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Abstract

Chlorination of any water containing organic matter leads to the
formation of various volatile halogenated hydrocarbons. The
chlorination of reclaimed water from a well oxidized secondary
sewage effluent results in lower concentrations of volatile halo-
genated hydrocarbons than from those derived from polluted
surface waters due to the lower precursor content of reclaimed
water, Various process configurations of a water reclamation
plant were studied to optimize the positioning of the primary
disinfection stage in the plant that would ultimately produce a
minimum haloform concentration in the water distribution sys-
tem. The pros and cons of ozone and chlorine as disinfectant
with respect to haloform formation were also investigated. This
study shows that precursor removal by activated carbon is only
beneficial when at least 30 min hydraulic contact time is pro-
vided. The same applies for the removal of volatile halogenated
hydrocarbons or the intermediate oxidation products of ozone
and chlerine. The intermediate products formed by breakpoint
chlorination with 45 min reaction time are more easily removed
by activated carbon than those formed by 10 min ozone con-
tacting. The process configuration for this particular reclama-
tion plant that would ultimately produce the least volatile ha-
logenated hydrocarbons in the distribution system, would be
breakpoint chlorination followed by twa-stage active carbon ad-
sorption. It has also been established that a direct relationship

exists between the bromide content of the water and the total
yield of volatile hilogenated hydrocarbons. Given a long enough
reaction time all of the bromide present in the water will ap-
parently be transformed to one or more species of volatile bro-
minated hydroca:bon.

Introduction

The primary goal of any water purveyor is to provide a whole-
some drinking water to the consumer. Disinfection to inactivate
pathogenic micro-organisms is considered to be the most im-
portant unit operation in the water purification regime to
achieve this goal. Throughout the world chlorine has been ac-
cepted as one of thie most efficient and economic disinfectants of
water supplies. Fcr many decades no harmful effect on the pu-
blic's health has heen ascribed to the use of chlorine as disin-
fectant, except fcr the occasional taste problem derived from
the chlorination o’ phenolic substances present in the raw water
supply.

The situation changed drastically when improved ana-
lytical techniques :'or the detection of organic substances showed
that the chlorination of water supplies may produce
halogenated compounds that could be carcinogenic (National
Cancer Institute, 1975, 1976). The discoveries by Rook (1974)
and by Bellar, Lichtenburg and Kroner (1974) that the chlori-
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nation of water supplies containing organic matter produces
chloroform and other volatile organohalogens*, as well as a
1974 study of the New Orleans area water supply (U.S. Environ-
mental Protection Agency, 1974), focused attention on the oc-
currence of these compounds in drinking water. Of these com-
pounds that have been identified in the drinking waters of the
United States, approximately 38% or 111 of 289 compounds
were halogenated, (U.S. Environmental Protection Agency,
1976).

One volatile compound, chloroform, was present in the
100 pg/dm?® range or less. In the Federal Republic of Germany,
the highest chloroform concentration observed in drinking
water, i.e. 52 ug/ dm3, was found within a limited distribution
area in one city, (Sonneborn and Bohn, 1978). A survey of 27
different cities in Germany revealed that only chloroform was
present above 1 ug/ dm?3, while the concentration of the remain-
ing haloforms fell within the ng/dm3-range. This could be at-
tributed to a philosophy in Germany (Kiihn, Sontheimer, Steig-
litz, Maier and Kurtz, 1978) that a groundwater source, that
produced chemically and bacteriologically unobjectionable
water due to the surrounding area of the wells and soil condi-
tions, was always preferred to a source that required treatment
and chlorination. By means of sandbank filtration, artificial
percolation, and activated carbon and ozone treatment, it is en-
sured that the concentration of total organic material in the
water is always below 2 mg/dm? total organic carbon (TOC).
Tap water in Pretoria, South Africa, revealed a total VHH con-
centration of 65 pg/dm?® with a chloroform content of 10,5
mg/dm3. (Hart, 1978).

Concern about the health risks associated with the pre-
sence of VHH in drinking water supplies, led to extensive re-
search to find ways of minimizing their concentrations in com-
munity supplies. Most efforts have been directed towards, either
substituting ozone or chlorine dioxide for chlorine as the disin-
fectant, or changing points of chlorine application within the
conventional water treatment plant (Symons, 1976; Harms and
Looyenga, 1977; Young and Singer, 1977; Schwartz and Lan-
caster, 1977). Several investigators have demonstrated the ef-
fectiveness of delaying chlorination until after VHH precursors
have been removed by conventional water treatment processes
such as coagulation, flocculation and sedimentation (Harms
and Looyenga, 1977; Young and Singer, 1977; Babcock and
Singer, 1977). The use of granular activated carbon, either to
remove precursors {Snoeyink, McCreary and Murin, 1977), or to
remove VHH from drinking water (Weber, Pirbazari, Herbert
and Thompson, 1977) has also been investigated.

When using secondary sewage effluent to reclaim potable
water, it is obvious that a wide variety of. organic precursors
could be available for the formation of VHH. On the other
hand, due to the variety of unit processes employed in water
reclamation, the possibility exists to exploit various process con-
figurations to produce a final water that would ultimately con-
tain a minimum VHH concentration. Basic approaches to re-
duce drinking water VHH concentrations are: reducing precur-
sor compounds; removing VHH after formation; and changing
disinfectant. Two stage active carbon adsorption is a prerequi-
site for water reclamation, with the result that primary active
carbon adsorption could be utilized to reduce precursors while
secondary adsorption could be utilized to remove VHH after

formation. Alternatively, the disinfection stage could be placed
ahead of the two active carbon adsorption stages. In this study
both possibilities were investigated. The third approach was also
pursued wz., by using either chlorine or ozone as disinfectant.

Formation of Volatile Organohalogens

It has been established that waters containing natural colour-
producing organic materials yield volatile organohalogens upon
chlorination (Rook, 1976) and that aqueous solutions of com-
mercial humic acid behave similarly (Stevens, Slocum, Seeger
and Robeck, 1978). Humic materials are complex polymers,
which range in molecular weight from several hundred to ten or
twenty thousand (Christman and Minear, 1971; Schnitzer and
Kahn, 1972), and are composed of a variety of sub-units such as
aromatic and alicyclic moeities containing alcoholic, carbony-
lic, carboxylic and phenolic functional groups (Steelink, 1963;
Christman and Minear, 1971; Schnitzer and Kahn, 1972; Ste-
venson and Goh, 1972; Wershaw and Goldberg, 1972). Humus
is normally fractionated into alkali-soluble and alkali-insoluble
fractions, (Oden, 1919; Du Toit and Page, 1930). The insoluble
fraction is referred to as humus coal or humin. The alkali-
soluble fraction is categorized into three classes: (1) Fulvic acid,
(2) Humic acid, and (3) Hymatomelanic acid. Babcock and
Singer (1977) evaluated the chloroform potential of humic and
fulvic acids and found that humic acid reacts with chlorine in a
much more active way than fulvic acid, consuming 75% more
chlorine and producing 117% more chloroform per unit of
TOC and 23% more chloroform per unit of chlorine consumed.
It seems, therefore, that humic acids are of greater importance
than fulvic acids as far as precursors for the formation of VHH
are concerned.

The structure of humic acid is exceedingly complex but
for the purpose of this discussion a simplified model of the
humus molecule as suggested by Trussel (1978) is shown in Fi-
gure 1. The humus molecule can be thought of as a huge amor-
phous mass of polyhetero condensate with certain functional
groups protruding from its surface which react with chloriné to
produce VHH. The course of the classical haloform reaction by

0
1
Polyhetero condensate of

hydrophobic moieties €T

-
CH 0
I I
CH — ¢ 0— C—C—CHyg
0=¢ c=0 (I)I
N
CH,
rigure 1

Model humic compound

*Numerous volatile and non-volatile organohalogen compounds are formed when water containing organic material is chlorinated. The volatile
organohalogens are normally quantified by gas chromatographic, electron capture responsive halogenated hydrocarbons. For the purpose of this
study six of the volatile halogenated hydrocarbons (VHH) were identified in relation to retention time data. They are: carbon tetrachloride
(CCl,); chloroform (CHCLy); ethylene tetrachloride (C,Cly); bromodichloromethane (CHBrCl,); dibromochloromethane (CHBr,Cl) and bromo-

form (CHBry).
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Figure 2
The reaction pathway of the haloform reaction
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which VHH are formed is outlined in Figure 2 (Morris and
Baum, 1978). Essentially the reaction consists of a base-
catalysed series of alternate hydrolyses and halogenation steps.
The rate of the overall réaction under usual laboratory condi-
tions is determined by the first step namely the rate of ionization
of the methyl k:tone.

With the exception of the ketone groups, the functional
groups illustrated in Figure 1 are generally those which more
rapidly execute that first ionization step, especially the meta-
hydroxy aromatic rings (Rook, 1977).

In view of the ubiquitous occurrence of organohalogens in
chlorinated drinking waters all over the world, it is plausible
that waterborne: humic materials are a primary reaction pre-
cursor. It has been reported that humic substances comprise
50% of the soluble organic matter in sewage effluents (Rebhun
and Manka, 1971; Manka, Rebhun, Mandelbaum and Borting-
er, 1974), and 309% soluble organic matter in surface waters
(Junk and Stanley, 1975). The difference in humic substance
concentration tetween sewage effluents and surface waters
could, therefore be the reason for the lower total VHH produc-
tion between clilorinated reclaimed water and surface water
(Hart, 1978). Considering the possible health implications of
haloforms in driaking waters, it is incumbent on the scientist to
develop and refine treatment technologies which will minimize
the formation o’ such compounds during reclamation or con-
ventional water “reatment, as well as the removal of such com-
pounds once forned.
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Experimental

Four different process configurations were investigated at the
4 500 m?/a Stander water reclamation plant (SWRP), Pretoria.
The process configurations studied are shown in Figure 3. The
pH after lime treatrr{ent was kept at 11,2 =+ 0,1 while the pH at
the recarbonation stage was adjusted to 7,0 + 0,3 with carbon
dioxide.

For each configuration the plant was operated for one
week to reach equilibrium after process modifications. On the
8th day a 24 h representative sample was obtained by collecting
a constant flow sam}ile stream {approximately 0,1 dm?/min) in
a large container. The flow throughout the plant was kept con-
stant by using Constzint flow regulators between all the process
stages. Retention tirxjes in the various unit processes were con-
sidered when the sample stream was turned on to obtain an ap-
proximate plug ﬂowfrepresentative sample. Samples of 20 dm?
were collected and ﬁ:ltered through a sterile 0,45 pm millipore
membrane into sterile containers to prevent suspended matter
exerting a chlorine dr ozone demand. The samples were then
stored at 5°C. i

The chlorine demand of the second-stage active carbon
adsorption effluent (which was 1,4 mg/dm? Cl, for all four con-
figurations) was satisfiéd by adding sufficient chlorine to ensure
a free chlorine level of 1,0 & 0,1 mg/dm3 after 2,5 min contact
time. The concentrated chlorine solution contained approx-
imately 1 250 mg Cl,/dm® and was prepared by bubbling chlo-
rine gas through double glass distilled water.

Samples of 5 dm? were then chlorinated by addition of
the appropriate volume of concentrated chlorine solution and
300 cm3 bottles were filled to the brim with the solution. The
bottles were sealed with aluminium-lined caps. The chlorina-
tion reaction was allowed to continue at room temperature for
various time intervals, after which the reactions were stopped by
the addition of a few crystals of ascorbic acid. The bottles were
again sealed and stored at 5°C before analysis. The reaction
times were 2,5, 5, 10, 25, 50, 100, 250, 500, 1 000, 2 500, 5 000
and 10 000 min.

Volatile halogenated hydrocarbon compounds were ex-
tracted as described by Van Rensburg, Van Huysteen and Has-
sett (1978). Quantitative analyses were performed on a Hewlett
Packard 5710A gas chromatograph equipped with a Hewlett
Packard 5671A auto;’ampler. A Ni-63 electron capture detector
with a3 m x 6,3 0.d’ x 2,5 mm i.d. glass column packed with
15% XF1150 on chromosorb W-AW (800 — 100 mesh) was used.
The column and inlet temperature was 90°C, the detector
temperature 250°C, the carrier gas an argon/methane mixture
(95% : 5%) and the flow rate 20 cm?/min.

The autosampler was controlled by a Hewlett Packard
3352B data system and programmed to wash the syringe 10
times with solvent, then to rinse the syringe with the sample a
further 10 times and finally to inject a 5 mm? aliquot on to the
column, Compounds were identified in relation to retention
time data and quantitativé results obtained from peak areas
calibrated by extraction of a standard water solution.

The SWRP utilized four carbon columns forming two
parallel trains, each containing two stages in series. The hy-
draulic retention time in each stage was 15 min, giving a total of
30 min. The beds were the fixed-bed, downflow type. The car-
bon in all four columns were regenerated before the commen-
cement of the experiment. The plant was operated continuously
for approximately three months (7 September — 30 November,
1977) during which period the following configurations were
studied:

Configuration Unit processes Period (1977)
A7 R—SF—Cl- Cl,—C2—F 15/9 to 21/9
B7 R-—-SF—Cl—-0;—-C2—F 23/9 to 29/9
C7. R—SF—C};-Cl—-C2—F 17/10 to 23/10
E7 R—SF—0;—Cl-C2—F 21/11 to 23/11

R = raw water (activated sludge effluent)

SF = sand filtration effluent

Cl = 1st stage active carbon effluent

C2 = 2nd stage active carbon effluent

Cl, = breakpoint chlorination effluent

O; = ozone reactor effluent

F = plant effluent after final chlorination
The following notation is used to depict a specific sample:

B7Cl = the effluent from the 1st stage active carbon column

during the B7 configuration run.

Results and Discussion
Effect of Precursor Removal

When considering the removal of organics from water it is im-
plicit that adsorption on activated carbon be considered, that is
for the removal of precursor compounds as well as removal of
halogenated compounds, either formed or already present in
the raw water. The two stage active carbon adsorption system as
applied at the SWRP is ideally suited for the investigation of
both these objectives. There is a substantial amount of informa-
tion available regarding the efficiency of active carbon for re-
moving taste and odour compounds from drinking water, as
well as for a variety of organic substances from industrial and
municipal wastewaters (Weber, 1972; 1974a; 1974b; Weber and
Ying, 1977). The removal efficiency however, of trace amounts
of low molecular weight haloforms in competition with high
concentrations of high molecular weight humic substances
might be extremely low. To evaluate the effectiveness of activa-
ted carbon for removal of haloforms and typical wastewater
compounds, Weber, et al., (1977) determined the adsorption
equilibrium and rate characteristics for the following haloforms:
chloroform, bromodichloromethane, carbon tetrachloride, and
bromoform; as well as for the following organic compounds;
phenol, p-bromophenol, p-toluene sulfonate and dodecyl ben-
zene sulfonate. It was concluded that the adsorption capacities
for the low molecular weight VHH at the concentration levels of
interest are significantly different from those of higher-mole-
cular-weight compounds. The chemical character of these types
of substances, coupled with their higher concentrations, lead to
different adsorption characteristics than those of VHH which
are important in water treatment.

The question is, while active carbon can remove low-
molecular-weight VHH, what effect would the presence of other
organic constituents, especially high molecular weight humic
substances, have on VHH removal efficiency.

To determine the effect of precursor removal under ope-
rating conditions at the SWRP, the following process configu-
rations together with the ensuing laboratory chlorination ex-
periments were considered: configuration A7 versus C7, i.e.
breakpoint chlorination with and without precursor removal
and configuration B7 versus E7, i.e. ozone disinfection with and
without precursor removal. With respect to VHH removal by
active carbon, the following is relevant: within the treatment
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plant an increase in all the VHH is observed after the 1st stage
active carbon adsorption (Table 1 A7Cl, B7Cl), i.e. before
chlorination or ozonation. The VHH concentrations are, how-
ever, very low, of the order 0,2 umol carbon for the total VHH.
Ozonation has practically no effect on VHH occurrence within
the plant, whereas breakpoint chlorination (C7Cl,) increases the
total VHH by more than an order of magnitude, whereupon the
first stage active carbon reduces the total ymol carbon by 81
per cent and the second stage active carbon by another 61 per
cent. It can be seen from Table 1 that bromodichloromethane
and dibromochloromethane are more effectively adsorbed than
chloroform.

Precursor removal has a marked effect on VHH forma-
tion within the plant. Breakpoint chlorination of A7C1 effluent,
containing 3,2 mg/dm?® TOC produces a total pmol carbon yield
of 0,12 per cent while breakpoint chlorination of C7SF effluent
containing 4,4 mg/dm? TOC produces a total umol carbon yield
of 0,46 per cent. (The total umol carbon yield is equal to the
sum of the total umol carbon of all six VHH minus the total
umol carbon in the water before chlorination, times 100, divi-
ded by the umol precursor carbon. The pmol precursor carbon
is the pg/dm® TOC divided by the molecular weight of carbon.)

When considering the effect of precursor removal on the
formation of VHH with time, the percentage yield of each VHH
as well as that of the total is of importance. Because retention
times within a distribution system after final chlorination can

vary from hours t> days, the formation rates of individual VHH
would be informative with respect to interaction between oxi-
dants and the various VHH. The carbon yield for chloroform,
bromodichloromcthane, dibromochloromethane and bromo-
form is shown in Figures 4 to 7 for the various configurations.

_ Precursor removal results in higher yields for all four
VHH up to 5 000 min, whereafter the three bromo-VHH pro-
duced higher yiel is (compare Figures 4, 6 and 5, 7). The pheno-
mena could not te ascribed to the fact that precursors were re-
moved in configuration A7 but rather that breakpoint chlorina-
tion created new precursors that could not be removed by only
15 min active carbon contact time. Furthermore, the total pmol
carbon concentrations in both the A7C2 and C7C2 effluents
were practically -he same. In the case of ozonation (Figures 5
and 7) only chloroform showed a marked increase up to 1 000
min with precursor removal. From the latter it can be concluded
that the type of precursors formed by breakpoint chlorination
could more easily’ be removed by active carbon than precursors
formed by ozonation.

The total carbon yield for the four configurations are
shown in Figure 9. Up to 5 min reaction time no difference is
observed for con’igurations A7 and C7. Thereafter, and up to
10 000 min reaction time, more VHH is formed with precursor
removal ahead of the disinfection stage. The same applies for
configurations B7 and E7 except that no difference is observed
up to 500 min.

TABLE 1
OCCURRENCE OF VOLATILE ORGANOHALOGENS THROUGHOUT RECLAMATION PLANT
Configu= Sampling ug/dm3 Jggil m;9§m3
ration point ee1, CHEL, c,C1, CHBrC1, CHBr,C1 CHBr, c
AT R 0,197 1,304 0,430 0,047 0,031 0,074 0,219 8,0
SF 0,163 1,016 0,285 0,076 0,036 0,079 0,169
c1 0,208 1,285 0,385 0,121 0,034 0,127 0,221 3,2
c1, 0,210 1,323 0,354 1,548 2,718 1,586 0,546 2,1
2 0,166 0,875 0,237 0,091 0,079 0,262 0,159 1,6
0,046 1,331 0,022 0,344 0,519 1,712 0,277 2,0
BY R 0,303 2.130 0.775 0,084 0,071 0,103 0,366 7,6
SF 0,234 1,237 0,372 0,083 0,031 0,107 0,211 5,1
c1 0,240 1,315 0,385 0,170 0,135 0,351 0,242 1,2
04 0,237 1,258 0,391 0,157 0,036 2,609 0,343 1,0
cz 0,233 1,213 0,369 0,138 0,047 0,061 0,209
F 0,288 1,247 0,351 0,332 0,912 3,090 0,423 1,2
c7 R 0,026 1,275 0,004 0,015 0,029 0,001 0,133 7,0
SF 0,004 0,473 0,015 0,021 0,014 0,001 0,053 4,4
c1, 0,040 6,957 0,023 9,116 5,681 0,548 1,728 4,6
cl 0,049 2,192 0,026 1,057 0,287 0,063 0,325 2,1
c2 0,022 1,181 0,010 0,022 0,021 0,023 0,126 2,0
F 0,022 1,505 0,013 0,778 1,633 1,567 0,361 2,6
E7 R 0,011 0,468 0,016 0,022 0,008 0,001 0,052 6,3
SF 0,007 0,474 0,005 0,035 0,013 0,019 0,053 4,1
0, 0,004 0,437 0,004 0,045 0,019 0,023 0,050
C1 0,004 0,654 0,001 0,256 0,088 0,062 0,093 1,5
c2 0,003 0,451 0,007 0,001 0,037 0,106 0,054 0,7
F 0,012 1,343 0,005 0,601 1,324 1,946 0,364 1,3
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Carbon yield in VHH for configuration C7
It could be concluded that:

L Activated carbon effectively reduces VHH even in the low
concentration range. A 93 per cent reduction in total
VHH was observed after 30 min contact with an initial
concentration of 22 ug/dm? total VHH.

2. Precursor removal is only effective when at least 30 min
active carbon contact time is allowed.

3. Precursors formed by breakpoint chlorination are more

effectively removed by active carbon than those formed
by ozonation.

Effect of Ozonation

According to Heist (1973), ozone is capable of oxidizing practi-
cally any organic compound to carbon dioxide, however, the
reaction may take many hours and large amounts of ozone. The
results of the ozonation of a mixture of low molecular weight or-
ganic compounds demonstrated that new stable products can be
formed during ozonation of wastewaters and that not all of the
low molecular weight organics are oxidized completely to car-
bon dioxide and water (Elia, Clark, McGinnis, Cody and Kin-
man, 1978). The decrease in TOC observed, indicated that ap-
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Carbon yield in VHH for configuration E7

proximately 30 per cent of the organic species in a hospital ef-
fluent were completely oxidized. However, when ozone treat-
ment of water is combined with an activated carbon biological
filter it has been found that the humic acid precursors of chlori-
nated organics can be removed to a large extent (Kiithn, Sont-
heimer, Stieglitz, Maier and Kurtz, 1978). On the other hand,
ozonalysis of water organics generally results in more polar
molecules due to the formation of carboxylic acids, cathecols,
aldehydes, etc. (Bailey, 1972; Benedek, 1977), and this in all
probability would lessen equilibrium carbon adsorption capa-
city. It has been speculated that ozone, in addition to aldehydes
and acids, can produce epoxides which may be carcinogens
(Menzel and Pryor, 1976).

The fact that ozonation of the Rhine and Lake Constance
waters, (Stieglitz, Roth, Kithn and Legger, 1976; Maier and
Mickle, 1976) resulted in an increase in total VHH formation
after chlorination, is of interest to the placement of the ozona-
tion stage in a water reclamation plant. Rook (1976) speculates
that ozone blocked reactive sites of the precursor molecule but
found that the length of time between the ozonation stage and
chlorination appeared to have had an effect on ozone’s ability to
reduce haloform formation. It was concluded that the organic
precursor had gradually lost ozonides or that new reactive
methylketones might have been formed. Trussel (1978) suggests
the formation of unstable products following ozonation which
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will not react with chlorine as long as the chlorine is added be-
fore they have had time to decompose. Another possible reason
for the increased formation of haloforms might be the creation
of new oxidants with ozonalysis, especially when bromides are
present, the formation of new precursors and the slowness of the
haloform reaction.

The effect that ozone has on the formation of VHH after
final chlorination might better be understood when the reaction
chemistry of ozone with organics and inorganics in water is con-
sidered. Hoigné and Bader (1978) recently proposed a reaction
model to describe the primary oxidants initiated by ozone. The
reaction sequence is shown in Figure 8 and described as follows:
“On the one hand, during ozonation, part of the ozone (Oj3) dis-
solved in water reacts directly with the solutes M. Such ‘direct
reactions’ are highly selective and often rather slow (minutes).
On the other hand, part of the ozone added decomposes before
it reacts with solutes and before it is stripped off. This decom-
position leads to free radicals. Among these, the OH radicals
belong to the most reactive oxidants known to occur in water.
OH can easily oxidize all types of organic contaminants and
many of the inorganic solutes (‘radical-type reactions’). They
are therefore consumed in fast reactions (micro-seconds) and ex-
hibit little substrate selectivity. Only a few of their reactions are
of specific interest in water treatment processes. Measured ox-
idations in model solutions indicate up to 0,5 mol OH formed
per mole of ozone decomposed. The higher the pH, the faster
the decomposition of ozone which is catalyzed by hydroxide ions

(OH"). The decomposition is additionally accelerated by an.

auto-catalyzed sequence of reactions in which radicals formed
from decomposed ozone act as chain carriers. Some types of
solutes react with OH radicals under formation of secondary
radicals (R-) which still act as chain carriers, Others, for in-
stance bicarbonate ions, transform the primary radicals to inef-
ficient species (¢) and thereby act as inhibitors of the chain reac-
tion. Therefore, the rate of the decomposition of ozone in
wastewater depends on the pH of the water as well as on the so-
lutes present. The overall effect initiated by ozonation is a su-
perposition of the ‘direct reaction’ and the ‘radical-type reac-
tion'.” It was further concluded by Hoigné and Bader (1978)
that a large part of the oxidation effects by ozone could be ex-
pected to be the result of secondary oxidants produced from de-
composed ozone. This effect would further be enhanced by lo-
wering the pH because the lower the pH the more ozone be-
comes available during ozonation.

O3 stripped
- 03 add. >0z /__,»+M Moxid Direct Oz-Reactions

low
orR S
OH‘—)

g R*

OH - Radical-Type Reactions

Figure 8
Reaction sequence of ozone in water (Hoigné & Bader, 1978)
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Figure 9
Carbon yiel1 in total VHH for config. A7, B7, C7 & E7

The conclusions by Hoigné and Bader (1978) are substan-
tiated by the results of the present study. Much more total VHH
is formed (10 000 min after final chlorination) when using ozone
as disinfectant comipared to chlorine under all conditions of this
experiment. The total carbon yield by the six VHH for all four
configurations is shown in Figure 9.

From 2,5 0o 10 000 min reaction time the C2 effluent
from configuraticns B7 and E7 produced more VHH upon chlo-
rination than those of configurations A7 and C7. A drastic in-
crease in VHH fcrmation is observed after approximately four
hours contact tim= for configurations B7 and E7. This is further
evidence that secondary oxidation products are formed upon
ozonation which .are only partly removed by subsequent active
carbon adsorption. With or without precursor removal the pro-
ducts of ozonation result in the same amount of VHH being
formed up to 50) min contact time after final chlorination.
Thereafter, VHH formation increases with time indicating that
precursor remova. has a beneficial effect on the ultimate pro-
duction of VHH, when ozone is used as disinfectant.

Effect of Bromid:

It is becoming in:reasingly recognised that when waters con-
taining bromides :ire chlorinated the ensuing VHH production
is markedly influenced by the bromide concentration (Rook,
1974; Kleopfer, 1476; Lange and Kawczynski, 1978). The pre-
sence of bromide 10t only influences the yield of VHH (mmol
TOC in VHH/mcl TOC) but also the reaction rate. Various
reaction pathways have been suggested when chlorine is added
to water containing bromide and organic compounds. Carpen-
ter and Macalady (1978) chlorinated sea water containing natu-
ral bromide and suggest that bromide is oxidised to a mixture of
hypobromous acid and hypobromite ion with the possibility that
hypobromous acid disproportionates into bromate and other ox-
idation states. The reaction between bromide and hypochlorite
ion as suggested by Weszelsky (1957) and modified by Van der
Meulen (1957) is:

Br- + 3ClO" — BrOj;™ + 3CI-

Szabo and Csanyi (1957) suggest that the reaction takes
place in two main steps:

2B + Cl, — Br, + 2CI"



Br, + H,O — BrOH + H* + Br’
BrOH + Ci, — BrCl + HOCI

and

3BrOH - BrO; + 3H* + 2Br”
BrCl + 2Cl, — BrClg

BrCl; + 3H,0 — BrO3 + 6H" + 5CI

Bromate ion could, however, not be detected by Macala-
dy, Carpenter and Moore (1977) in chiorinated sea water, unless
the solutions were exposed to sunlight. If bromate ion is only
formed under these conditions (chlorination of sea water con-
taining 65 mg/dm? bromide and in the presence of sunlight) it is
doubtful whether bromate plays a significant role in the forma-
tion of haloform under normal chlorination conditions of sur-
face water or sewage effluents (0,01 to 1 mg/dm3 bromide and
in the absence of sunlight).

Morris (1978) explained that whenever chlorine or hypo-
chlorite is added to a water containing bromide there is a rapid
formation of hypobromous acid (HOBr) according to the reac-
tion:

Br~ + HOCI — HOBr + CI”

The resulting HOBr is also an electrophilic agent, but one
that tends generally to react much more extensively and rapidly
with organic matter than HOCL The bromide regenerated in
the reduction of HOBr is readily reoxidized by residual HOCI
and thus serves as a catalyst in oxidation reactions. The overall
result is an enhanced reactivity exhibited by the addition of
chlorine to waters containing bromide ion.

In addition to the formation of HOBr and BrO~ there is
the possibility that interhalogen compounds are formed when
water containing bromide is chlorinated. Pungor, Burger and
Schulek (1958) have presented spectroscopic evidence for the ex-
istence of chloride jon complexes of bromine chloride in
aqueous solution. These interhalogen compounds, are in effect,
still halogens, although electronegativity difference render them
somewhat more polar in character than the molecular halogens
themselves (McMorris and Yost, 1952). They behave as oxidiz-
ing agents and undergo hydrolysis according to the reaction:

XX + H,0 = H* + X~ + HOX

where X~ is the more electronegative halogen.
Bromine chloride would therefore hydrolise as follows:

BrCl + H,O = H* + CI" + HOBr

Bromine chloride will add to ethylenic double bonds and react
rapidly with aromatic and olefinic compounds (McMorris, 1952;
Carpenter and Macalady, 1978).

According to the literature, the more effective oxidants to
be expected when chlorinating water containing bromide would
be hypobromous acid, hypobromite ion and bromine chioride.
The reactivity of these species containing bromide with organics
under various pH conditions, will determine the variety of bro-
minated or mixed chlorobromo compounds formed when waters
containing bromide are chlorinated. The presence of bromides
in sewage effluents necessitates an evaluation of the role played
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Influence of bromide on the yield of VHH

by bromide in the ultimate VHH production in reclaimed
water. The type of disinfectant and the position of this unit pro-
cess in the reclamation plant will, to a great extent, determine
the type of bromo oxidants formed and their concentrations in
the distribution system.

To evaluate the effect of bromide on the yield of VHH,
Figure 10 was prepared from the bromide content of the halo-
forms developed after final chlorination under the conditions of
this experiment and the percentage yield of carbon in the total
VHH for all four configurations studied. The ordinate repre-
sents the percentage yield of VHH carbon per precursor carbon
present in the C2 effluents and the abscissa represents the ratio
between the millimoles of bromide present in the VHH formed
after final chlorination and the moles of carbon in the C2 ef-
fluents.

For a ratio of mmol/Br to mol/TOC greater than 55 a
linear relationship exists between the percentage carbon yield
and bromide present in the VHH irrespective of the pretreat-
ment. The yield of carbon for lower ratios is dependent on the
pretreatment or process configuration before final chlorination.
From Table 2 it can be seen that the bromide content of the C2
effluents from the two configurations where chlorine is used as
disinfectant (A7, C7), is considerably lower than those of the
ozone configurations, with C7 much lower than A7.

TABLE 2
YIELD OF BROMIDE IN VHH

Configu- Br in C2 Br in VHH Yield
ration nmol Br nmol Br %
A7 626 22,5 3.6
B7 2 628 25,0 1,0
Cc7 25 23,6 94 4
E7 2127 39,9 1,9

It could be inferred that the chlero-bromo-organic oxi-
dation products formed during the 45 min contact time in the
breakpoint chlorination tank and subsequently removed by ac-
tive carbon adsorption, are responsible for this lower bromide
content of the-A7C2 and C7C2 effluents. Further evidence that

Water SA Vol. 5 No. 4 October 1979 185



22 T T

.20

S
T

mg Br/ dm3
o
T

08
06 L

.04

% yield

Figure 11
Effect of bromide concentration on VHH yield

the bromo oxidants react more rapidly with the organic material
than the chloro-oxidants is shown in Figure 11 where a direct re-
lationship is found between the bromide content of the C2 ef-
fluents and the total VHH yield within the first 2,5 min contact
time.

The short contact time in the ozone reactor is possibly
responsible for the lower VHH remcval by active carbon. The
higher VHH yield during the first 100 min after chlorination of
B7C2 as against E7C2, as shown in Figure 10, explains this as-
sumption.

When considering the effect of time and bromide concen-
tration in the C2 effluents it seems from Table 2 and Figure 10
that the bromination reaction will continue until practically all
of the bromide is transformed to bromo-VHH. At the start of
the laboratory chlorination, the C7C2 effluent contained only
25 nmol bromide. After 10 000 min (approx. 1 week) 94
per cent of this bromide was in the form of bromo-VHH. Figure
10 indicates that the bromo-VHH will continue to increase if
longer reaction time is allowed. This substantiates the explana-
tion by Morris (1978) that the bromide serves as a catalyst in the
oxidation reaction. The following reaction.sequence can be ex-
pected:

CHCl, + HOBr = CHBrCl, + HOCI
CHBCl, + HOBr = CHBr,Cl + HOCI
CHBr,Cl + HOBr = CHBr, + HOCI

This trend in the increase of bromo-VHH with time oc-
curs at the expense of the chloro-VHH. Figure 12, indicating
the bromine to chlorine mole ratio in the total VHH for all con-
figurations studied, substantiates this tendency.

It is concluded that the bromide present in water to be
chlorinated, although not a precursor in itself, plays a substan-
tial role in the ultimate VHH content of the finished water.
Hypobromous acid, hypobromite ion and bromine chioride
react more rapidly with organic compounds and especially VHH
precursors than any of the chlorine equivalents. The bromo-
VHH formed are more easily removed by active carbon than the
chloro-VHH as was also shown by Rook (1976) (see Table 1).
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: Figure 12
Bromine to chlorir e mole ratio in total VHH for configurations A7, B7,
C7 & E7

Keeping all othe : factors such as pH, TOC concentration, chlo-
rine concentration, temperature, sunlight and pretreatment
constant, the bromide content of the water will determine the
ultimate VHH :oncentration. The mole ratio of bromide to
TOC could be -ised to calculate the ultimate VHH to be ex-
pected under a zonstant set of experimental conditions.

Conclusions

When water is t3 be reclaimed from secondary sewage effluents
an essential precondition should be the assurance that the fi-
nished water stall at all times contain less potential harmful
substances and at lower concentrations than normally found
with conventionally treated polluted surface waters. The en-
gineer ‘and scientist have at their disposal the most modern
equipment and a number of physical-chemical unit processes to
achieve this go:l. With the present scare about the ubiquitous
presence of halogenated hydrocarbons in drinking waters va-
rious process ccnfigurations of the SWRP were investigated to
determine what effect the position of the disinfection stage and
the type of disinfectant had on the ultimate VHH formation.
Some of the more important factors that might be expected to
influence the rzte of VHH formation as well as the ultimate con-
centration are he following:

@® Activated carbon is effective in removing VHH precursors
and thereby reducing the ultimate VHH concentration, pro-
vided a contact time of at least 30 min is allowed before or
after the ditinfection stage.

® Activated carbon is effective in removing VHH but again on
condition that at Jeast 30 min contact time is allowed.

® The precursors formed by breakpoint chlorination are more
easily remored by active carbon adsorption than those form-
ed by ozonution.

® When comparing ozone versus chlorine as disinfectant, in-
variably mcre VHH are formed after final chlorination when
using ozone as disinfectant, no matter what process confi-
guration is employed. There could be a few reasons for this
phenomen::. The reaction time of 10 min through the ozone
reactor is too short for active carbon removable substances to
be formed. An additional retention time of 0,5 to 1 h might
result in le:ss ultimate VHH production. The oxidants form-
ed by ozore and not removed by active carbon are much
more react.ve than those formed by chlorine with a resultant
higher VHH yield.



® The bromide content of the water not only enhances the
reactivity of the oxidants, but is also responsible for an ulti-
mate higher VHH yield, the higher the bromide concentra-
tion.

® The mole ratio of bromide to TOC in the water can be used
to calculate the ultimate VHH concentration to be expected
under a given set of experimental conditions.

@ Given a long enough reaction time, apparently all of the
bromide present in the water will be transformed to one or
more species of bromo VHH.

® To achieve the primary goal of water reclamation, namely,
to provide a drinking water that will contain less potentially
harmful organic substances than most conventional water
supplies, the design engineer of a water reclamation plant
has many tools at his disposal. One is the correct placing of
the disinfection stage in the reclamation plant process unit
sequence. By oxidizing as much organic material as possible
to readily detectable compounds and then removing these
substances by active carbon adsorption, he has won more
than half the battle. From the results of this experiment
breakpoint chlorination ahead of the two active carbon ad-
sorption stages is the preferred process sequence and disin-
fectant to assure the lowest possible VHH production in the
distribution system.
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