc the importance of the subject to water supply and
pollution control problems. It hos been noted, during river surveys in
Natal, that even grossly polluted rivers often recover within 10 miles,
in ‘contrast with the experience of various Amcrican workers who have
usually observed that their larger and slower rivers require much larger
distances. This appears to be due in part to the fact that the Natal
rivers are shallow snd flow swiftly and turbulently, thus exhibiting much

larger values of the reaeration constant k2. Some preliminary results
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obtained by the writer nt the start of a progr-mme of investigntion of
oxygen sag in Natal have also shown that the rate of non-oxidative removal
of BOD from the water can be extremely great, leading to apparent values
of the BOD constant kl up to ten times greater than the usual 0,1 day—l.
This also is probably a consequence of very turbulent flow (Velz and
Gannon, 1963){

As regards water quality, it is evident that water with a rela-
tively high BOD must be regarded as very poor, Such a water is likely to
give rise to biological growths in reticulation systems, to.develop a
reduced DO on standing and to develop unpleasant tastes and odours (even
if it does not become completely aneerobic), Usuzally it will require
special treatment to rcender it suitable for domestic and industrial use.
Moreover, a high BCD is not usually due to natural causes, and 1ts
presence therefore indicates that the water has most likely becen polluted
in some way and that its usc as a source of water supply must necessarily
be viewed with suspicion, Certainly a water of this nature will be quite
unfit for drinking,

On the other hand, a water with a relstively low DO but without
a high BOD might well possess taste and odour and be bacteriologically or
otherwise unsuitnble as a source of supply, but it should be regerdcd as
of somewhat better quality since it will usually have come from the recov-
ery zonc of a river, It would not requirc such extensive treatment beforc
use, biological growths should present less problems and pathogenic bacter—

ial counts should generally be lower,

Scheme of classification

The above considerzmtions lead to the recognition of various

different types of natural waters, which may be distinguished as follows:

According to TDS

(a) S0FT weters with TDS less than 100 ppm,

These waters have very low hordness, possess scale-dissolving
propertics (reletively high pHS and negative saturation index) and
low buffcring power so that they are difficult or uneconomic to treat
by the usual methods of pHS correction. They are all potentially
suitable for drinking (i.e. provided they also fulfil accepted

criteria independent of the TDS) and for all other uses.
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(e)
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NORMAL watcrs with TDS between 100 and 500 ppm.

These are soft to moderatcly hard waters, fairly well buffered
and usually scale~dissolving, but they are readily treated by the
usual methods of pHS correction and agnin arc potentially suitable

for drinking and all other uses.

HARD waters with TDS between 50C and 1000 ppm,

These wators arc not usually markedly scale-dissolving nor scale-
forming., Thoy have high hardness and arc well buffered, and henco are
not difficult to treat if necessary by the usual methods of pHS correc-
tion, but they may reouire rclatively high dosages. They arc not
considered potentially suitable for drinking or domestic use unless
no other source of supply is available., They may not be suitable for
agriculture (except perhaps irrigation) but are potentially uscble

for many industrisl purposcs,

MINBERALISED waters with TDS exceedingllooo ppm,
These are usually hard, scale~forming waters, not suitable for
drinking or domestic use and probably not acceptable for agricultural

or industrial use.

According to BOD

(a)

(b)

(d)

PURE waters with BOD less than 1.5 ppnm,
The surface waters of highest quality fall in this class, and
in Natal they are the completely undisturbed waters found in the

mountzin streams at the head of many of the rivers (Brand et al,
1967).

CLEAN waters with BOD between 1.5 and 3.0 ppm,
This group includes the majority of the river waters in Natal
(Brand et al, 1967). These waters are all of quite good quality but

not of such excellence as those of the Pure group.

POOR waters with BOD between 3.0 and 5.0 ppm.

In Natal these wsters are usually polluted to a small degree
(Brand et al, 1967), but not to the extent that they are unsuitable
for a wide range of uses. A BOD excecding 3,0 ppm may give rise to
some difficulties in conventional water treatment plants (see refer—

ences given by McKee and Wolf, 1963),

SULLIED waters with BOD between 5.0 and 15.0 ppm,

These are mostly polluted woters, liable to possess tastes and
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odours and to show high bacterial counts, and streams carrying such
waters invariably show a characteristic fauna. The waters will often
be low in dissolved oxygen, although the majority of shallow, fast-
flowing rivers in Natal will not become anaerobic at such a BCD
level. Thesc waters are not suitable .for any use except perhaps
irrigation,
(e) FOUL waters with BOD exceeding 15.C ppm.

‘These are all heavily polluted waters, not suitable for any use

except perhaps irrigstion, and are all very low in oxygen, often

anaerobic,

3. According to DO

(n) OXYGENATED waters with DO ot lenst 60% of saturation,
These are accuptable, other things being equal, as sources of

supply.

(b) DEOXYGENATED waters with DO less than 60% of saturation,

These arc not acceptable as sources of supply becausc they are
liable to become =naerobic on standing in reservoirs, tanks and
pipes, hence developing tastes and odours, as the oxidntion of
organic material occurs, Although it is fairly simple to raise the
DO during treontment, o deoxygenated water has usuanlly been polluted
in some way and cannot be accepted as safe for many uses without

further investigation,

The TDS, BOD and DO are thus the¢ three parameters by means of
which water usc is to be nssessed and honce wnter quality charccteriscd,
Sincc they can vary indepcendently, taking a2ll three parameters into
account gives risc to 40 different water types. However, these are 40
different chemical types and do not immediately rclate to water use; thus
they are not to be taken ns 40 different grades of water quality.

When the characteristics of cach of these 40 types are considoered
separately, it caon be seen that it is possible to combine them so as to
form six larger classes according to their potential uses. This combi-

nation can be achieved through the following scheme:
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From Class I to Class VI the potential uses of the waters become

progressively restricted, so that according to definition the water quality

progressively falls off, The six classes are thus clesses of water quality,

and their characteristics mey be summarised as follows:

CLASS I

CLASS II

Woters of the highest possiblc quality which should be prescrved
from any form of pollution., Potentially suitable for all uses.
In Noatal these ore the waters of most mountain streams and river
herdwaters, and many are scheduled trout streams, Their closs

comprises the OXYGEMATED SOFT PURE waters.

Wnters of good or reasonably good queality, potentially suitable
for drinking and any other use after appropriate treatment.
Generally the greater the degree of orgsanic enrichment, the
more c¢xtensive will be the treatment required. These waters
make up the majority of the rivers of Natal. They comprise the
OXYGENATED waters of the SOFT CLEAN and POOR groups and the
NORMAL PURE, CLEAN and POOR groups.

CLASS III Waters which are not considered suitable for drinking or domestic
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use unless no other source of supply is aveilable., They may not
be suitable for some agricultural uses but can be used for many
industricl purposes, They are the OXYGENATED waters of the
HARD PURE, CLEAF and POOR groups.,

CLASS IV Waters which are not suitable for drinking or domestic use and
which are¢ probably not acceptable for industrisl or agricultural
use, except perhops irrigation. These are the QOXYGENATED
MINERALISED w-ters of the PURE, CLEAN and POOR groups (not
necessarily polluted thcrs) and all DEOXYGENATED waters of the
same groups (most of which are polluted waters but not common

in occurrence),

CL&8S V Watcrs which arc mostly polluted and which are not suitable for
ony use except perhaps irrigetion. They comprise the SULLIED
waters of any group, and active efforts should be made to impreve
their quality where possible so as to increase their potcntial

usefulness,

CLASS VI VWaters corrying heavy organic pollution, not suitable for cny
usec except perhnps irrigation and which can constitute public
health hazerds or public nuisances, These are the FOUL waters
of eny group, and active efforts should be made as a matter of

urgency to improve their quelity.

It must be stressed that ony such scheme of classification,
becausc it czn necessarily only dezl in generalities, can only be taken as
a guide and not as a fincl criterion, Thus, although weters of Classes I
and 11 are described as potentinlly suitable for drinking, this potential-
ity will only be an actuality if the water fulfils other accepted stand-
ards for trace elements, bacteriology, ce¢tc. In other words, when o
specific problem of wnter usec is encountered the classification con be of
considerable assistence but, in the last analysis, ench case must be
treated on its own merits,

There are still several matters that nced to be considered
before the proposed classification can be regarded as fully satisfactory.
When it is applied to individual water samples there is no difficulty,
for the scheme will unambiguously clessify the quality of the weter that
is actually in the sample bottle, Difficulties arise when attempts are

made to classify a river rother than individual samples of its water.
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For example, the inherent variability of river waters means that a

certain stream, normally providing water falling in, say, Class II, may
occasionally carry water of Class III. If the necessary data were avail-
able (it would require a team of men working for several years), it might
be possible to decide on such a rule as allocating the water at one parti-
cular point on a river to that class in which 80% of all the samples fall,
But so far the nccessary data is not available and, through shortage of
man-power, rivers in South Africs have to be classified on the evidence of
a very limited number of samples, At the present time it seems best to
classify a river according to the worst water sample that it hau provided,
although admittedly this introduces a degree of bias into the final
result,

Since a chemical sample reveals the condition of a river at a
given point at the instant of sampling while saomples of the flora and
fauna of the river reveal the conditions prevailing during the immediate
past, it is in principle possible to use biological samples to supplement
chemical ones and so obtain some idea of the variability of some of the
watcr quality parameters, This possibility is being investigated
(S.J, Pretorius, private communication), but no final conclusion has yet
been reached, Biological sampling prescnts its own characteristic diffi-
culties, and a far greater knowledge of the ecology of the diffcrent
specics inhabiting rivers and river beds than hitherto exists is necessary

before any of the results can be adequately interpreted.
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374 SOME PARTICULAR NATAL RIVERS

Introduction

To illustrate various points from the preceding chapters, some
examples will now be given, drawn from the results of surveys that have
been madec of the rivers of Natal (Brand et al, 1967)., Each cxample has
been chosen as representotive of many other streams of similar chemical
characteristics, Tﬁo cxamples comprise the Illovo river as typical of a
clean Natal river, the Nonoti river as typical of a river receiving orgsnic
pollution, the Umfolozi river which in some parts contains highly mineral-
iscd watcr, and a set of small coastel rivers which exhibit certain
characterigtic peculiarities,

The chemical results cited will be confined to those relating to
the topics that have been considered in the earlicer chapters, since it is
not thc aim of the present work to give a detailed account of river pollut-
ion, i,e., details of the chemical composition of specific types of polluting
effluents and their offects upon the receiving water., A brief account of
the wider range of chemicnl determinations that are usually employed in
river surveys has been given elsewhere (Kemp, 1967).

In conclusion, e brief genersl summary of river water quelity in

Natal is presented.

The Illovo river

The Illovo river rises at an altitude of just over 5000 ft near
Keerom, about 4 miles north-east of Byrne., It mcanders markedly, but its
course generally runs east south~east. After 4 miles it has droppéd to
3500 ft and passes through Byrne and then, after a further 6 miles, through
Richmond, The river then flows for some 38 miles before it enters a deep
gorge~like valley cut into hilly country, the gradient steepening sharply
so that the water drops sbout 500 ft over 2 miles of flow, After flowing
a further 20 or more milcs through this valley, it emerges on to the flatter
country of the coastal region at about 600 £t snd finslly enters the Indian
Occan after a total length of flow of 82 miles, The catchment arcs amounts
to 361 square miles,
| In the upper part of the catchment, down to the vicinit of
Mount Misery, about 15% of thc total area is arable land, the rest being

equally divided between natural veld or bush and forestry., The Umlazi
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Location 4676 occupies the rest of the catchment to within a few miles of
the coast, Finally the river crosses a narrow belt of sugar fields and
passes a sugar mill before entering the urbanised coastal area in its
lowest mile of flow,

Table 17.1 gives the chemical results obtained in the dry season

of 1964 for seven sampling stations:

(1) Above Byrne
(2) Above Richmond
(3) Below Richmond
(4) Rosebnnk

(5) shiri

(6) Above mill

(7) Below mill

It is clcar from the analyses that the water of this river down
to station 5 is of Class I quality, just comes into Class II at station 6,
=nd at station 7 it is degraded to Class VI on account of the very high
BOD. The DO at this station is also low and the pH value decreasecd.

The molar percentege spectra are shown in Pigure 17.1, =nd down
to station 6 sre thosc of typical chlorided waters, with markedly decreas-
ed proportions of corbonic ncid at stations 5 and 6. Station 7, however,
gives an anomanlous spectrum out of line with the progressive downriver
changes shown by the higher stetions,

The values of various parameters calculated from the analyses
arc shown in Table 17,2, Both thc free carbonic acid end the percentoge
soturation with corbon dioxide arc significantly high at station 7
(excceding 6 ppm znd outside the range 95 - 120% respectively - sec
chapter 8). The pHS is high at 2ll stations and the saturation index is
ncgative, but the corrosion index is fairly low down to station 5 so that
corrosivity should not be much of a problem with the water of this river.
The water is soft at all stations, the temporary hardness is low and the
buffer copacity appreciable.

The Illovo is thus & river of high water quality, although it

is heavily londed with organic material in its lest mile or so.

The Nonoti river

The Nonoti river rises at an altitude of about 1300 ft some

14 miles from the coast, about 4 miles west of the peak Nonoti. It

o



Table

3.1

Analyses of the Illovo river

Station Ko: L 2 % 4 B 6 i
pH value 7.48 T T:32 7.50 T.7T4 7.43 6.58
FREE AT 100 88 |113 33 141 182|188

micromho
TDS, ppn 48 51 49 50 72 104 120
DO, ppm 10.8 9.2 9T 10,6 11.0 Heab el
DO, % saturation | 102 90 92 104 101 106 44
BOD, ppm 0.4 0.3 5510 1.0 g O Lod 38,1
OBl eSS b oasy Lom FalE e 1 asie ek | ks

as ppm CaCO3
Ca, ppm 4.9 5.2 5.6 §.9 7.6 TeT 10.2
Mg, ppm 3.0 253, 2o 3.6 4,7 5.4 6.1
Na, ppm 5.0 6.0 2 8.8 11.7 222 24.5
K, ppm G.5 0.8 BT 0.7 0.8 1.4 ail
SO4, ppm Nil Nil Nil Hil Nil 1.3 e
Cl, ppm b 3.4 bl 6.2 12.0 295 30.4
SiO2, ppm 12,5 12,0 10,5 9.6 6.9 a7 S
Flow, cusecs 1.9 6 6 6 7 25 10

]




Stn TDbS
1 48
2 51
3 40
4 6O
5 72
G io4
7 120

Molar

Stn 105

1 ]
2 108
3 112
4 132

Moiar percentage spectra of the Nonoti river

v-_’; 'E - o

T —~ 3

@) '-;Jj O 3 8 Erj: =%

~— 1 L3 L=

g 3 A v i -
FIGURE 171

percentage spectra of the Illlovo

oL
T2 T o248
oL = o .
S D (l_?ﬁ O .br)a U(l ~
o o agh =k oF L
[
FIGURE 17.2

A 5

732

Edi==

7 74

743

pH
748

49

740




Calculated

Table

17,2

perameters of the ITllovo river

Free

- Hardness as ppn CaCO3 . : ?arbonic 00 as % ngiiiiy
Station 3 Saturation [Corrosion| acid, as 2 fs
No: Total | Permanent | Temporary pHS indexz ratio ppm of CO2 saturation B

1 a2 a2 ) 9.44 | - 1.96 0.29 1.7 107 0.09

2 75 20 5 9300 | = kg9 0.15 3.0 111 0.15

- 24 13 - G281 = 19 0.18 2.9 111 0.21

4 e 22 11 .18t - 1,69 Celi 2.4 107 0.13

> 39 26 13 8.94 | - 1.20 0.36 1.0 104 0.10

6 42 28 14 8.97 ) - 1.54 0.90 e 108 0.17

iz 21 30 21 BT | =~ 2.07 0.77 33.4 164 1.04

AT
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troverses hilly country for the first few miles of its course and passes
a suger mill at Doringkop, The gradient steepens as the river then falls
to about 500 ft, whereafter it treverses coastal lowlands, passes a second
sugar mill at Dernall and finglly enters the Indian Ocean after o total
course of 19 milés. Together with its smaller tributaries, the Nonoti
drains a catchment of 69 sguare miles, the whole of which is devoted to
sugar chltivation,

Table 17,% gives the chemical results, obtained during the dry

season of 1963, for 4 stations on this river:

1) About 1 mile above the Doringkop mill
2

i
4) About 5 miles below station 3.

~—

About 1 mile below the mill

SN

(
(
( Kearsney road bridge, about 4 miles below station 2

(

The anslyses shows that the water is of Class I quality at
station 1, but at station 2 it is degraded to Class VI because of the high
BOD. The DO at this station is also very low and the pH value markedly
reduced, At stations 3 and 4 the BOD is much reduced and allows the water
to be assigned to Class II, In other words, over a distance of about 4
miles the river has virtually recovered from the heavy organic load at
station 2,

The molar percentage spectra are shown in Figure 17,2, and these
relate to typical chlorided waters.

Various calculated values are shown in Table 17.4, The free
carbonic acid and the percentage saturation with carbonic acid are abnor-
mally high at station 2, as would be expected as a consequence of rapid
oxidation of organic matter (cf station 7 on the Illovo river), The pHS
is high at all stations, as also is the corrosion ratio, and the satura-
tion index is negative. Corrosion is therefore likely to prove troublesonme,
The water at all stations is soft, but the total hardness at station 2 is
about double that at station 1 and the temporary hardness shows a sharp
increase, The buffer capacity is appreciable,

The Nonoti thus affords an example of o river showing recovery
from a heavy orgenic lozd. The resemblonces between the water at station
2 and that of the Illovo river at station 7 are notable since they show

that this type of organic load has mch the same effect upon cny river.

£



Table

B

Analyses of the Nonoti river

Station No: 1: 2 3 4
pH value 1,48 6.49 7.40 7.48
I 100 [161 |14 | 219
micromho

TD3, ppm 72 108 112 132
DO, ppm 9.5 0.8 9.4 9.9
D0, % saturation 90 8 91 94
BOD, ppm 0.8 SLTE:; Bl 1:6
Ca, ppm e2 B.2 8.6 10.0
Mg, ppm 2.1 %8 3.9 55
Na, ppm 16.9 | 20,8 29.1
K, ppm 1.3 Ts 1 5.1 4.0
SO4, ppm 1.0 Ths 0.6 )0
Cl, ppm 21.9 T 29.6 39.8
Si0,, ppm 1%.8 13.3 173 1o.5
Flog, cusecs 1.8 1.8 222 2.6




Table 17.4

Calculated parameters of the Nonoti river

e Buffer

Hardness as ppm CaCO3 carbonic 00, ne % S
Station = Saturation |Corrosion acid, as 2 p_ H

No: Total | Permanent | Temporary | pHs index ratio | ppm of CO2 saturation B

1 17 17 0 9.90 - 2.42 .68 1,2 107 0.07

2 36 24 12 9.04 - 2.55 1.25 21.5 170 0.68

3 38 29 il 8.93 - 1,53 0.96 1% 108 0.17

4 48 28 20 8.77 - 1.29 116 el 107 0.17
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The Umfolezi river

The Umfolozi river system comprises two major rivers, the Black
Umfolozi to the north and the Whitc Umfolozi to the south, which eventually
combine to form one, ' '

The White Umfolozi rises at 5200 ft on the Skurweberg, 13 miles
west of Vryheid, and flows in a general south-easterly direction for 205
miles before joining with the Black Umfolozi, The latter rises at 4000 ft
on the slopes of the Inyati and Ngwibi mountains in the Vryheid Coalfield
and flows roughly parallel to the Whit: Umfolozi for 90 miles before the
two rivers join at 300 ft immediately below the Umfolozi Game Reserve,
Their combined water then flows for a further 40 miles, passing just south
of Mtubatuba to enter the Indian Ocean at St. Lucia estuary. The total
catchment area of the whole river system is 4375 square miles of which
the upper half comprises European farmlands, tho central third comprises
Bantu rescrves, while the lower portion below the Game Reserve is agoin
Buropecan farmland (principally devoted to sugar cultivation),

Table 17.5 gives the chemical results, obtained during the dry

season of 1966, for 9 stations on the river system:

1) whitc Umfolozi ncar Vryheid

2) VWhitc Umfolozi at Welgevonden
3) White Umfolozi near Msizazwe
(4) White Unfolozi above confluence
(5) Black Umfolozi at Inyati

(6) Black Umfolozi at Swartfolozi
(7) Black Umfolozi near Embukodweni
(8) Black Umfolozi above confluence

(9) Unfolozi river below confluence

It wos not possible to undertake BOD determinations on these
samvles (other rivers were being sampled simultanedusly, which meant being
away from the laboratory for several days at a time with no facilitics
for proper incubation), The oxygen absorbed from acidic permangrnate (0A)
was therefore determincd instead. Since the results were uniformly low,
and since there appear to be no sources of appreciable organic pollution
near the rivers concerned, it is presumed that the BOD would in no case
have excecded 3 ppm. The water at most stations may therefore be confi-
dently assigned to Class II, except at station 1 (where it could be of
Class I quality) and at station 5 (where it is clearly Class III).
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Ahalyses of the Umfolozi river

Station No: 1 2 % 4 5 6 7 8 9
pH value 7.95 7.80 8.355 8,18 5445 7.80 8.20 B35 8.28
C°2§2§§$§3ty 90 220 261 296 1095 259 168 332 490
TDS, ppm 63 337 174 179 847 172 121 198 303
DO, ppm 10.3 16T 2 10.2 et 9.3 9.6 9.8 9.3
DO, % saturation |[111 100 83 105 85 97 105 103 94
04, ppm 0.8 1.8 0.4 0.4 0.4 0.4 2.4 4§ 1.1
T°:le;ikgiég;ty’ 39.5 | 92.0 | 140.8 | 124.6 | 18.6 | 34.0 | 64.3 |114.9 |175.2
Ca, ppm BT 164 21.6 19.9 | 120.7 14.5 10.9 2155 Ao d
Mg, ppm 3.4 8.5 13.8 155 36,5 Tig o e 15,6 23,2
Na, ppm . W 17.8 = 13 | 25,8 82.5 20:3 14.8 A5 il
K, ppm 8 1.3' dsT%" M 5.8 ° 1% 0.9 1,% 1.9
S0, ppu 2,0 3.3 1.8 1.0 | 575.0 | 80.5 | 20.7 | 14.6 22,5
Cl, ppm 5.0 il 12.2 25,2 Nil 4.6 T3 G 56.9
Flow, cusecs LI 8 50 100 2" 4 100 - 200 200
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The Black Umfolozi rises in a deep valley between mountains
through which run cozal seams, Many adits have been driven into the
mountainsides to win the coal, and numerous streams draining these and the
associated spoil dumps descend to the valley floor and enter the hend-
woters of the river, The high TBS, low pH value and very large sulphate
concentration in the water at station 5 are characteristic of strcams
traversing coal mining areas, The molar nercentage spectra are shown in
Figurc 17.3 and clearly show the anomalous character of the water ot
station 5, with its low proportion of carbonic and high proportion of
sulphuric acid. Station 6 shows similar fcatures, less pronounced, while
ot station 7 the water is virtually of normal type. The whole of the
White Umfolozi (stations 1 - 4), the Black Umfolozi above the conflucnce
(station 8) and thc combined river below this point (station 9) contain
typical wetcer of the chlorided series. At stotion 6 the Black Umfolozi
has the typical composition of a water of the sulphated series, but ot
station 5 the proportion of sulphuric scid is too great for this while at
station 7 the water is probably of mixed chlorided-sulphated type.

Among the calculated parameters shown in Table 17.6, the satur-
ation index shows that the upper portion of the White Umfolozi (stations
1 and 2) is aggressive towards calcium carbonate while the lower portion
(stations 3 and 4) carries scale-forming water, The values of the corro-
sion ratio, however, indicate that the water is not very corrosive to
metals, The Black Unfolozi is also aggressive towards calcium carbonate
in its higher reaches, scale-forming only at station 8. The corrosion
ratio shows that the water is very corrosive to metals at stations 5 and
6, the coriosivity becoming less at the lower stations. At station 9 the
combined water from the two rivers is both scale-forming and corrosive to
metals,

The White Umfolozi (stations 1 = 4) carries soft to slightly
hard water, the temporsry hardness being appreciablc except at the highest
point (Station 1). The Black Umfolozi at station 5 has very hard water,
most of the hardness being permanent, but at lower stations the water is
very much softer. Below the confluence (station 9) the water is moder—
ately hard, some 75% of the total hardness being temporary,

Except at station 5, the free carbonic acid and percentage
saturation with carbonic acid do not attain significant values, At station
5, however, the concentration of free carbonic acid is very high (a

consequence of the low pH), yet the saturation is only 78%. Again except
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FIGURE 173
Molar percentage spectra of the Umfolog river




Table 17.6

Calculated parameters of the Umfolozi river

Pree Buffer
S 7 e L - g CaCOB carbonic CO2 as % capacity
Station Saturation | Corrosion | acid as 3
No: Total | Permanent | Temporary| pHs index ratio ppm CO2 saturation B
1 = 23 g (67 | - xae 0.22 0.8 102 0.05
2 76 o 41 8.30 - 0.50 Q.51 2.6 103 0.16
- e 28 84 8,01 + 0.34 0.14 1.1 100 0.16
4 106 7 | Vi 8,09 + 0,06 0.29 . 101 0.13
5 454 414 40 8.10 - 2,65 19.78 11Y.9 78 0.67
6 81 52 29 8,67 - 0.87 2,57 1.0 103 0.06
M TE 40 32 8.0} - 0.41 0.46 0.8 100 007
8 118 3 4 gilE %0423 0. 51 0«2 100 0.,13
9 178 44 134 7.69 4 Wap3 0.60 1,°F 100 0.18
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at station 5, the Black Umfolozi is on the whole less well buffered than
the White.

The Black Umfolozi furnishes a typical example of a river
receiving drainage water from coal mines, The rapid improvement in quality
which the river shows below station 5 is mostly due to dilution through

the entry of unpolluted tributaries.

Small coastal rivers

Table 17.7 gives the analytical results for 10 small Natal

coastal rivers, sampled in the dry seasons of 1964 and 1966:

Unzimbazi on the o0ld South Coast Road
Buseleni ncear Hibberds

Little Amanzimtoti at Smithfield
Umgababa on the old South Coast Road
Umhlutuni near New Gueldcrland
Isipingo at Isipingo Rail

Umhlanga at Ottawa

Amanzimtoti near Adams Mission

Ingenc on the old South Coast Road

Sinkwazi near Sinkwazi station

In cach case the flow was less than 1 cusec, The molar pcercentage spectra,
shown in Figure 17.4, are all of the chlorided series except that of the
Sinkwazi river, which sppears to be of mized chlorided-sulphated type,

and are all cheracterised by low to very low carbonic acid percentages.
The TDS velues tend to be high, although not every river of this group
shows o high TDS. The calculrted parameters shown in Table 17.8 indicate
that these watcrs range from soft to very hard while their temporary
hardnesses vary from 264 of the total hardness (Umhlutuni) to 91%
(Amanzimtoti). The waters are aggressive to calcium carbonate (oxcept

for the Sinkwazi water, which is scale—forming) and show high values of
the corrosion ratio. In many cases they have high concentrations of free
carbonic acid, but in no instance is the percentage saturation with

carbon dioxide abnormal ~ the high concentrations are mainly due to the
relatively high total alkalinities of these waters and hence have little
bearing on water quality (se: chapter 8)., For the same reason, the buffer
capacities are also high, Some of these waters show high BOD valucs (see

Table 17.7), that of the Ingane being outstanding, and many of them show

;1 o A



Table 17.7

Analyses of small coastal rivers

Umzinbazi |Emseleni Amiizzi:oti Umgababa |Umhlutuni|Isipingo|Umhlanga|Amenzimtoti| Ingane Sinkwazi
pH value (Frii T 54 7.82 7.40 7. 54 F470 7.40 7.50 T:.38 7.80
Conductivity, micromho 449 707 449 423 1100 650 550 298 2268 2701
TDS, ppm 218 423 224 215 651- . 326 255 161 1180 1893
DO, ppm 5.7 5.4 10.4 8.3 4.9 55 345 102 Pl 8.4
DO, % saturation 56 57 102 84 48 . 54 S 100 21 85
BOD, ppm 5.8 - 1.7 QB 4.4 1% TP | 1.0 2555 Pal
OA, ppm - 4.9 - 4 - - - - ~ -
Total alkalinity, as ppm CaCO3 86.0 15540 80.0 e 229.1 116.4 80.0 35.9 2155 Q3.8
Ca, ppm 10.4 224 Ee 14,1 48,0 14,6 12.9 S51 M2l 178.T
Mg, ppm 12:% $2.0 g 11.0 24,6 18.1 15,0 759 81 69.7
Na, ppm 5.5 107.0 % 44.5 164.0 750 5640 2Teb 279.0 | 387.0
K, ppm 1.4 2.5 2.2 2.3 8.5 2.6 1.2 2,1 4.8 3.9
S0, ppw 1.9 39.4 St 10.2 Bk 1.0 17.0 8.2 12.9 | 577.2
Cl, ppm 74 .6 119.0 725 69.8 244.,9 126.7 92.8 62.7 549.9 | 532.0
510,, ppm 12.3 = 14.0 o2 p 18:2 15.5 12,0 13.6 8.0 14.2
Flow, cusecs 0.6 85 0.4 0.03 0.06 A5l 0.5 € 0,01 ¢ 0.0} 051
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Umgimbagi 218 257
Emeelent 423 7 54
Litle Amanjimioti 224 782
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FIGURE 174
Molar percentage spectra of small

coostal riwvers




Tmble 17.8

Calculated parameters of small coastel rivers

Hard Caco Free carbonic Buffer
ETORnEY 85 NI VAN, . ) acid as ppm | CO as capacity,
’ T g |Saturation |Corrosion 2 -
p <1 . = CO a«‘ -
Total | Permanent |Temporary 7 index ratio 2 % saturation B
Unzimbazi 78 37 41 8.64 ~ 0.37 i 2 86.9 112 0.43
Emseleni 148 28 120 8.09 - 0.55 1,26 8.6 106 0.48
Little Amenzimtoti| 81 35 46 8.68 | - 0.86 1.26 2.4 103 0.14
Umgababa 81 45 36 8,56 | = 1.16 1.46 Bah 108 0.29
Unmhlutuni 123 32 91 T.67 - 0.13 1.48 12,0 106 0.69
Isipingo 112 47 65 843 | = @93 1.66 3.9 104 0.23
Umhlanga 95 54 41 B8] - L1 1.98 5.5 108 0,29
Amenzimtoti 42 38 4 9.41 - 1.91 2.96 1.9 107 0.11
Ingane 365 280 85 7.88 | - Q.50 3.90 142 101 0.73
Sinkwazi 738 534 204 7.34 + 0.46 6.05 byl 94 0.38
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low DO concentrations, In no case is there any known source of pollution
above the sampling station concerned, yet the woters vary in quality from
Class II to Class VI.

It appears, therefore, that small coastal rivers in Natal tend
to exhibit high TDS, low molar percentage of carbonic acid, low DO and
high BOD as characteristic features, although any given river may not
show &ll these featurcs., It secems unlikely that these characteristics
are due to catchment geology, since the geological map of Natal shows

that these particular streams drain o variety of geclogical formations.,

Because these streams are all of low flow, in meny cases their
water is virtually stagnating, This would lead to & reduction of DO and
an increasc of BOD (accumulation of organic mattcr under quiescent con-
ditions, such matter being derived from animal and vegetable debris), as
well &s increase of the TDS due to evaporation, Some of the featurcs of
these particular rivers could thus be accounted for quite simply.

Wilcox (1962) has presented analyses of the Rio Grande from
seven sampling points along o 450 mile stretch, and these show that
irrigation drainage wnter cen have a remarkable effect upon a river,
Unfortunately his analyses arc incomplete (in particular he has not
recorded the pH values so that the total carbonic acid cannot be accurately
calculated) and they do not all fulfil the ionic balance. Their detailed
interpretation is therefore not possible, but they do show that the TDS
of the watcr is materinlly increased (by a factor of about 8), while the
sodium and chloride concentrations are incrensed still more greatly and
the caleium concentration and total ~lkalinity are increased to a smaller
degrec. It appears that the effect of irrigation drainage water is thus
to increase the TDS, to cause calcium bicarbonete (or carbonate) to become
replaced by sodium chloride and even to cause additional sodium chloride
to enter the water, i.e¢. the watcr shows changes of much the same pattern
as arisc when passing from high to low molar percentages of carbonic acid
in the serics of chlorided waters together with an accompanying increase
in TDS. Under such circumstonces the corrosion ratio will tend to in-
crease steadily, while the variation of pHS with TDS will be less marked
than represented by the curves of Figure 15.7, so that » water with an
initially high pHS and hence a negative saturation index will retain the
negative index as the TDS increases, By contrast, cquation (8,18) and
Table 3 C show that sinple evaporation will not give rise to any apprec-

iable change¢ in the carbonic acid saturation, but Figure 10,2 shows that

Tt



-162-

if the average Natal river water becomes increased in TDS by simple
concentration to a level of about 300 ppm, its saturation index becomes
positive, and this change must be followed by a spontaneous deposition
of calcium carbonate so that the molar percentage of carbonic acid
becomes decreased. The final result would thus be a water of high TDS
with low molar percentages of calcium hydroxide and carbonic acid and a
zero or positive saturation index., Since all but one of the waters of
Table 17,7 show negative values of the saturation index, it appears that
simple evaporation docs not after all explain their characteristic
features, whereas the entry of irrigation drainage water does., Irrigation
drainage water may bc expected to show high BOD values on occasion and
often to have low DO (oxygen being removed by micro-organisms as the water
percolates through thc soil).

It may therefore be corcludcd that the small coastal rivers of
Natal, most of which lie¢ in regions where intense irrigation is practised,
owe their anomalous charactcoristics mainly to the entry of irrigation
drainage water (which will consist of scepage rather than direct run-off).

Evaporation, if it is of any influcnce at all, can play only a minor role,

General summary of water quality in KNatal

At the present time, river surveys have been conductcd by the
CSIR, on behalf of the Town and Regional Planning Commission, over the
whole of Naotal except the southernmost portion (the Umkomaas and the rivers
to the south)., The present writer hes participeted in most of the work,
and meny of the results obtained have now becn published (Brand et al,
1967).

The published reports should be consulted for full details, but
it is of interest to conclude the present work by giving a brief summary
of water quality in Natal as revealed by these surveys,

Employing the purely chemical classification of water quality
given in the preceding chapter, it has been found that the headwaters and
upper reachcs of most rivers of this Province, where pollution is minimal,
contain waters of Classes I and II, their middle reaches usually contain
waters of Class II and sometimes Class ITI, while as the rivers approach
the coast (the last 10 - 15 miles of flow) the quality often falls off
markedly, even right down to Class VI, mainly as a result of urban,

industrial and sometimes agricultural pollution, The small coastal rivers

Iy e
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are mostly of poor water quality, often because they are affected by
irrigation in their catchments but sometimes in consequence of their low
flow,

On the whole water quality throughout Natal is very good.
Pollution occurs, however, throughout the Fatal Coalfields (mineralisation
of the waters from the acidic efflucnts and drainage of coal mines and
dumps) and below most of the sugar mills in the coastal region (organic
materisls in mill effluents causing high BOD and low DO values)., Some
other industries are also responsible for isolsted cases of pollution,
ond water quality usually (often unavoidably) falls off to some extent

below towns and cities.

285 e« i
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The snalytical results that arc necessary for the full consider-

ation of a particular woter are as listed in the following example:

Conductivity 760 micromho
pH dLh0

TDS : 511 ppm
Totnl alkalinity as CaCO3 268 ppu
Ca 71,8 ppm
Mg 35.9 ppm
Na 58.0 ppm
K 3.7 ppm
SO4 106 ppm
&1 52.2 ppm
SiO2 16,3 ppm
DO 7.1 ppm
BOD 0.7 ppm
Temperature (when sampled) 26.0°C

as well as the concentrations of any other major solutes that may be
present and of any other minor solutcs (nitrate, phosphate, fluoride,
etc) large cnough to affect the ionic balance or influence the pH value,
When particular problems of a specialised nature are involved, various
other specicl dotorminations may also be required.

The pH valuc should be measured as accurately as possiblc in the
laboratory at the time of the analysis and the total alkalinity should be
determined by electrometric titration to an end-point pH corresponding to
the conductivity (sece Table 5 B), in the present example to pH 4.3. The
titration curves of samples thought to be anomalous in that they contain
little or no total c-rbonic acid should be investignted before the alka-

linity determination is undertaken,

Check the TDS by summing the ppm concentrations bf Cary - Me» Wa,
K, SO4, Cl1, SiOS and any other significant solutes and adding to the total
0.60 times the total alkalinity as ppm CaCOB. Compare the result with
the experimcntal TDS. Poor agreement may indicate errors or omissions in
the analysis. ‘

Wherc the agreement is good (to within 10%), the mean of the

two values mey be teken as the true TDS, Where agreement is poor but not

WS Fkac
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due to analytical errors or omissions, the calculcted TDS should be
taken for further calculation in preference to the experimental value
(becnuse the poor agreement is commonly due to organic substances which
do not contribute to the ionic strength, or to error in the cxperimental
TDS).

An additional check is sometimes afforded by comparing the
calculated TDS in ppm with 0.67 times the electrical conductivity in
nicromho.

In the above example, the calculated TDS is 505 ppm., Hence the
work is continued using 508 ppm, the mean of the calculated and experi-
mental values. From the conductivity we have 509 ppm, in excellent

agreement,

Calculate the millimolar concentrations of acids and bases.

Use rounded molecular weights for this:

Ca = 40 50, = 96
Mz = 24 &k = 5h.B
Na = 23 (Sio2 = 60)
K = 39 ete,

and divide the analytical figure in ppm by the appropriate molecular

weight, working to three significant figures. Calculate Et from the

relation:

e, = 0,02 x Total alkalinity (ppm CaCO

B )

2

For the example, the results are:

ca(OH). ¢ = B

al )2 f 1.80 H2SO4 f * - 130
Mg(OH)2 m = 1.49 HC1 h = -1.47
NaOH m e =)k (Sio2 = 0,072)
KOH P = 0.0949 Et = 5,36

Apply the ionic balance. Calculate the value of:

Ec = (2e+20%8+P) - (25+8) %%

where x refers to other acids or bases that may be present in significant

concentrations, and hence find the value of eJC - ® . The value of
c

this should not exceed:

wi
+
=t

0.1000 + 0,0600 (2

+ t) (for values < 5)
or 0.2560 + 0,0288 (2 5 + h + Et) (for values > 5)

A5G . o
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where the final inequality refers to the term (2 B4+ h + Et)’ If these
limits arc exceeded, the analysis must be checked (see chapter 7).

When the ionic balance is satisfactory, the true value of e for
further calculations may be taken as the mean of Et and Ec (unless there
is good reason to choose¢ onc of these valucs as more accurate than the

other),

In the example we have:

e = SEcER
c
$. =5 = 0.16
et c‘ o)

18 E e
2 8 + + et

il
O
(@)
W

hence we use the second of the s=bove limits, which works out to 0,5161,
Since - is less than this, thcre is ionic balance and the

e
&
analysis may be considered as sctisfactory. The true velue of e is now

taken as thz mean, 5.44.

Determine the value of ¥, Provided 5 < pH <9, a sufficiently
accurate value is obtainable from Table 2 B if the TDS is less than 1000
ppu. PFor higher TDS values, Y may be found approximately from the exten-~
sion of Table 2 B, For pH <5 or pH > 9, ¥ must be found by the method
of successive approximation, as described in chapter 4.

In the example, the pH being 8,50 and the TDS 508 ppm, Table
2 B gives Y = 0,893,

If it has not been expcrimentally determined, calculate the

valuc of a, the millimolar concentration of total carbonic acid:

(a) Provided 5 <pH <9 and e 2 1.00, use Table 3 B to find the appro-
priate valuc of Q (pH, ¥). Then:

a = Qe

(b) Provided 6 < pH <8 and e » 0,100, use Table 3 B as described

under (a) above,

(¢c) Provided 3.7 < PH < 9.7, the value of a for most other cascs can be

found from the equation:

6
1000 (H v+ KH v + KK )

- A= 2 kw/H v hos
(L q y + 2 KK ) 1000

7y ¥ .
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where H is defined by the relation:
g, = - log & B

(&) Iaalk the remaining cases, an accurate value of a is not obtainable

by calculation, but an approximate value is provided by (c) above.

In the example, procedure (&) may be applied (the most common

case). For pi = 8.50 and ¥ = 0,893, Table 3 B gives Q = 0,990 so that:

a = 0.990x 544 = 5,38

Calculate the molar percentages by adding E, ﬁ, ﬁ, 5, & 5, h
and any other significant millimoler concentrations and expressing each
as a percentage of the sum, The molsr percentage spectrun may then be
dravn (see chapter 14) and, by comparison with Figures 15.1 and 15.3, it
may be decided whether the water belongs to the chlorided or sulphated
series, using the criterin of agreement given in chapter 13 (pago 127).

In the example, thc total of the millimolar concentrations is

13,85, so that molcor percentages are as follows:

Ca(OH)2 2.0
Mg(OH)2 10.8
NaOH 18,2
XoH 0.6
H_CO 38.9
S
H SO 7-
2 4 9
HCl 10,6

Here the¢ sulphuric acid is rather too high for the chlorided scries, whilc
the magnesium hydroxide is rathcr too low for the sulpheted series. The

water thus appears to be of mixed chlorided-sulphated type.

The DO concentration may be expressed in terms of percentage
soturation according to the temperature at the time of sampling (Table
6 B), the result bging suitably corrccted for altitude (Table 7 H). The
result, together with the TDS, BOD and pH, cnn be utilised in assigning
the water to its proper quality classification by Table 16,1,

In the example, the DO concentratiorn corresponds to 87% satura-
tion (the altitude correction being ncgligible). The water is therefore

of Class III quality,

Other derived quantities can be calcrlated from the analysis

if required:

Yl
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a) Buffer capacity by equation (9.4).

o’
~~

pH by cquation (10,13), taking A = 50 e.
S
Saturation index, equal to pH - pHS (see chapter 10).

Corrosion ratio by equation (10.17).

/\/-\/\/-\/-\
B i

e) Free carbonic acid by equation (8.12) or (8.8).
(f) Percent saturation with cerbonic acid by equations (8,18) or (8.19).
(g) The forms of nlkalinity, according to chapter 7 (scheme on page 59).

(h) The total, pcrmanent and temporary herdncss, according to chapter 11,

The example analysis yields thc following results:

(a) B =« 0.30

(b) pH_ = 7.30

(¢c) saturation index = + 1.20

(d) Corrosion ratio R = 0,67

(e) Pree carbonic acid P = 1.4 ppm as CO2

(f) Percent saturation with carbonic acid = 99%

(g) Bicarbonate alkalinity = 266 ppm as Caco3
Carbonate alkalinity = 6 ppm as CaCO3
Hydroxide alkalinity = Hil
Total alkalinity = 272 ppm as CaCO3

(h) Total hardness I

329 ppm as CaCO3

Permanent hardness Ph

Temporary hardness Th

75 ppm as CaCO3

254 ppn as CaCO

3

The water is therefore well-buffered and scale-forming but corrosive to
metals. It is also very hard and has a large temporary hardness (77% of
the total), To correct the corrosivity, lime may be added, but this will
increase the scale-forming powers and the hardness. Similarly, to reduce
the scale-forming powers, acid may be added, but this will increase the
corrosivity, although leaving the hardness unchanged. As it stands, this
water is not recommended for domestic use unless no other source of supply
is available, on account of its high TDS, but it would become acceptable

if given a form of softening treatment, This might be uneconomic; accord-
ing to chapter 11, the use of the cold lime soda process would require the
addition of about 290 ppm of lime and 30 ppm of soda ash as well as some
after treatment, Under the circumstances, it would probably be best to use
no treatment at all (apart from disinfection) if the water must be used for
domestic purposes, relying on the scale-forming properties to give pro-

tection from corrosion and accepting the high hardness.,

37
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Table 1 B

Values of constante at 2500

? 1

Congtant Symbol Value
Ionic product of water kw 1.01 x 10_14
Pirst dissociation constant of H2003 Kl 4,43 x 10-7
Second dissociation constant of HZCOB K2 4,69 x 10_11
Second dissociation constant of H,SO, K_ 1.00 x 1072
Second dissociation constant of Ca(OH)2 K, P
Second dissociation constant of Mg(OH)2 Km TS 10_3
Solubility product of H,C0, k_ 496 = M
Solubility product of Caco3 k.. 5.12 x 1077
Solubility product of Ca(OH) - k 538 x 10‘6
Solubility product of Mgco3 k. T
Solubility product of Mg(OH)2 km 1.8 lO—ll




Table 2 B

Approximate activity coefficients

valid for 5 < pH < 9

TDS, ppm' Y TDS, ppm Y TDS, ppm Y

100 0.952 200 0,930

110 0.949 300 0932

20 1.000 120 0.946 400 0.904

b 0.982 130 0.944 500 0.8%

40 0.975 140 0.942 600 0.885

50 0.970 150 0.940 700 0.878

60 0.965 160 0.938 800 8. 871

70 0.961 170 0.936 900 0.865

8C 0.958 180 0.934 1000 0.859
90 0.955 190 0.932
100 0.952 200 0.930

The following additional

TDS, ppm Y TDS, ppm ¥
1,000 0.859 | 10,000 |0.544
2,000 0.814 | 20,000 [(0.505
3,000 0,780 30,000 ' 10,575
4,000 0.755 | 40,000 |0.227
5,000 0.732
6,000 0.712
7,000 0.690
8,000 0.675
9,000 0.659

extrapolated values are based

on Figure 4,1:



Table 3 B

Values of Q (pH, Y ) for calculation of total carbonic acid

. Activity coefficient, ¥

¥ 1.000 | 0.980 | 0.960 | 0.940 |0.920 | 0.900 | 0.880 | 0.860
.0 | Bu2s 13.21 | Tedg Gele  p3e0E F 009 2,99 | 2.%4
.1 }2.79 [2.76 2,72 [2.68 265 1 2:62 |2.58 | &.94
BJETRAD 240 |27 |2 EEREL VEREE [ 2.20 | 2Es
e k1) 2,11 2.09 2,07 |2.04 2.02 2.00 197
6.4 | L.B1 1A.B9 | I.87 )L.85 183 1% 7 Al W S O
T 8 i W | 1.70 1.69 1.67 1.66 1: 66 1763 162
€51 1.5 1155 1.54 1.54 1.52 e, | TS50 1 A48
6.7 }-1.45 | 1.44 | 1.45 {243 D48 | Ld) F1.40 [1.39
i B 1.35 1.34 1.34 L 1.32 1.32 Li5X
8.9 142 128 | 12T 127 1.8 1,26 1.2 fil=?
T2 00| 235 1.22 1.22 1,21 1.21 1.20 1.20 1.20
Tol i d L3 o8 1 LaLi 1.17 . I 1,36 L. 26 1.16
T2 ) 114 1.14 1.14 1.13 1.13 1L55 55 L5 1, 12
TR RN =l AR - f | TRSRE: LS (LNTE 1.10 1.10 | 1.10
7.4 11,09 1.09 1.09 1.08 1.08 1.08 1.08 | 1.08
Fo LS OT HFLOT 1.07 L7 1106 1,06 | 1,06 1.06
T [12:05 12,05 | LS 1585 (k68 |85 W1.06 [-10F
7.7 1]1.04 |1.04 1.04 1.04 1.04 1.04 1.04 | 1.04
TeB [kald v 1L.03° | 1.08 Hd08 |10 103 | L% [E03
7.9 | 1.03 1.02 1.02 1.02 1.02 1.02 1,02 1.02
8.0 | 1.02 1.02 1.02 1.02 1.01 1.01 1.01 1.01
8.111.01 1.01 1.01 1.01 1.01 1.01 1.01 | 1.01
8.2 | 1.01 L.0L 1.00 1.00 1.00 1.00 1.00 1.00
8.3 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
8.4 }11.00 |0.993] 0.993 |0.993 [0.993 | 0.992 | 0.992 | 0.991
8.510.993 1 0.993 | 0.992 | 0,992 |0.991| 0.991 | 0.988 | 0.987
8.6 [ 0.983 | 0.983 1 0.983 |0.98% {0,982 | 0.980 | 0.979 | 0.976
8.710.982 | 0.981 | 0,978 | 0.977 {0.975 | 0.974 | 0.971 | 0.969 |
8.8 | 0.97710.973 | 0.971 | 0.970 |0.968 | 0.966 | 0.964 | 0.959
8.90.968 [ 0.965 | 0.965 [0.960 |0.958 | 0.955 0.953 | 0,950
9.0 | 0.959 | 0.957 | 0.953 | 0.951 {0.948 | 0.945 | 0.942 | 0.939




Values of P (pH, ¥) for calculation of free carbonic

Table 4 B

acid

pH

Activity coefficient, ¥

1.000

0.980

0.960

0.940

0.920

0.900

0.880

6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
il
7.2
Tk
7.4
7.5
7.6
o
7.8
7.9
8.0
8.1
B
8.3
8.4
8.5
8.6
8.7
8.8
8.9
9.0

2.26

L.79

1.42

B b

0.898
0.714
0.569
0.450
0.358
0.284
0.226
0.179
0.142
0.113
0.090
0.071
0.057
0.045
0.036
0.028
0.022
0.018
0.014
0.011
0.009
0.007
0.005
0.004
0.003
0.003
0.002

Bedl

LR

1.40

1.11

0,880
0.699
0.554
0.441
0.350
0.278
0.221
0.176
0.140
0.111
0.088
0.070
0.055

0.044

0.035
0.028
0.022
0.017
0.014
0.011
0.009
0.007
0.005
0.004
0.003
0.003
0.002

2417

1.72

1.37

1.09

0.863
0.685
0.544
0.432
0.344
0.273
0.217
0.172
Q=137
0.109
0.086
0.069
0.054
0.043
0.034
0.027

0.021

0.017
0.013
0.011
0.008
0.007
0.005
0.004
0.003
0.003
0.002

312
1.69

1.34

1,07

0.847
0.670
0.533
0.423
0.336
0.267
0.212
0.169
0.134
0.107
0.085
0.067
0.053
0.042
0.033
0.027
0.021
0.017
0.013
0.010
0.008
0.007
0.005
0.004
0.003
0.002
0.002

2,08

1.65

15351

1.0

0.829
0.657
0.521
0.415
0.329
0.262
0.208
0.165
0.131
0.104
0.083
0.066
0.052
0.041
0.033
0.026
0.021
0.016
0.013
0.010
0.008
0.006
0.005
0.004
0.003
0.002
0.002

2.03

1.62

1.28

1.02

0.810
0.643
0.510
0.406
0.322
0.256
0.203
0.162
0.128
0.102
0.081
0.064
0.051
0.040
0.032

0.025

0.020
0.016
0.013
0.010
0.008
0.006
0.005
0.004
0.003
0.002
0.002

1.99

1.58

Xkl

0.998
C. T8
0.628
0.499
0.397
0.315
0.250
0.199
0.158
0.125
0.100
0.079
0.063
0.050
0.039
0.031
0.025
0.020
0.016
0.012
0.010
0.007
0.006
0.005
0.004
0.003
0.002
0.002




Table 5 B

Calculated end-point pH values for alkalinity titrations

End-point pH values
Conductivity
micromho "Methyl orange™ | "Phenolphthalein™
10 5.2 8.0
20 ] B.)
40 4.9 B.2
60 4.8 8.2
80 4,8 8.2
100 4.7 8.2
200 4.6 8.2
400 4.4 8.2
600 4.3 .2
800 4.3 B
1000 4.2 8.2
1200 4.2 8.2
1400 4,2 8.2
1600 4.1 8.2




Table 6 B

Values of U. and U. for calculation
7 o~

of ideal buffer capacity

pH Ul U2
4.0} 0.010 | 8,230
4,2 § 0036 | Q045
4.4 | 0:025 | 0.092
4.6 1 0,051 | 0058
4,8 | 0,002 || 0,057
5.0 | 0.094 | 0.023
5.2 1 G.142 | Q015
5.4 F G208 't QL1009
5.6 | 0297 | 0006
5.8 | 0.393 | 0.004
6.0 | 0,490 | 0.002
6.2 | 0558 | 0:001
6.4 | G5 ['9.001

6.6 | O.552 | 0.00%
6.8 | 0,449 | 0,001
7.0 | 0,347 | 0,000
7.2 6,255 6007
744 '} OLITT 10,001
7:6° | 03188 0001
7.8 1 0,084 |0,002
8.0 | 0,061 |0,002
8.2 | 0,049 |0,004
8.4 | 0,055 |0,006
8.6 | 0,054 |0,009
8.8 | 0,073 ]0.015
9.0 | 0,104 |0,023




Table 7 B

Dissolved oxygen concentration in water in eguilibrium

with saturated air at 760 mm pressure

(from American Public Health Association, 1965)

Temperature,oc DO, ppm Temperature,oc DO, ppm
0 14.6 26 8.2
i 14.2 27 8.1
2 13.8 28 ' 7.9
3 10+ far 7.8
4 13.1 30 i
5 12.8 3L 7.5
6 12,5 b 1.4
i 12,2 =] T3
8 LS 34 Ts
9 11.6 - Tk

10 X3 36 7.0
11 0 s T | - 1] 6.9
12 10.8 38 6.8
i3 10.6 23 57
14 10.4 40 6.6
15 10.2 41 6.5
16 10.0 42 6.4
LT i 43 .3
18 G 44 -
19 9.4 45 6.1
20 Y.2 46 6.0
21 5.0 4’7 5.9
i 8.8 48 J. 8
25 8.7 49 5.7
24 0.3 50 5.6
£3 8.4




Table 8 B

Altitude correction factor for DO saturation

Altitude
in feet 0 200 400 600 800

0 18043611 31.00 X, 00 11,05
1000 1,04 | T.04 | 1.05 1306 |1.07
2000 1-0% | 388 | dea i Ao T0r ] A0
3000 LA | 3oL A8 e Fluls
4000 P LB 0 T e O e (R e O
5000 Lot L L2O Rl Sl | 140
6000 1,28 [Aa% 1, 86 L 2T
‘1000 - i 0 NG TR L R e
8000 153, | A58 1 438 jls3h 1| 157
9000 1,78 { 1.29 1301141 [1.42

The percentage saturation, obtained from
the observed DO and the data of Table 7 B, is
corrected for altitude by multiplying by the
factor f from the above Table, where f is given
by:

log f = A/K
A being the altitude in feet and K a constant
equal to 221.1 t where t is the average air
temperature up to the altitude concerned which
may be taken as approximately 2930K (Berry,
Bollay and Beers, 1945; Sutcliffe, 1946).



LAPPENDILX C

TABLES OF EXPERIMENTAL DATA




Table

1C

Total carbonic acid in streams of the Tugela river system

Date Total Total
of Conductivity,| TDS, | alkalinity | carbonic acid
sample| pH micromho ppn |as ppm CaCO3 millimoles/litre
Berzville TUGELA RIVER
7/54] 7.4 52 62 36 0.78
8/54| 8.0’ i 79 50 1.02
10/54} 7.9 60 78 92 1.88
11/54| 7.4 36 50 28 0.61
12/541 7.4 30 39 31 0.68
1/55| 7.4 32 36 30 0.65
2/55(17.2 40 39 34 0.78
3/55(7.3 40 35 34 0.75
4/55|7.8 75 59 59 1.22
Lahuschagne's Kraal
11/54] 7,6 50 68 36 0.76
12/54(17.5 39 41 32 0.68
1/55|7.5 40 35 28 0.60
2/55(7.2 29 52 28 0.64
3/55{7.3 50 42 36 0.80
4/55[17.6 106 78 52 1.09
Colenso
11/53{ 7.6 9% 115 54 1,13
7/54(17.5 72 71 50 1.67
8/54| 7.8 90 53 56 bl
9/54| 8.0 102 85 74 1508
10/54| 7.9 105 71 65 .33
11/54( 7.3 54 48 48 Y07
12/54| 7.6 37 41 34 0.71
1/5517.5 48 57 39 0.83
255 T8 40 44 34 0.79
3/55|7.3 52 49 58 1.29
4/55(1.6 78 i 65 %, 57

Continued /




Table 1 C (continued)

Date Total Total
of Conductivity | TDS, | alkalinity, | carbonic acid
sample | pH micromho ppm [as ppm CaCO3 millimoles/litre
Below Nkagsini
13/53 | 7.5 190 167 99 2.19
7/54 | 7.6 140 108 95 2.00
8/54 | 8.2 175 119 86 ;8
9/54 | 8.2 155 106 90 1.80
15/54 17.7 67 62 50 1.04
4/55 | 8.2 139 120 90 1.80
Tugela Ferry
55 176 240 203 118 2.48
6/54 | 7.8 238 178 98 2.02
54§77 370 255 228 4.74
8/54 |8.2 370 267 187 ]
9/54 |8.2 325 207 165 3.30
10/54 | 8.0 120 102 98 2.00
Bfsd .y 102 92 70 1.46
12/54 | 7.8 136 9% 78 1.61
2/55 117.5 87 70 55 1.18
%/55. 8.2 104 88 64 1.28
4/55.4 7.8 186 141 108 T8
Below Neubevu
17/5% 1.5 180 160 95 2.03
6/54 8.0 190 122 93 1.90
7/54 (8.3 255 161 119 2.38
8/54 |8.5 300 197 148 2.9
9/54 |8.5 302 187 134 2.62
11/54 (7.8 111 95 68 1.40
Middledrift
10/53 | 7.3 170 165 81 1.80
8/54 |8.4 251 V7T 124 2.46
9/54 |8.3 300 188 126 2,52
11/54 | 7.4 120 107 78 1,70
12/54 | 7.9 110 90 i) 1,53

Continued / .....




Table 1 C (continued)

Date Total Total
of Conductivity, TDS, | alkalinity carbonic acid
sample | pH micromho ppm |as ppm CaCO3 millimoles/litre

Middledrift {(continued)

Fi ol e 112 9% 64 1,92
B/ 55 [ 76 143 104 89 1.87
4/55 | 8.1 182 120 116 2.34
Mandini|
10/535 | 7.4 165 144 81 L'
6/54 | 8.2 190 114 91 1.82
7/54 | 8.1 235 151 106 2,14
8/54 | 8.2 268 173 121 2.42
9/54 | 8.6 290 175 114 2.24
12/54 | 7.9 102 9% 66 1.35
2/55 117.8 130 109 60 1.24
3/55 1 7.6 157 120 98 2,06
4/55 8.3 205 160 118 2,36

MAFAT  STREAM

11/54 | 7.8 " [ 13 g 0,56
2/55 |%.2 31 19 26 0.59
5 TS 28 25 27 0.60
4/55 | 7.8 40 | 30 29 0.60

SLNDSPRUTT
4/54 16.9 95 66 61 1.55%
6/54 6.8 124 51 106 2.86
7/54 |6.8 125 118 98 2,63
8/54 6.7 150 142 82 215
9/54 6.7 140 163 9% 2.69

10/54 |7.4 90 155 70 1.51

/54 7.2 67 148 46 1.04

12/54 16.6 e 94 64 1.97
1/55 |17.0 71 98 57 1.39
2/55 |17.3 80 92 63 1.40
3/58 I ¥.3 82 93 90 -]}
4/55 |8.0 138 99 93 1.90

Oostizmed /[, i oon




Pable 1 C (continued)

Date Total Total
of Conductivity, |TDS, | alkalinity, carbonic acid
sample | pH micromho |[ppm |as ppm CaCO3 millimoles/litre
LITTLE TUGELA
8/54 | 8,2 86 86 56 L8
10/54 | 8.1 75 42 66 1L,%9
11/54 | 7.9 42 56 34 0.69
12/54 | 7.4 47 50 33 0.72
1/55 | 7.4 50 39 31 0.68
2/59 [7.2 37 31 24 0.55
3/55 | 7.5 54 48 38 0.81
4/55 | 7.8 102 51 55 B
L Bty
12/53 | 7.9 700 512 161 3,28
4/54 | 7.8 210 140 110 2,51
6/54 | 8.0 830 453 211 4,26
7/54 ] 8.1 940 603 284 5.74
8/54 | 8.5 1020 677 230 4.54
9/54 | 8.4 1120 774 253 5.02
10/54 | 8.5 760 466 222 4.39
11/54 | 7.9 455 310 233 4.75
13/58: | a7 136 137 104 2.16
2/55 | 8.6 440 321 220 $.52
3/55 | 8.2 370 333 gRa 4.44
4/55 | 8.2 668 453 252 5.04

BUSHMANS RIVER

Above Bstcourt

10/54 | 8.2 180 136 84 1.68
11/54 4 1.9 110 102 50 1.04
12/s4 | 7.7 63 57 50 1.04
/55 | ik 73 68 50 1.05
3/55 | 8.4 106 91 76 1.51
4/55 | 8.2 166 194 108 2.16
5/56 | 7.1 56 56 39 0.91
6/56 | 6.8 60 53 42 1,13

Cotitinued /.....




Table 1 ¢ (continued)

Date Total Total
of Conductivity,| TDS, | alkalinity, carbonic acid
sample pH micromho ppm |as ppm CaCO3 millimoles/litre
Above Estcourt (continued)
7/56 | 7.3 74 60 46 1,02
9/56 | 7.5 76 60 56 1.20
11/56 | 7.3 63 67 44 0.98
2/5T } 7.5 61 67 5P 0.68
Below Estcourt
5/56 | 7.2 59 46 39 0.89
6/56 | 7.0 68 69 43 1.0%
7/56 | T.4 78 66 48 0.9
9/56 | 7.5 83 63 58 1,24
11/56 | 7.3 63 61 44 0.98
5 miles below Estcourt
556 7.0 59 50 43 1.05
6/56 | 7.0 80 72 48 B )
7/56 | 7.6 90 76 52 1.09
9/56 | 7.4 106 79 64 1.40
11/56 | 7.1 45 113 41 0.96
2/57 | 7.4 70 75 34 0.74
Above Weenen
5/56 | 7.4 73 53 46 1.00
6/56 | 6.9 85 65 52 1.33
7/56 | 7.7 108 90 61 1.29
9/56 | 8.2 135 95 80 1.60
11/5617.2 36 97 40 0.91
15 miles below Weenen
4/54 1 7.9 160 110 99 2.02
6/54 | 7.8 150 99 71 1.46
7/54 | 7.6 153 111 106 2,23
8/54 | 8.3 190 124 103 2.06
9/54 | 8.5 268 171 146 2.90
10/54 | 8.2 180 136 84 1.68
/54l 110 102 50 1.04

Continued /.....




Table 1 ¢ (continued)

Date Total Total

of Conductivity,| TDS,|{ alkalinity, carbonic acid,
sample | pH micromho ppn |as ppnm CaCO3 millimoles/litre
15 mile; bel&w Weenen (continued)

12/54 | 7.7 68 57 50 1.04
2/55 | 7.6 73 68 50 1.05
3/55 | 8.4 106 91 65 1.29
4/55 | 8.2 166 194 108 2,16

LITTLE BUSHMANS RIVER

11/54 | 7.9 42 43 34 0,69

12/54 | 7.3 42 32 28 0.62
L/55 19,5 40 35 28 0.62
2/55 | 7.2 40 35 29 0.66
3/55 | 7.5 45 38 ok 0.66
4/55 | 6.8 45 45 57 1.00
9/55 | 7.2 68 63 43 0.95
5/56 | 6.7 57 46 30 0.86
6/56 | 6.9 65 64 51 1.%0
7/56 | 7.4 72 61 47 5
9/56 | 7.5 90 70 63 1.35

10/56 | 7.4 144 90 80 1.74
2/57 | 7.6 55 T 28 0.59

SUNDAYS RIVER

12/53 | 7.4 250 195 91 1,497
6/54 | 7.4 500 190 100 2,16
/54 1 7.9 450 302 154 3.14
8/54 | 8.3 440 307 111 e

10/54 | 7.7 155 145 70 1.46

H00T_RIVER
6/54 | 7.7 166 | 128 90 1.87
7/54 | 8.5 250 | 153 128 2.54
8/54 | 8.6 390 287% 217 4.26
9/54 | 8.3 470 302 254 5.08
10/54 7.5 85 143 58 1.24

Continved /.....




Table 1 C (continued)
Date Total Total
of Conductivity,| TDS,| alkalinity, carbonic acid
sample | pH micromho ppm | as ppm CaCO3 millimoles/litre
11/54 | 7.8 9% 81 62 1,28
12/54 | 7.3 110 71 52 1.15
2/55 | 7.8 87 68 58 1.19
3/55 ] 7.9 104 88 61 1.24
4/55| 8.2 178 127 103 2,06
BUFFALO RIVER
/551 7.8 170 119 70 1.44
6/54 | 8.0 202 132 103 2.0
7/54 | 8.2 250 160 122 2,44
8/54 | 8.5 270 177 122 2,42
9/54 | 8.5 285 172 132 2,62
11/54 | 7.8 136 110 85 175




Table 2C

Analyses of unpolluted Natal rivers

i i T
ot ptl Aal Sl 1A
A Ry S
-~ e ! ! ' |
S b ] | | ‘ :
. .0 ipERg ok T
River o lHol gl S | | gl | &
3 |eg ald_ | gl8 | d o mlain.
— QO E & g 7 & 2 | = =] o1 [STIE
g |30 — o B & o} oy | I T
o<k S % B e AR b
m oAl Al on !t ® ! W | @ -2
2 {oH & | B a O = A& N~ n | [} : wn
i : | i Fof
Illovo at 8.1 59| 41| 26.1| 4.8{ 1.6| 3.9{0.1| Wil} 1.0:13.7
Byrne 7.81 65| 41| 23.7| 3.9 3.1] 5.2]0.6] 3.2, 2.1|11.6
[ b
Ingagane above B.4 | 581 48] 35.2| 5:0) Q) 24.3{3%.5] %.0] 0.9 6.7
| !
Alcockspruit 8.1 12881153 T5.B116.71 8,2)24.5]1.51 368 T.51135
i !
Karkloof at 1 430 42l 258 8.5 .7 da2lous| F) 1768
Shafton 7.11 60l 58! 27.0| 4.8] 2.6| 4.6/0.8 1| 5.4[15.5
s
Lions near 7.4 51| 51! 33.6| 3.7! 2.8| 4.6l0.8] Wi1| 1.1l18.0
Lidgetton 7.3| 66| 59{ 39.1} 6.6] 3.5 5.5/1.2} 1.7| 0.1]16.9
{
Mooi above T 41’ A2 @R T 580 LBl 2B 0L T 8,21 6.9 6.0
Mooi River 8.0 59| 52| 26.2| 5.9] 1.7| 4.1]0.6] 4.3} 4.9{10.1
Mpushini near 8.4 3751252|179.4 127.4|16.1|45.5|1.7| Nil|32.4]21.3
Pietermaritzburg |7.5|403|332]178.0|30.7:19.3{56.0{1.1! 4.7]77.5129.0
* J
Sterk near 8.1 48| 36{ 25.2| 2.5| 2.2| 3.4|0.5{ Nil| 3.2| 9.4
Ambleside 7.4 1 5% 41} 2320 5.1)-2.2] a.7lo.7! wii| a.5011.5
Tongaat at 7.5] 98| 74| 21.1| 2.3} 2.6{14.0[1.2] 2.7119.3/17.6
Sibutu .4 (109| 821 23.8{ 2.7| 2.2{19.7|1.4! 0.6]21.3]19.9
Ungegu ot 7.9|107| 81| 42.6| 5.6 3.9|13.4]1.3| Nil|11.7119.0
| |
Umfula 7.5 1110} 80| ¢5.8| 5.1: 3.8|14.5|1.5] Ni1| 8.4121.7
| Ungeni at 8.2| 54| 47| 28,1} 4.0’ 2.1| 3.5/0.6| Nil| 2.5(15.0
Nagle Dam 7.1| 917 69| 38.2| 6.5, 3.0| 7.9[1.0| 1.4] 8.9/14.7
. E i
Umhloti above 8.0 [133|106| 46.2 6.1? 4.4119.0(1.6| 3.0[23.919.8
Verulan 1.7 15110041 4.1} 6.F) 4,33421.211.%3) 0.6]20.0122,5
. | | i *
Unvoti at 6,81 39} 31] 20.0f 2.6! 0.4} 4.5|1.5| 3,6] 0.51 6.1
. |
Bitakona 8.0 1174 {116 | 65.2{10.2 5.1|18.5{1.1]| 7.3 13.5(20.8
: ! | |
Unzimkulwana at 8.11231 123| 78.8|11.5, 8.2(24.0|1.4| 2.0]22,1] 6.7
Baboons Castle 8.7 2481143 68,6 11.5E 9.6:27.711.1| 7.3 35-7; Uk
Unzinyatshana 8.5,308{223 165.2125.7 15.8'25.6|1.7 g.0 6.2!40.0
| ! 1 }
near Dundec 8.6 1319 (232|182.626.6120.8,23.7 1.3

7.4| 4.6'43.3




Table 3C

Molar percentages for the rivers of Table 2C

: | Ca i . |1 co o | EC1
River CQ(OH)zi Mg(OH)2I DQ0H3 KOH ' H,CO, | H,S0,
Illovo at 1227 7.0 17.9g e |G AR Al B )
Byrne 8.9 11.8 20.6 104 4—8.9 300 5'4‘
Ingagane above 10.1 G, 154 g | 56.0}F 2.5 2a}
Alcockspruit 10.3 8.4 2E,510.9 1.39:5 1 9.4 B
Karkloof at 3 7.9 2055 ‘1 55.0 0.0 TRl
Shafton Q, 8.8 1651 UeT 46,7 a3 12.4
Lions near 8.0 10,1 51 18] eDL,1 ] @0 25ty
Lidgetton 10.9 9.7 15.8 | 2.0 60.2 1.2 0.2
Mooi atove 13.8 ) 13,5 | 2.0 50,2 9.4 2.8
Mooi River 15,7 5.6 Yy T /| Lty 44,4 o A 13,0
Mpushini near 8.6 8.4 24.8 5 abem ] 0.0 T
Pietermaritzburg TeT 8.1 2851 0.3 | 369 i 26
Sterk near 5 10.7 i1 ffc s ML A 52.71 0.0 10,5
Ambleside ol g, 202 F 1.8 | 48500 } 128
Tongaat at 3,2 6.0 o 5 Tt v A =7 (R < | 3 (0%
Sibutu 3,0 441 B 1.6 26.1 0,3 26,7
Ungegu at 6.6 7.6 272148 41557 0.0 §ab.5
Urﬂfula 508 7.1 28.3 ll7 4604 0.0 1007
Ungeni at 10,5 9.2 15.9 1.6 55.4 { 0.0 Tedh
Nagle Dam 9.3 Thos b 19351151 A7 0.8 [:3£.3
Umhloti above 5.5 6.6 29.6 | 1.5 31.6 1ied 241
Verulam 5.4 6.3 32.4 | 1.2 B a5 G LGE
Umvoti at Tl 2.0 23.2 .6 56,4 4 o4 .57
Bitakona 8.4 7.0 26.31 0.9 42.5 255 12.4
Unzimkulwana Vg 8.6 26.1 | 0.9 Al L E S ERSE 15.6
at Baboons Castle 6.6 8.3 | 275006 s1.8] L7 {Fg
Unginyatshana 10.6 10.9 18.4 | 0.7 ! 54.9: 1.6 2.9
near Dundee 10.3 | 13.4 15.910.5 ! 56.7| 1.2 2.0
i | !




Table 4C

Analytical results for the Wilge

" river, OFS

S
2 g
by s Mo

S 1= 53 g
1B 1ES Bl colajalelal Bl gl "
NICHE T L Rl I I Y B

a|B IS8 8! &4 S £ | & | & | 8 o a
1|83 | 105 81| 46.0| 9.6 | 3.8 8.4 ;4.3 | 4.41 6.0]17.0
2 18.1 110 90 51.5 | 10.0 Dy 9.0 {4.1 | z;L.O1 12,0 14.0
317.6 | 115|116 | 55.0 |12.0 | 5.3 | 11.5 | 5.4 | 16.6 | 10.0| 22,0
418.5] 120| 87| 53.0 |10.4 | 4.8| 9.3 !4.3 4.31 6.0} 14.0
518.6 | 1251 97| 52.4 {12.0 | 4.5 |12.0|4.9] 6.4 10.0] 16.0
6 18.4 | 125 | 99} 66.0 1136 | 5.5 [1040| 2.8 F.4] 6;4118,Q
747.9{ 130|104} 67.0 [14.4 | 5.8 |11.6|3.4| 3.0]12.0( 14.0
! 8(7.6 | 130|109 | 65.6 |13.3 | 6.0 ]11.0 [4.6 | 7.6 10,0 17.0
9(7.2| 135| 98| 52,0 |12.0 | 4.1]12.0|5.4| 6.8]12.0] 14.0
10 | 7.5 | 140|109 | 70.0 {14.6 | 6.5 |11.5 4.0 | 5.6 7.0{ 18.0
11 8.4 | 145|109 | 74.0 {15.6 | 6.0 |10.4 | 2.2} 4.0| 9.0] 17.0
12 |8.7] 150 J110 | 740 }15.2 | 7.0 f1%.:0 (3.6 | 4.5 8.0} 140
1% 8.3 150 | 136 | 79.0116.4 | 6.2 fag212.4] 50| 9.0 170
Jat= il A 150 | 117 78.0 |16.4 (o o o R Sl e 3 oL TR QNI O
15 | 8,0 155 | 109 765 - 148 6.0 12,0 | 3.6 3,0 10.0] 14.0
16 | 7.4 | 155 {112 | 75.0 |15.6 | 6.7 | 13.5 | 3.5 | 4.6| 9.0 14.0
17 |8.7 | 160 | 114 | 81.0 {16.0 | 6.5 |13.0 [2.9 | 5.0| 7.0] 15.0
18 [ 7.4 | 160 [123 | 78.8 |16.6 | 6.8 {11.5 | 3.4 | 9.0 10.0| 18.0
19 {7.9 170 { 119 64,0 11%,2 5.8 14.0 | 5.0 113.8 ] 15.0 | 14.0
20 17.2 | 170 {130 | 86.0 [37.8 | 743 {140 §3.1 | 6.0]10.01 20,0
21 8.6 | 175 | 116 | 85.0 |15.2 | 7.7 115.0 |3.0 | 6.0| 4.0] 14.0
22 |1 8.1 L7544 123 87.0 | 18.4 BL2 IS0 sl 2 3«3 110,01 £7.0
23 8.3 185 | 123 Bl . 2 B2 6.7118.0 }4.8 6.4 | 10,01} 13,0
24 [B.2 | M5 [ 195 85,2 (6.8 -7 1 17019.9 1 5.4} 14.0f 38,0
25 18.1 | 190 {121 | 80.4 {16.0 | 6.0 |14.0 | 4.0 | 6.5 11,0 15.0
26 |8.0 | 190 |134 | 95.0 |19.2 | 7.9 |13.0 | 2.8 | 3.8]12.0] 18.0
27 |8.2 | 195 {134 |101.0 {19.6 | 8.4 |14.0 |2.9 | 3.5| 8.0 17.0
28 |8.6 | 200 {141 {104.0 {20.8 | 9.1 !15.5 |2.8 | 7.8| 9.0} 14.0
—gg-_?;é_‘_?iq_ E?EJ_ 2?:9..&?_6_ _éLZ_AES.O 3.9 6.0}11.0! 15,0
Continued
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Table 4C continued

| | ; i ' |
! H - ‘
| e |
I o !
d Us! :
- () I
By A N i
Fi) — O
. o ad o
) > Ad @ g
= 0} o~ O S| — O g 2
= L g 0 al =} = = oy ]
Q — 0 g (o = o] 2y o = o 2y
—~ I = — o [y 2 o 2 s
2 > g & - o o) - Q.
=} o 0 wn + - - o <t ~ (@]
] fas] O [ c 0 (5] el ] o (@] ~ )
9] = O g8 =] = &) = = N4 0 ) 0
] L
; ! | i i i
i l l ) | ]
30 | 841 | 210 1139 ! 106.4 | 22.4 [ 9.6* 14.0 | 2.7 4.8, 9.0113.0

31| 8.2 | 2101145 | 108.0 |21.6 | &.2] 15.5| 2.9 | 3.8 10.0 | 18.0
3218.2 | 215|140 | 99.0 |19.1| &.8] 16.0| 3.5 | 6.0| 12.0|15.0
33 | 8.4 | 225 {150 | 109,2 | 20.5 | 10.0| 18.0) 3.2 | 7.0} 12.0 | 1.0
34 | 8.3 | 225 {150 | 117.2 | 24.5 | 10.0| 14.0| 2.6 | 5.6] 9.6 13.0
35 | 7.6 1 230 | 150 | 112.4 | 23.2/{ 10.3{ 16,01 3.0 | 7.3] 10,01 13.0
36 | 8.3 | 235|157 | 124.0 | 25.6 | 11.5| 14.8| 2.5 | 5.21 10.0 | 13.0
37| 8.4 | 240 {155 | 117.6 | 21.6 | 10.8] 19.0) 2.9 | 7.0] 10.0] 13.0
38| 8.3 | 250 [ 165 | 152.0 ) 27,3 { 11.9] 15.5{ 2.5 | 5.2} 10.0] 13.0
394 8.3 | 270|175 { 141.0 | 29.0 | 32.4] 17.2] 2.7 | 6.0} 10.0] 13.0
40 | 8.3 | 280 | 185 | 149.6 | 30.0 | 13.7| 18.6| 2.9 | 6.0/ 11.0 | 13.0
41 { 8.4 | 290|192 |158.0 | 31.9 | 14.6] 18.6| 2.6 | 6.8] 10.0] 13.0
42 | 7.7 | 305|197 | 162.4 | 32.7 | 14.7| 19.0] 2.9 | 6.0] 10.0| 12.0
43| 7.9 | 305|201 | 165.2 | 34.0 | 14.4| 20.0| 2.7 | 6.4] 10.0] 14.01
44| 7.8 | 320 | 206 | 170.4 | 32.8 | 15.2| 20.0| 2.9 | 6.8] 10.0 14.0




Table 5C

Molar percentages for the Wilge river

‘532%16 ;Ca(OH)2 ,Mg(OH)2‘ NaOH | KOH | H,CO, iHgso4 HC1
1 -4 (401 T Limelisuat @ .00 2.2 | 82
2 10.4 9. 104 hoAa) 434 1.7 | 142
3 11.0 gl sl siier:a | 6.3 11053
& 131:3 8.6 Tl sae Al Z20 T.4
5 11.8 7.2 |p0.Et e8] 42.81 2.6 i 10.8
6 12.9 8.7 EE BT ] Bl | 1.3 6.9
7 18.2 8.2 {1%0{3.0| aTDd f T I
B2 8.6 |16.4{4.0] a7.2] 2.7 | 9.7
9 10.8 b.2 |288150 1 4t 2.8 {123

10 11.9 8.8 1631 3.5 1 314 ¢ 12 6.4
11 13.4 8.6 [15.6[1.9| 50.3 | 1.4 | 8.8
12 2.2 9.3 118,01 2.9} 49.0} 1.5 | T.1
13 13.0 82 [JA68 100 ] 562 | 1T 1B
14 125 - T 15.61 2.7 | 28.9 | 1.0 }10,5
15 11.8 8.1 (168430 | s0.1 | 1.0 | 9
16 146 8.5 41.e12. 74 ¥u9 | 1.4 | 9.6
1134 12.6 86 ILE IRt 5ph . 1.8 ) B2
18 12.5 8.5 |i15.042:6 1 50,7 | 2.8 1 8,5
19 10.6 Tl ]G40 AL | 4040 | 4.8 | 135
20 11.8 - % N R e R, O T T S i 5
x| 11.3 88 IS2 p L SR 19} 5k
22 13.4 7.5 LA S T S O
23 0o T I 5l 5 e R I L S - TR i
24 L 8.5 18,5 2,6 | 46.1| 1.8 [10.a
25 12,0 7.5 )b P50 H 0% O (R 1 9~ - S Tl M- P
26 12.8 8.8 ofiS.2it,e | sased 1.2l 90
27 12.8 9.1 1581 4.9 [ 584 ] 1.0 5.9
28 12.8 e ASETEE ] B ) 2.0 ] 8.3
29 1.5 Bl PTTORE T ehiE 1 1.6 #al
30 13.5 9.6 S LA 52 | 1.2 6.1
31 13.0 2.8  [E LR eRE L Lo | 6.9
32 i 11.9 Bk | | ERa 22V SReT .8 | 2
et o [ R L B I S A e T T R S L

Continued / 5



Table 5C centinued

332?13 ca(0K), Mg(OH)2‘ NaOH | KOH | B,C0, | H,80, | HC1
98 | 11.6 9.5 |17.7]2.0] 49.8| 1.7 | 7.7
34 14.0 e.5 rimslysl =e 1y | 6.2
35 TP 9.4 ]15.31.7! 53.0| 1.7 | 6.2
36 N5, 5 1068 J33.7 11} 83.8) 1.2 | 6.0
37 11.7 9.8 |18.0|1.6| 51.2| 1.6 | 6.1
8 | 13.8 01 aBgs | sasd 3.1 | se
39 13.8 9.8 |14.211.3| 54.3] 1.2 | 5.4
40 13.4 10.2 | 14.4 1.3 54.1| 1.1 | 5.5
41 14,7 10. 14.0 [ 1.1 | 54.8| 1.2 | 2.8
42 el 10.0 X3S E L GE ! 1.0 4.6
43 13.8 7 |0ttt et 1.1 | 48
a4 13,7 10t i3t fiadmes]| .1 (an




Table 6C

Analyses of Natel rivers sampled at different stations

T T 1 v '
b
+
e
: o E
B S
o g O
Q -5 o) =] fig =
River Station 3 p ke - Il 2 g g, £ &
o 3 0 —~ & =Y & o 2,
= E 3 %) = - - 3 = =
; . - o
H |8E|8 (88 & = LI %
Illovo Below Richmond 7.52 113 49} 30,2 5.6 248 5] 6.2 § 0.9
Resebank 7.50 55 60| 38.6 6.9 3.6 8.8 0.7
Isipingo Near Inwabi 8.00 510 1 320§.61.% 113.5 1 15.8 T
Isipingo Rail 7.30 387 | 248 60.6 7.9 111.8 1%9.0}12.9
Ungeni fbove Magle Danm 7.10 102 T AT A .8 3ok 9. 0.5
Natal Estates 6.90 | 175 |108| 59.4 | 9.0 | 5.5 |22.2 1.4
Unhlali Hopewell T3 ill ol e 81 = B (s e e 2 bie |2 e [ LR
Shakaskraal ST T 227 | 168! 23,6 T84 Bi5 | 5300 F ded B
Unhlatuzana Above Pinetcwn 6.98 112 65 17.0 2.8 b S B (- Skl R B 15
Mzriannhill (2 183 97! 31.4 A.2 i @ e 8 1)
Umhloti Ndwedwe 8.29 | 109 87; 10,8 ] 5.2% 381155 (1.3 1.5
Above Verulam 8.03 133 | 106 | 46.2 6.1 | 434 §19.0°[ 1.6 3.0
Umvoti Glenmill 7831 1854 116] 57.9 { 9.1 | 5.9123.3 2.3 | 2.4
Aldinville 7.80 | 185 | 114] 53.5 | 8.9 5.5 |22.5 I3 %D
! i '
Unzimkulwana | Celebini 18,00 226 [ 153| 70.0 111.6 | 10.0 | 20.7 ;0.8 Bl
Baboons Castle ! 8.70 248 | 1441 76.6 11,51 9.6 | 27,7 |11 | T.3
I i { ! !




Table

7C

Molar percentages from Table 6C

; ati E , 20H! KO, H H.S0 | HC
River Station C.(OH)Z‘Hg(OH)Z NeOH| KOH| H,CO{ H,S A 1
Illovo Below Richmond 10.4 7.7 {20.,001.3:52,0 | 0.0 8.6
Rosebank G 8.4 | 20,50 1.0149.6 | 0stP D.8
Isipingo Near Inwabi 1 0.9 135. 74 0. A 119 5 gl
Isipingo Rail ey 6.8 135.21.,0p18,7 182 [ 534

Urgeni Above Nagle Dam 8.5 Tel 125801215380 I Bal
Natal Estates & 6,4 27.111.0|45.3 150 32,4
Umhloti Hopewell 367 Tl 134 .01 1. 24128 31 35.4
Shakaskraal 4.3 Te9 131.9|1e4[{14.7 | 6.8 | 33,0
Unhlatuzana Above Pinctown 4.0 2.6 {35.1]2.2125.2 | 0.8 30.2
Mariannhill o 61 |3 LR RS 265
Unhloti Ndwedwe 6.2 7.5 [28,0{1.6/39.2 | 0.6 |16.9
Above Verulam 5% 6:0° (29Tl g Lo e g
Unvoti Glenmill 6.6 Te2 29.411.0737.7 0.7 117.4
Aldinville 6.7 6.3 29.311.1{35.3 0.6 | 20,2

| Umzimkulwana | Celebini Tl 19,5 [JER,USIER.E 1 dud ety s
Baboons Castle 6.2 8.6 |25.8{0.6]35.4 | 1.6 |218




Table 8C

Analyses of Natal rivers above cnd below
sources of pollution

{
P
et
. By
iey a4
Ri Stoti i £9 g
iver Stoatio y -

y = s tael g |Gy . | g 1 T S

=t = o = el 2, = g o a m

@ 3 0 — & =t =3 iy o a %

> s z 8 o a - ) o

8 3 8 g [} C‘; b\?) GT - O(’_ — o

%i SEl & & o 5 = = i %) o %
Ingagane Above Alcockspruit Sl 248 1 154 75.2 | 16.7 8.2 BB 1 36,6 el EiGl 2l 5
Confluence with Incondu 826 %96 251 88.9 {29.4 | 17.6 wi,2 12,01 102.5 01130, 4
Mooi ibove Mooi River 8,0 59 agt gri0 4 wag | 4,1} 0.8 4.31 s.91ag.a
tEs1ad Mool Biver 9.0 gs| €l st.01 68l 1.5 103le8] %54 g9 BE
Unbogintwini Above factory 762 | 260 | 145 | 4847 | 6.9 ! 6,1 | 35, . G5 | 56,01 939
iBelow factery 6,271 X321 11150} 9.4 | BT.F | 75.7 |138.6 | 9.5 | 722.5 | 64.2 | 22.0
Unzinyatshana JAbove St George 8.6 264 | 232 | 1B5.6 | 26,6 | 20.8 | 24.0 T -l 4%

t
!Below Steenkoolspruit T 1210 | 1037 | 128.0 | 94.6 | 45.1 96,0 | 2. 697.0 | 20.0 X




Molar percentages from Table 8C

Table o€

3 o+4 P e l I
River Station Ca(OH)2 Mg(OH)2 NaOH | KOH | H,CO, | H,S0, | HC1
Ingagane Above Alcockspruit 10.3 8.4 26.3 1 0.9 33.5 Q.4 B
Confinencs with 5.9 12,3 |22.5{0.81 3.5] 17.7] 4.2
Incandu

kooi Above Moci River 157 6.6 16.511.4 § 44.8 4,2 112.8
Below Moci River 9.4 5.0 284 11,5 | 4152 e e T B2 LG

Unbecgintwini Above factory 3.9 5.7 34.4 1 0.9 22.2 157 | ShAE
Below factory 10.1 14 .6 191 1.1 .01 34.9| 8.4

Unzinyatshana Above St. Gecrge 1051 135 15.8 1 0.5 | 57.2 Tallll el
Beloy Bueeniah]s 12,5 gum. f 22.1 | 0.5 | 13.8] B85 5.0
spruit : .




10C

Table

Molar percentages of unpolluted Natal rivers

Melar percentages

'

Ca(OH)g:Mg(OH)é NaOH KOH'HZ.CO3 B,80, | HC1
Dorps above Utrecht 14.4 10.0 %12.3 1.3] 59,81 1.6] 0.6
Little Tugela at Winterton Y T8-117.8 | 1.81-68.B1 Qq0F-2:4
Little Bushmens abcve Bstcourt 10,4 B35 §15.1 17 Biledy 0¢8N
Sandspruit at Bergville B.7 Te4, I19.8 0.9 57.2| 2.0} 4.0
Bushmans at Estcourt 10.8 T8 7.1 ¢ 8.41 56,0 T80
Incandu above Newcastle 12.0 b HTe5 e dlEEss N LEsa@eEE
Slang at confluence 10.9 9.1 6.8 {2.6( 55.1] 0.6} 4.9
Nondweni near Barklieside 115 11.8 14.5 1 0.3} 53.7| 0.5] 7.7
Ingogo at Poongms Kraal 12,5 12.3 POLT | 187 B3] 33150l
Blood at confluence 14.0 9.7 JB3.8 |[2.01 028 28] 7.k
White Unfolozi necr Ulundi 10,2 98 PB7.3 '0.6 a7y Giah 8.9
Unvunyama near Barklieside 8.1 15.4 4.1 |0.4] 51.0] Q.8[10.2
Buffalo at Vants Drift 1543 Ted 1158 1 2.4 50.9 Lo
Waschbank near Uirecht 12.9 S |21l 2 8.9 6.71 0.9
Hlimbitwa at confluence 9.8 6.5 26t |1.1 | 43.0] 0.7133.0
Unlaas 2t Thornwood 5.8 9:8 27,0 1,11 F4o ). FdEEsT
Bloukrans at conflucncec 10,5 1l.4 18,8 10,9% 55.51 55154
Unhloti near Mt. Moreland 54b Tl 13040 1 100068 Teelish
I1lovo above Illovo 5.9 6.8 129.4 |1.1| 31.1} 0.4}25.5
Urhlatuzana at Mariannhill Bl 6.1 [33.6 |1.9| 27.9] 0.5(26.2
Little Amanzimtoti at Smithfield 4,0 7.5 [32.8 [0.8] 25,0 0.9 (29,0
Unhlali at Shakaskraal 545 St 1E2i g 3 - 2= 55 128.3
Unhlutuni near New Guelderland 450 8.1 {31.4 (0.5] 22.8 2.2 31.0
Unbogintwini above factory 3.9 5.7 [Bdad 1091 22.21, 1.3131.6
Unhlatuzi at River View 37 e E3L6 05 21T Tk ey
Btete near Shakaskraal D 6,3 [30.% 11.0] 20,1} 2.0(3:.8
Amanzimtoti nbove town T B3 5.1 .21 55,0 1.8;37,9
Sinkwazi near station 9.0 5.8 33,7 (0.2] Bup 12.0g30.1]

1




Tsble 11 C
American rivers
=
f Molar percentages

River ! a ; .

* Ca(OH)2 Mg(OH)2 aOH | KOH H2co3 st04 EC1 :
Alabana 18 6 14 2 he g 3
Allegheny - 16 5 20 2.1 ‘71 B {438
Arkansas 8 3 34 2 17 7 29
Big Blue 16 6 17 2 48 5 6
Brazos e 10 5 73 2 11 9 30
Cache 14 8 18 2 46 6 6
Cahaba 16 5 18 2 il 2 3
Cedar i5 10 2 56 - 2
Chattahoochee 11 3 29 2 46 5 4
Chikaskia L7 5 16 2 51 4 5
Chippewa 1% 9 15 2 50 1 2
Cimarron 5 = 38 2 13 4 35
Clackamas 19 9 10 2 48 6 6
Columbia 18 8 12 r. o 6 3
Columbia &5 21 9 6 2 55 6 1
Cottonwood il 22 8 8 2 45 12 3
Crooked 10 7 25 2 49 4
Cumberland 21 5 12 2 54 4 2
Delaware » 18 8 12 2 48 T 5
Deschutes 2 | 6 25 2 51 2 3
Des Moines - 19 Tl 8 2 48 10 2
Embarrass 17 13 & 2 56 4 2
Fall 18 6 13 2 54 3 4
Flint 19 ] 23 - 39 ) o
Fox = ) 14 2 53 = 2
Grand - 20 fi] 4 2 55 5) 2
Grande Ronde 15 21 2 54 3 2
Hudson 20 2 & 2 50 6 5
I1linois L 17 12 8 2 49 T 9
Iowa 18 10 7 2 55 6 2
James 18 6 14 2 53 4 -
{alamazoo = 20 11 3 2 59 4 1
Kankakee * 20 ] 12 5 i 53 6 2

Continued / i



Table 11C continued

Molar percentages

River ] : :
Ca(OH)2 ng(OH)ZiNaOHQKOH B,C05 | H,S0, HC1
1 T ‘

Kansas 16 l 6 18 | 2 A2 6 10
Kaskaskia * 17 s, 7 . 8% < =
Kentucky 2. 6 10 2 55 4 2
Klickitat 1% 9 18 2 5a 5 i
Lehigh * 27 = | 13 . %5 IH i
Marmaton * 23 | 4 10 2 55 2
Maumee * 19 8 11 2 40 6 14
Medicine Lodge * 18 8 19 2 19 21 1%
liani * 19 13 i, 2 56 5 2
Mississippi * 17 9 1 2 46 8 4
Mississippi 18 1 6 . 58 4 X
Missouri * X7 8 19 2 35 15

Monongahela * 20 6 20 2 2t 28 0 T
Muddy * 14 13 18 2 30 X% 8
Muskingum * 18 ‘ 6 L 2 o T 19
Okanogan 19 7 12 2 53 1
Oostanaula 15 6 18 2 55 2 2
Osage 20 6 12 2 53 4 3
Oswegatchee 18 8 11 2 55 5 1
Peorl 13 4 26 2 L3 5 7
Peedee 13 ) 26 2 &7 3 6
Platte * 17 8 20 2 32 17 4
Platte, North * 17 7 18 2 42 11 3
Potomac * 23 7 14 ) 24 23 7
Powder 12 6 24 2 47 4
Raritan * 18 10 22 2 33 i 8
Red 13 5 26 2 20 10 24
Republican 15 5 20 2 46 - 7
Rock 16 14 4 2 59 2
Rogue 14 5 21 2 52 3
Sacramento 12 10 18 2 46 6 6
Salinas 12 5 20 2 40 8 9
Saluda Ly 4 19 2 46 4 8
San Antonio 16 9 15 2 4l 10 7

£t R tee s A el o UGie)

Continued / avEs




Table 11C continued

| Molar percentages

River : - ] |
Ca(OH),, | Hg(0H), | NaOR LKOH |H,00,  H,80, | HC1
Szngamon 17 12 6 2 56 4 2
San Joaguin 9 8 26 2 24 7 24
Santa Ane 16 é g 2 £1 3 -
Shenandcah 20 9 6 2 59 2 2
Siletz 122 4 28 2 36 5 13
Skagit * 19 7 13 - 49 8 2
Smoky Hill * 13 4 28 2 18 11 24
Snake * 15 7 ¥ 2 43 7 9
Solomon * 15 4 23 2 37 7 12
Spokane J7 9 12 2 54 5 1
Spring * 23 5 12 2 4 12 3
Susquehanna * 21 6 11 2 48 6 6
Tennessce 19 6 1o 2 50 2 10
Tombigbee * 19 3 P 2 93 k-
Unatilla 13 6 22 2 A6 5
Unpqua 15 T 1y 2 49 4
Ventura " & 20 9 13 2 e 20 4
Verdigris 19 5 O N 3
Vermillion * 16 14 7 2 X 8
Wabash g 7 26 2 15 4 "y
Wabash, Little 14 10 1% 2 54 9 6
Wallowa % 25 2 10 2 54 6 T
Walnut * 21 7 11 2 & 8 4
Wa?eree 12 5 24 2 48 3 6
Wenatchee 14 9 16 2 50 7 2
White, B. Fork * 19 12 3 = 59 4 1
White, W. Ferk * LS S 14 2 38 > ik
Willamette 15 7 18 2 47 4 7
Wisconsin 14 12 47 2 50 7 2
Youghiogeny * 22 11 13 2 0 47 -
Yakima 14 9 20 2 42 8 5
Yukon 22 8 5 2 58 4 1
|




Table 12C

British rivers

Molar percentages
River \ T

C2(0H),, | Mg(OK), | NaOH KOH | H,CO; H,S0, | HC1
Stone * 2 15 25 - 35 3 20
Swancombe * % 15 24 - 36 2 20
Holyford E i 2 26 - 20 8 27
De Lank ** 15 i3 12 - 24 1 b {4
Avon 21 10 10 - 42 12 5
Cork L 10 z 32 - 22 il 29
Liffey 24 3 11 - 49 4
Nantybella & 3 d 42 - 8 * 0
Ceriog * 12 g 28 - 18 7 29
Dee ¥ 1y 5 23 - 24 10 21
Dee 18 % 16 - 39 T 15
Taff 15 11 20 - Al 9 6
Avon 27 1 a - 54 2 7
Itchen 29 0 8 - 54 1 8
New 25 2 10 - 51 7 8
Thanes 28 3 7 - A8 7 7
Thames 25 2 Ibes), = 41 3 14
Thanes *% = 12 29 - 1 7 46
Lee 28 2 11 - 43 7
Lee 26 5 i S - 10
Chelmer 27 2 10 - 49 4
Blackwater 24 2 13 - 45 5 11
Stour 2 3 12 - AT 4 10
Stour 28 i - 54 2 7
Witham 30 2 - 4l 12 0
Welland 28 5 6 - 43 9 9
Bure 16 1 26 - 28 5 24
Ouse * 26 3 11 - A5 T 8
VWiindrush 2 2 9 - 4 3
Severn 15 10 20 - 27 12 16
Wye 21 3 20 - 28 12 16

I o o L 08 et S =SB ek

Continued / olo




Teble 12C continued

Molar percentages
River i
'Ca(OH)2 Mg(OH)2 NaOH | KOH | H,CO, | H2304’ HC1
|

Chess 29 1 8 - 55 2 5
Newbourne 27 0 14 - 45 4 10
Mole 26 % 7l - 41 Tt 8
Caterhanm 29 3 6 - 45 il 13
Colne 23 il 8 - b2 3
Tees 18 15 9 - | 37 12
Little Avon 29 2 8 - & 6
Otter * 18 5 20 - 35 5 17
Usk * 25 2 14 - 50 2
Kennet 28 1 9 - g9 3
Roach * 9 5 33 - 27 8 18
Mullinger 29 2 6 -~ 55 4 4




LFPENDIX D

SOME EXPERIVMENTAL TESTS
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In order to obtain some experimental check on some of the
equations presented, a set of solutions resembling natural waters was
prepared from distilled water and laboratory reagents - calcium chloride,
magnesium sulphate, sodium chloride, sodium carbonate, sodium bicarbonate,
magnesium carbonate and calcium hydroxide, Stock solutions of these in
distilled water were prepared, the solutions being gassed with carbon
dioxide if necessary to convert insoluble compounds to soluble bicarbo-
nates, and from the stock solutions fourteen samples were prepared whose
analyses are given in Table 1 D. Their pH.values were adjusted to lie
within the desired range by gassing with carbon dioxide or with air (to
remove excess carhbon dioxide).

A1l the analyses showed a satisfactory ionic balance.

The values of the activity coefficient, ¥, for these samples are
not strictly obtainable from the TDS by Table 2 B, since that table really
applies only to natural waters, The correct values of Y werc therefore
calculated from the ionic strengths, which were themselves obtained by
taking the carbonate and bicarbonate ion concentrations as being closely
equal to the corresponding alkalinities., The values so obtained are shown
in Table 2 D, with those found from the TDS also given for comparison,

The two sets of values differ only slightly, the greatest error in the
values calculated from the TDS amounting to only 1.7% (for sample no, 51,

Prom the observed pH and the calculated value of Y from the
ionic strength, the appropriate valuc of § was obtained from Table 3 B,
Taking the total alkalinity, e, in meq/litre as the mesn of Ec and Et in
the usual way, the total carbonic qcid concentrzstion, a, in millimoles/
litre was calculated, This was compared with the experimental value
obtained by titrating with standard hydrochloric acid and sodium hydroxide,
as shown in Table 3 D, The maximum error in the calculated value was 11,1%
(for sample no. 1), and the signless mean error was 5.6%. In chapter 5 it
was deduced that the error in the calculated value of a would be about S
due to errors in dissociation constants, activity coefficients and pH
measurements. Since the experimental value will also carry an apprecisble
error, as do the results of all water analyses, the experimental and
calculated values of a gould diverge easily by 10%, The agrecment obtained
between the two sets of values cen thus be considered very good. They arc

compared graphically in Figure 1 D,

o ....
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Alternatively, the calculation may be reversed and the pH value
calculated from the experimental values of a2 and e (here taking e as the
dircetly measured experimental value Et)' This gives the results shown in
Table 4 D and compared grephicelly in Figure 2 D. The greatest discreponcy
amounts to 0,31 unit (for sample no. 5), thc signless average being 0,17
unit,

These results clearly show that the rel-tions between 2, ¢ ond
pH are adequately representcd by the equations concerned. Discrepancies
are rendily cccounted for by anslytical errors, which in fact constitute
the greatest problem in water chemistry, It may also be noted that by
assuming idenlity (Y = 1.000), thc cslculnted pE vzlues of Table 4 D arc
unchonged while the grentest error in the c~lculnted volues of o of Trble
3 D amounts to 4.5% (sample no. 4), confirming thnt activity corrcctions
arc not usually needed when considering normal surfoce waters.,

For each of the samples, the permanent hardncss wos determined
in the following manner, 100 ml of the sample in a 500 ml round-bottomed
flask was boiled under reflux for 30 minutes and then, after removal from
the heater, was allowed to cool for %0 minutes, the mouth of the flask
during this time being covered by a watch glass. The sample was then
filtered on a no. 42 paper, the first runnings being used to rinse out the
receiver and then being rejected. The total hardness of the filtrate was
finally determincd by titration with EDTA. Subtraction from the original
total hardness gave the temporary hardness of the sample. The results
obtained are shown in Table 5 D, together with those calculated by the
procedure described in chapter 11. The experimental and calculated values
arc compared graphically in Figures 3 D and 4 D,

On the whole, these results show that the calculated values
represent the experimental values fairly well, despite the approximations
involved on the one hand and the uncertainties in the experimental tech~
nique on the other. The exceptions arc samples 5, 6 and 13, cach of
which gave a very much greater permanent hardness than the calculated
value, These are the threc samples of greatest magnesium content,

The pH values of the samples after filtration are given in the
last column of Table 5 D. They range from 7.64 to 10,17 and do not at all
accord with the values calculated from equation (11.29), which range from

9.99 to 10,67, This discrepancy was as expected.

262/, ...
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Analyses of water samples

Table 1 D

amounting to 19.5 ppm 2s CaCoO

3

ﬁéample pH Ca, Mg, Na, Total alkslinity, SO4 €14 Total hardness, | Calcd. TDS,

No: value | ppm ppr | ppm as ppm CaCO3 i ppm ppm  |as ppm CaCO3 ppm
1 Mo 0 | 5 RN S AR TRl 80,0 | 185.3 LSTE 475
2 T - - L A = O (R e - T2l 80.0| 185.3 152.8 474
3 &8s Tk L o 15.9 1820 37,1 31.9 &S
4 6.40 Hia S 22.8 15.4 20 Fiwk 31,7 !
- BiAE- 13.2 5.0 S48 353.6 i1, 12.0 278 349
6 G4 AF00 [ .2y S54lP 352.1 §¥il| 12.0 267.6 348
7 8,13 . wRy ) LT 5 5. 1 S e e 82,2 Nil 2.4 B35 78
8 T od2 2UGll kel A SIS 6y 82.2 Nil 2.4 54.7 T
9 L) 8T 41 A 10,8 158 160,01 137,9 %l S 532

10 TR0 88, % | 4148 FC.8 5T G2 160,01 129.9 302,3 b%b

1l G0 I A g.2] 14.2 31.4 F2.0) 25,8 60.5 110

4 6.46 | 10.4 okl - L2 31.9 3.0 25.6 60.5 110

4D 7.15 | ST.EC} Emoat Syan 514.3 Nil] 12,1 431,2 487

14 T0% | 2894 =761 YF:% 12%.9 Nik| 12,1 L1900 134

*

All bicarbonate alkalinity except for No. 5, which had carbonate alkalinity

—20c—
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Table 2 D

Values of activity coefficients, Y

Sample | ¥ calculated from | ¥ calculated from
No ionic strength the TDS
1 0.900 0.896
2 0.900 0.897
] J 0 G 50
4 0.950 i D53
5 0.899 €:815
6 0.900 Vel
3 0,950 0.959
8 0.950 O
9 0.887 0.891
10 0.881 0, 891,
17 0.943 0.949
12 0.943 0.949
b 0.885 0.895
14 0.934 0.943




= 20

Table 3 D

Total carbonic acid congcentrations, a

Calculated | Experimental | % error in
Sample value of value of calculated
No., a 3 value
1 1,485 1.670 = 1L,1
2 1,973 2,052 = 445
3 Q578 0.374 e del
4 Ju S 0.534 - @4
v 7,206 6.876 + 4.8
6 8,698 7,850 + 10.8
7 1.582 1,656 = 553
8 1.827 1,814 + 0.7
9 2.483 2,710 = Ee
10 2. el a2 = e
dlt 0.726 0.816 - 11,0
12 0.949 0.938 F AT
13 1159 11,208 . 3.4
14 3.024 2,142 - 10,3

1Tt R
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Table 4 D

Observed and calculated pE values

Somple | Obsurved | Calculated
No. pH pH
1 T.58 7.60
2 6.68 6,83
3 6,83 7.08
4 6,40 &. 47
5 8.42 Pe s
6 £.99 Tl
1 8.13 8.10
8 Vs 2 7% -
9 1.89 Ty e
10 T80 7.20
il 6. 71 6.86
iz 6,46 6.66
5 ) T+ 43 o 4]
14 1.69 L
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Table 5 D

Herdness determinations ¥

Semple Original total Permanent hardness Temporary hardness Final

No. hardness Experimental | Calculated | Experimental | Calculated PH
1 3333 i B 94.6 56,9 58.6 8.68
2 IRZLH AR 6 96.5 41,2 L, e 8,68
3 b5 <1 29,7 0.2 By 7.64
4 BT 321 29.7 - 0.4 2.0 ey o
5 267.8 60,4 11.4 207.4 256 .4 9.61
6 267.6 9.5 13,5 T3 256.1 Fehi
7 il 5 2 299 28.6 28.6 24.9 9.54
8 54.7 259 29.0 #4:.0 2050 43T
9 IS 184.0 519 Y¥.6 109.4 8.83
10 302.3 18%,2 190,6 119.1 LY 8.85
11 60.5 e 49.0 T2 11,5 8.88
is 60.5 54.1 49.2 a5l 11.3 8.%5
k3] 431.2 85,7 55 345.9 415.9 30,17
14 1135.9 3.8 ) I 75.4 Al nd 9.80

* A1l values as ppm of CaCO

3

except irn last column

~-902~
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