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Abstract

The use of polymaleic acid (PMA} as 2 model organohalogen precursor is an innovation in water chemistry. The distribution of pentane-
soluble organchalogens formed by the chlorination of PMA, in the absence and presence of bromide ions is presented. Chloroform ac-
counted for 96% of the identified volatile organohalogens, but in the presence of bromide ions, bromoform was the major product.
Preliminary investigations revealed similarities between the molecular size distribution of PMA and a municipal shudge effluent when
illustrated as dissolved organic carbon (DOC) and uleravioler absorption (UVA}. In terms of total organchalogen formation potential
{TOHp) however, the active fractions of PMA and the natural marerial did not coincide under the experimental conditions described.
Mutagenic activity, as measured by the Ames Sa/monel/a mutagenicity assay was not detected for either PMA or chlorinated PMA.

Introduction

Soil organic matter is continuously subjected to chemical and
biological processes until the chemical constituent components
are no longer recognisable. Humification is the name given to
such processes, and the relatively stable brown or black amor-
phous polymerts formed are collectively known as the humic
substances, Humic substances are the meost extensively
distribured natural product in the biosphere. They are found not
only in soils but also in freshwater, matine environments and
sediments. Humic substances are most commonly separated
chemically into base soluble humic acid (HA) and acid and base
soluble fulvic acid (FA) (Odén, 1919).

Most sutface water sources contain a certain amount of
aquatic humus which imparts a characeeristic yellowish-brown
colour (Gijessing, 1976). Until comparatively recently, aquatic
humus was never considered to be a major pollution problem
(Gjessing, 1976). However, Rook (1974) and Bellar ez 4/. (1974)
were the first of many researchers world-wide to have shown that
when drinking-water is disinfected using chlorine, the chiorine
reacts with the organic matter naturally present to form organo-
halogenated compounds, and especially the volatile trihalo-
methanes (THMs). The possible deleterious health effects of the
long-tetm exposute to small quantities of organohalogens in
drinking-water, have led health authorities in many countties to
set maximurn contaminant levels to limit the formation of these
compounds in potable supplies (USEPA, 1978).

Although tannic acid (Youssefi ez &/, 1978), nitrogen-con-
taining compounds (Motris and Baum, 1978} and both algal bio-
mass and extracellular products (Hoehn ez /., 1980) can react
with chlorine to produce organohalogens, many workers (Stevens
et @, 1976); Babcock and Singer, 1979; and Fielding, 1980) have
shown in laboratory experiments that the major organohalogen
precursors are the aquatic fulvic acids.

Conventional treatment methods, whether physical/chemi-
cal or biological are capable of temoving a proportion of the
organohalogen ptrecursors when optimized specifically to do so
{Semmens and Ficld, 1980; Zabel, 1980). Humification however,
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is a dynamic process which is affected by environmental con-
ditiens and seasonal variations. Thus the production and com-
positional complexity of aquatic humus do not remain constant.
The variable nature of humus production makes the detailed
laboratory-scale evalvation and optimization of treatment pro-
cesses to remove aquatic humic substances extremely difficult,
and has led to uncertainty amongst water treatment engineers as
to which of the many treatment alternatives is most suitable to
contro}l organohalogen formation. A completely synthetic model
compound which very closely resembles the strucrural backbone
of aquatic humus, but does not contain the complex array of
variable non-humic moieties which are associated with the
natural substances, would be an extremely valuable tool in gain-
ing an in-depth understanding of the processes and reactions
which occur during drinking-water treatment and chlorine
disinfection.

The major component of fulvic acid (FA) is a polycarboxylic
acid (PCA) together with smaller amounts of metals, polysac-
charides, peptides, phenols and possibly natural growth
regulators and synthetic herbicides and pesticides (Linehan,
1977).

The product arising from the hydrolysis of pyridine-
catalysed homopolymerised maleic anhydride (Braun and
Pornakis, 1974), namely polymaleic acid (PMA), has been sug-
gested by Anderson and Russel (1976) and later verified by
Welch (1981), to be chemically and structurally closely related to
the PCA fraction of soil fulvic acid. Linehan (1978), Malcolm and
Vaughan (1979) and Linchan and Shephard (1979) have also
shown that PMA acts as a physiological model for soil fulvic acid.

This paper, the first in a seties, desctibes some preliminary
investigations concerning the suitability of PMA as a model for
aquatic humus, and as an organohalogen precursor. Some com-
patisons atc made between PMA and the natural aquatic humus
of the raw water intake to the Windhoek Water Reclamation
Plant in South West Africa (SWA) to gain a better understanding
of the reactions which take place berween aquatic humus and
chlorine in order to modify water purification configurations to
conttol otganohalogen formation.

The raw water intake to the WRP was selected for com-
patison for the following reasons:

@ The raw warter intake (WR1) is derived from an activated
sludge plant. This type of plant is commonly found in South
Africa.
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@ The Windhoek Water Reclamation Plant has been intensively
studied by the National Institute for Water Research over the
past 18 years.

® Windhoek drinking-water supply is supplemented with
reclaimed water, and as such its quality is continuously
monitored.

® The plant treats activated studge effluent which is principally
derived from domestic sources, and is not subjected to in-
dustrial effluent contamination prior to reclamation.

® Large fluctations in the quality of WR1 are largely prevented
by passage through a series of stabilization ponds.

Materials and experimental

The pyridinium salt of polymaleic acid was prepared by the
pyridine-catalysed homopolymerisation of maleic anhydride
(Braun and Pomakis, 1974), and acidified to the acid form with
Amberliee IR-120 (H™) cation-exchange resin.

The water used in this study (WR1) was taken from the raw
feed water to the Windhoek Water Reclamation Plant, which was
dertved from the activated sludge plant effluent (Gammans
Sewage Putification Plant) in Windhock. This effluent passed
through a system of nine maturation ponds with a retention time
of 14 days, before gravitating ro the Windhoek Water Reclama-
tion Plant (Van Steenderen, 1982),

Polymaleic acid (PMA) and the Windhoek water (WR1)
were fractionated separately by membrane ultrafiliration, using
an Amicon Model 202 cell with 62 mm diameter Diaflo ultrafil-
ters maintained at their maximum operating pressures (241 x 103
Pa to 345 x 10 Pa). Fractions of the polymeric organic matter
which wete retained by filters having molecular weighr exclusions
of 100 000, 10 000, 1 000 and 300 atomic mass units {(AMU)
(calibrated with respect to globular proteins} were collected. The
exact characterization of the PMA molecular size fractions has
been described elsewhere (Welch, 1981). Prior to fractionation by
membrane ultrafiltration, both PMA and WR1 were passed
through a 46 mm diameter, 0,45 um pore size filter (Gelman
Sciences Inc., Michigan) at water pump vacuum on a Biichner
funnel.

The fractionated and unfractionated materials were analysed
for total organohalogen formation potential (TOHP) by the mic-
rocoulomettic titration method (Van Steenderen, 1980), for dis-
solved organic carbon (DOC) using the potassium persul-
phate/UV irrac ation technique (Van Steenderen and Lin, 1981),
and for UV abrorbance at 275 nm in a 10 mm quartz cell using a
Perkin Elmer LT 55 spectrophotometer.

The rapic liquid-liquid extraction process using pentane
{Van Rensburg ez &/, 1978) was used to extract the volatile or-
ganohalogens produced by an aliquot (50 mf) of 2 5 mg/# stock
solution of unfractionated PMA, subjected to 1mf of a
hypochlorous :cid solution containing 13 mg/mf Cl,, and in-
cubated in the dark for 48 h. The volatile pentane-soluble pro-
ducts were sep: rated and identified using a HP 5700 gas chroma-
tograph with a flexible quartz column {30m x 0,32mm ID) wall-
coated with D3-5 (J & W Scientific Inc. Rancho Cordova, Ca,
USA). The carrier gas (helium) flow rate was 1 mé/min and elec-

- tron capture detection (300°C) was used. A temperature pro-

gramme of 4 w.in at 40°C, followed by heating at 3,5°C/min to
70°C, then further heating at 20°C/min to 270°C, resulted in
good separation of the volatile products. Identification of the ma-
jor pentane-so uble products was based upon co-elution with
authentic comounds. Chlorobromopropane was used as the
internal standard. The experimental procedure was repeated us-
ing 2 50 m{ ali juor of the same stock solution of PMA (5 mg/¥)
which had betn chlorinated to 13 mg Cl; in the presence of
bromide ions. During the chlorinacion, the pH of the PMA solu-
tions was left v nadjusted at pH 5,31.

Mutagenicity testing of filter sterilized (0,22 um) unfrac-
tionated PMA tolution (50 m! containing 50 mg PMA) which had
been subjected to chlorination (0,5 mli of a solution 13 mg/m¢
Cl,) for 168 h, in the dark, was carried our according to the plate
incorporation ssay (Ames ef /., 1975), using Sabmonella
fyphimurium arain TA98 (Ames ez &, 1975) as the test
organism without rat liver enzyme. Strain TA98 had been found
in previous stwlies (Van Rossum ez 4/., 1982) to be the most re-
sponsive to XAD resin and methylene chloride extracts of Pre-
toria tap water. An.unchlorinated control sample was also tested.
All tests were conducted in triplicate (Grabow, ef /., 1980).

The elem:ntal analysis of the toral PMA polymer was

TABIE 1
VOLATILE HALOGENATED HYDROCARBON ANALYSIS OF CHLORINATED PMA (A) AND CHLORINATED PMA IN THE PRESENCE
OF BROMIDE IONS (B)

Compound Peak number Retention time (mir) Concentration {ug/f)
A

Chloroform 1 3,46 373,11 280, 3!
Dichlorobtomomethane 4 6,01 3.7 4,9
Dibromochloromethane 9,48 ND 2,4
Bromeform 8 13,46 ND > 6502
Chlotobromopropane (Intemal standard) b] 6.46
Tetrachloromethane 4,30 0,3 0,3
1,1.1-trichloroethane 2 4,06 2,4 2.3
1,1,2-trichloroethane 3 4,36 9,1 11,5
1,2-dibromoethane 6 10,30 ND 2.1
1,1,2,2zterrachloroethylene 7 10,42 0,2 0,2
1,1,2,2-tetrachioroethane 9 15,54 ND 203,5!
1,1,2,2-tecrabromoethane 19,30 ND 5,2
Unknowns 65,9 1321
Total trihalomethanes 377 288+
Total halogenated solvents 13 315

ND = Below detection limirt (detection limits for CHCL, are 2-150 ug/f)

I = Concentration exceeds detection limit bur is extrapolated by the data system

2 = Excessive concentration, exceeds detection limit and extrapolative capacity of data systern
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conducted on a Hewlett Packard 185 CHN analyser. Oxygen con-
tent was estimated by difference.

Results and discussion

PMA reacted with chiorine at room temperature (22°C), in the
dark, to produce an array of chlorinated organic products. Figure
1A is a gas chromatogram of the major pentane-soluble volatile
chlorinated products. From Table 1, it can be seen that the
predominant product was chloroform which accounted for 82%
of the total detectable products and 96% of the identified vola-
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Figure 1
A — Gas chromatogram of pentane-soluble products from the chlorina-
tion of a 3 mg it solution of polymaleic acid (PMA) for 48 b in the dark at

pH 5,31,
B — The chiorination of the same stock solution of PMA under the same
experimental conditions tn the presence of bromiide ions. Products iden-
tified by co-elution with authentic compounds; (1) chloroform, (2) 1,1,1-
trichloroethane; (3) 1,1, 2-trichloroctinlene; (4) dichlorobromoethane;
(5) internal standard, chiorobromopropane; (6) 1,2-dibromoethane; (7)
1,1,2,2-tetrachloroetbhylene; (8) bromoform; (9} 1,1,2,2-tetra-
chloroethane. GC conditions: flexible quartz column (30 m x 0,32 mm
ID) wall-coated with DB-5: carrier gas 1 mi min 1 (helium); temperature
programme 40°C tothermal for 4 min, 3,5°C min=1 10 70°C followsd

by 20°C min—1 10 270°C.

tile organohalogens. Small quantities of 1,1,1-trichloroethane,
1,1,2-trichloroethylene wete also detected. The formation of
dichlorobromomethane, and 1,2-dibromomethane was indicative
of the presence of a trace amount of bromide contamination in
the reaction mixture. Unknown volarile organchalogens ac-
counted for approximately 15% of the total volatile products
detected.

It can be estimated from the elemental analysis of PMA
(C=48,76; H=3,30; N=10,82; O =47,12%) that 2 5 mg/# solu-
tion contained 2 438 pg of carbon, of which 37,5 pg reacted to
form chloroform. Thus 1,5% of the organic carbon reacted in 48
h tw produce chloroform. Clearly the overall reaction of PMA
with chlorine was relatively minor in terms of the polymer con-
verted, but the percentage organic carbon of natural aquatic
humus which reacted to form chloroform has also been estimated
to be small, in the order of 0,2 to 1,6%, as reported by Fielding
(1980). Therefore, when compared with the natural materials,
PMA is a vigotous organchalogen precursor.

Bromide ions strongly affect organohalogen formation be-
cause they compete with the organic precursor sites on the humic
polymers for the oxidising potential of chlorine. As a result of
bromide oxidation by chlorine, bromine is formed which reacts
morte intensely than chlorine itself with aquaric humus, and thus
favours the formation of halogenated products (Rook, 1978).
Figure 1B is the gas chromatogram obtained of the pentane-
soluble volatile organohalogens formed when PMA solution was
chlorinated in the presence of bromide ions. The chromatogram
shows that PMA like aquatic humus is more reactive to hypobro-
mous acid than to hypochlorous acid. The major product formed
in the presence of bromide was bromoform, followed by a series
of unknown products which were all present in excessive concen-
trations, above the detection limits of the gas chromatograph and
extrapolative facility of the chromatographic data system. It can
therefore be stated that PMA is a model organohalogen precursor
which is as reactive with chlotine and as receptive to bromide in-
terference as aquatic humus.

The molecular size distribution of PMA and some of the pro-
perties of the fractionated material are presented in Figure 2,
together with data on the fractionation of Windhoek raw water
(WR1}) as a comparisen with a natural marerial.

The number average molecular weights (Mna) of both PMA
and WR1 occur berween 10 000 and 100 000 AMU. Although
the molecular size distribution of aquatic humus varies between
water soutces, different physical/chemical treatment processes,
and changes i environmental conditions (Grady ef 4/., 1984;
Veenstra e &/., 1983; Oliver and Visser, 1980), the Mna of the ac-
uvated sludge effluents obtained from the Windhoek and
Pretoria areas commonly falls within the range 10 000 o 100 000
AMU (NIWR/CSIR, 1974). Thus PMA is a good model, in terms
of molecular size distribution, expressed as DOC, for those par-
ticular effluents, However, if the reaction temperature during the
polymerization of maleic anhydride is kept below 40°C the Mnd
of the resulting PMA has been estimated 1o be 1 800 AMU
(Welch, 1981). The PMA used in this study was polymerized ar a
temperatue of 45°C which resulted in increased decarboxylation
and a shife in the molecular size distribution towards larger
molecules.

Difterences exist between the distributions of both UV ab-
sorbance at 275 nm and total organohalogen formarion potential
(TOH,) in the PMA and WR1 fractions. The UV absorbance
showed a peak in the PMA fraction which passed through a 0,45
um filter but was retained by a 100 000 AMU filter, whereas the
maximum UV absorbance was detected in the WR1 fraction
210 000 but <100 000 AMU. The fraction of PMA which was the
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most active organohalogen precursor was that which was retained
by a 0,45 um filter, compared to the fractionated WR1 material
which showed a peak in the range >10 000 but <100 000 AMLJ,
These results might suggest that the sites on humic polymers
which are responsible for organohalogen formation ate also UV
absorbing. This assumption is reasonable if one considers that
carbonyl groups, for example typically exhibit n—mn * and the for-
bidden n—n#* transitions which absorb at 190 nm and 280 nm
respectively. Acetyl groups contain carbonyl functions and read:ly
undergo the classical haloform reaction (Morris and Baum, 1978).
Unfractionated PMA contains 1,8 meq g~ carbonyl, whereas tae
PMA fraction of >10 000 relative molecular mass contaios 3,6
meq g~ ' carbonyl (Welch, 1981). The differences which are ex-

hibited (Figure 2) between PMA and WR1 in terms of TOHp are
probably the 1zsult of the presence in WR1 of an array of non-
humic substan :es which would compete with aguatic humus con-
tent of WR1 :‘or the oxidising potential of chlorine. PMA has
previously bee:r shown to closely resembile fulvic acids (Anderson
and Russell, 1¢76 and Welch, 1981) which are the most active ot-
ganohalogen precursors found in water (Stevens e &/., 1976 and
Babcock and S nger, 1979). In future studies PMA models will be
ptepatred whicl contain ‘guest’ molecules, such as phenolic acids,
peptides and carbohydrates which are undoubredly present in ac-
tivated sludge effluent. Present studies by the authors (Welch
and Van Steetideren) indicate that the molecular size profile of
WR1, in tetm:; of TOHp (Figure 2) is altered by the addition of
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Molecular size dissribution (AMU) by membranc uwltrafileration of

Polymalerc acid (PMA) and Windhoek raw water (1WR1), expressed in

terms of the percentage yield of dissolved organic carbon (DOC) frac-

tionated, wltraviolet absorption at 275 nm, and total organohalogen for-
mation potential (TOH,) as pg /€ chiorc form.
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different coaguiants and activated carbon w show a closer
resemblance to the profile of PMA.

Today it is known that otganohalogens ate produced in any
surface water which contains dissolved organic matter and is sub-
jected to chlorination, In South African drinking-waters, Grabow
et . (1980) have detected mutagenic activity , as indicated by
the Ames Sa/monelfa mutagenicity assay (Ames et /., 1975),
specifically associated with the presence of chlorinated orga-
nohalogens, Mutagenic activity however, was not detected by
means of the Ames test using tester strain TA98 in the absence of
59 liver preparation using the Ames test (Ames ef /., 1975) on
either PMA or chlorinated PMA., Thus the organohalogens pro-
duced by aquatic humus which are associated with producing
mutagenic activity s measured by the Ames test (Ames e 4/,
1975) ate probably not produced by PMA. This result may indi-
cate that it is not the organohalogen products atising from the
reaction of chlorine with the humic polymer which are responsi-
ble for producing mutagenic activity, but the products arising
from the reaction of chlorine with ‘‘non-humic™ species, such as
lignin degradation products, which are associated with the humic
polymer. PMA closely associates with carbohydrares, amino acids,
peptides and phenolic acids, and these molecules can also be in-
troduced at the polymerization stage as **guest molecules’’ in the
polymer structure. Thus studies on the mutagenic activity of
PMA polymers with ‘‘guest molecules’ which have been sub-
jected to chiorination would show if this assumption is correct.
The ability of PMA to incorporate ‘guest molecules’, is a further
reason why conceptually PMA is an attractive model compound
for aguatic humus.

Although the complete structure of PMA has yet to be
elucidated, it is known to have an aliphatic or alicyclic ‘backbone’
substituted by vicinal carboxyl groups (Anderson and Russell,
1976, Welch, 1981). The suggestion that PMA is a model for the
PCA fraction of FA (Anderson and Russell, 1976) is an innova-
tion in humic substance chemistry, since the more widely ac-
cepted structures for humic substances have been based on the
aromatic residues derived from the microbial degradation of
lignin or tannin (Ogner and Schnitzer, 1971; Khan and
Schnitzer, 1971; Flaig e# &/., 1975). These aromatic structures for
humic substances have been adduced largely on the basis of
chemical degradation studies. To inmtetpret polymer structure
from the distribution of degradation products which in
themselves may only account for a small proportion of the total
polymer degraded is extremely difficult. An example of the in-
herent difficulties in interpreting degradation data into polymer
structure was seen during a conttoversy over the aromatic (Hayat-
su e+ &., 1975; Hayatsu, 1976) or non-aromatic (Chakrabartty
and Betkowitz, 1976) structure of coal. Each group draws very
different conclusions from similar studies.

The close chemical, structural and physiclogical similarities
between PMA and the PCA fraction of soil fulvic acid shown in 2
previous study (Welch, 1981) and the fact that it reacts with
chlorine, as shown in the prescnt study, make PMA an attractive
model for aquatic humus, and an innovation in the field of water
chemistry. Because PMA is the product of a defined polymerisa-
tion process it is possible to introduce structural modifications
during polymerisation, perhaps allowing for a precise definition
of the relationship between the structure of humic substances,
organohalogen formation and the reactions which occur during
their removal by physical/chemical processes. It can be synthesiz-
ed with "C labelling of catbon other than carboxyl with high
levels of radioactivity, thus simplifying the investigation of its
reactions in water, and providing further opportunities for
understanding the properties of aquatic humus.

Further tesearch

The results reported in this paper represent the fitst phase of in-
vestigations which will involve the use of PMA as a model
organchzlogen precursor for the following purposes:

@ To gain a bertter understanding of the reactions and reaction
kinetics which take place between aquatic humus and
chlorine.

¢ Modification of water purification systems to control
organohalogen formation. This could include, for example,
evaluation and optimization of coagulants, activated catbons,
resins, oxidants and high lime treatment for removing
organchzalogen precursors; application of disinfectants that
minimise otganohalogen formarion, and their efficacy as
disinfectants when in contact with aquatic humus; evaluation
of the importance of biological activity versus adsorption
when removing organohalogen precursors by granular ac-
tivated carbons; investigation of membrane fouling by
aquatic humus during reverse osmosis; and the use of UV
radiation and oxidants to remove organohalogen precursors.

® To trace the formation of mutagenic activity as measuted by
the Ames test (Ames e &/, 1975) in chlotinated drinking-
water.
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