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ABSTRACT

Chlorobenzenes in 40 anaerobically digested, lagoon dried sewage sludges were analysed by
a Soxhlet extraction, Florisil clean-up and capillary gas chromatography method. These
sludges had been applied to the plots of a long-term agricultural experiment from 1942 to
1961. Before application, the sewage sludges had been stored in lagoons at a sludge disposal
works for about 1-5 years. Although some of the chlorobenzenes may have been lost during
this period, substantial fractions remained at the time of field application. The mean concen-
tration of the sum of the chlorobenzenes in the sludges was 43.7 ug/kg, with a range of
7.90-219 pg/kg. The five priority pollutants, i.e. 1,4-dichlorobenzene, 1,3-dichlorobenzene,
1,2-dichlorobenzene, hexachlorobenzene and 1,2,4-trichlorobenzene, were the most abun-
dant. The concentrations of chlorinated benzenes generally decreased with increased chlorine
substitution, although hexachlorobenzene and pentachlorobenzene were present at relatively
high concentrations. 1,4-Dichlorobenzene and hexachlorobenzene increased over the period
1942-1961 in the sludges, whilst the other compounds analysed increased only from 1954 on-
wards. The relationship between organic matter contents and chlorobenzene recoveries from
the sewage sludges was tested by experiments and the results are discussed. The results from
the archived sewage sludges provide an outline of the chlorobenzene content in the environ-
ment of the West London area over a period when no monitoring was undertaken. Levels in
the archived sludges are generally much lower, by perhaps an order of magnitude, than for
contemporary sampies.

Key words: sewage sludge; chlorobenzenes; organic pollution; gas chromatography; organic
matter; environmental effects

Abbreviations: CB, chlorobenzene; MCB, monochlorobenzene; DCB, dichlorobenzene; TCB,

trichlorobenzene; TeCB, tetrachlorobenzene; PeCB, pentachlorobenzene; HCB, hex-
achlorobenzene; ZCBs, total concentration of CBs; TBB, tribromobenzene; OMC, organic

matter content; GC, gas chromatography, ECD, electron capture detector; CS, centrifuged
and sodium sulphate dried; CAS, centrifuged, air and sodium sulphate dried; CAO, centrifug-
ed, air and 70°C oven dried.
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INTRODUCTION

The chlorobenzenes (CBs) have a wide range of physico-chemical proper-
ties (Asher et al., 1985; Jones and Wild, 1991). They are known to be toxic
to fish (Konemann, 1980; Galassi and Vighi, 1981; Dalich et al., 1982; Veith
et al., 1983), water flea (LeBlanc, 1980; Calamari et al., 1983), shrimp
(Mcleese and Metcalfe, 1980), algae (Galassi and Vighi, 1981; Figueroa and
Simmons, 1991) and bacteria (Lui and Thomson, 1983; Wong et al., 1984).
The toxicity of these compounds was reported to increase with increasing
chlorine substitution (Galassi and Vighi, 1981; Black et al., 1982; Wong
et al, 1984; Figueroa and Simmons, 1991). Three dichloro-
benzenes (DCBs), 1,2,4-trichlorobenzene (1,2,4-TCB) and hexachloroben-
zene (HCB) have been classified as priority pollutants by the United States
Environmental Protection Agency (US EPA) and by the European Com-
munity (EC) (Jones and Wild, 1991). A technical mixture of
trichlorobenzenes (TCBs) is also included on the EC priority pollutant list
(Jones and Wild, 1991).

CBs have been found in waste soil (Shafer et al., 1984), waste water (Gaff-
ney, 1976; Oliver and Nicol, 1982), lake water (Oliver and Nicol, 1982), river
water (Wang and Lang, 1990), drinking water (Oliver and Nicol, 1982),
sediments (Oliver and Nicol, 1982) and fish (Oliver and Niimi, 1983; Lang
et al., 1988; Wang et al., 1990). Oliver et al. (1983) reported that the
bioconcentration factor for these compounds increased dramatically as the
degree of chlorine substitution on the aromatic ring became greater. CBs
have also been reported in human tissues. In Slovenia, Yugoslavia, all of the
chlorobenzene (CB) compounds except monochlorobenzene (MCB) were
identified in samples of both human fat and milk (Jan, 1983). Pen-
tachlorobenzene (PeCB) and HCB were found in the human adipose tissue
samples collected from Kingston and Ottawa, Canada (Lebel and Williams,
1986). A further study showed the occurrence of HCB in human adipose
tissue samples obtained in six municipalities around the Canadian Great
Lakes (Williams et al., 1988). 1,4-DCB, 1,2,4,5-TeCB and HCB were found
in Tokyo residents (EPA, 1985). HCB was also present in human adipose
tissues collected from USA, Italy, UK, Germany, New Zealand and Sweden
(EPA, 1985).

Undoubtedly, CBs should be regarded as a set of ubiquitous pollutants in
the environment. Although no comprehensive studies have been conducted
on the sources of these compounds released into the environment (EPA,
1985), it has been suggested that many operations, such as manufacture and
transport of the chemicals, their use for both domestic and industrial pur-
poses and the disposal of wastes from the manufacturing process will result
in their release into the environment (EPA, 1985; Howard, 1989; Rogers et
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al., 1989; Jones and Wild, 1991). The chlorinated benzenes are produced in
large quantities and utilised very widely (EPA, 1985; Howard, 1989; Rogers
et al., 1989; Muganlinskii et al., 1990; Jones and Wild, 1991). 1,2-DCB has
been used in cleaners, solvents, fuel additives and heat transfer media.
1,4-DCB is used industrially as a heat transfer medium and intermediate in
the manufacture of pesticides and dyes and is also used domestically as a
moth repellent and a toilet block deodorant. Besides being used by industry
as a solvent, a coolant and an intermediate, 1,2,4-TCB is used as an insec-
ticide against termites and for the treatment of waste water channels (Topp
et al., 1989). Mixtures of the three TCBs are used as solvents and as degreas-
ing agents. TeCBs, PeCB and HCB are used as flame retardants. HCB was
formerly used as a dressing for wheat seed against Bunt fungi (FAO/WHO,
1970). Some of the CBs are formed as byproducts in various industrial pro-
cesses (Born et al., 1989), so they may exist in many products as impurities
which may therefore be important as sources of these compounds to the en-
vironment. CBs can also be formed during water disinfection by chlorine and
during incineration of waste (Lahaniatis et al., 1981; Born et al., 1989).

Clearly, CBs can enter waste water from many possible sources. During
the effluent treatment process a proportion of each CB compound may
evaporate into the atmosphere (Wadden and Berrafato-Triemer, 1989; Go-
vind et al., 1991), or biodegrade (Kirk et al., 1989), but sorption of the
pollutants onto particulates of high organic matter content is a significant
removal mechanism (Johnson and Young, 1983; Govind et al., 1991) because
these compounds are lipophilic and hydrophobic. Chlorinated benzenes are
therefore likely to be relatively concentrated in sewage sludge.

However, limited information is available about the CBs in sewage sludge.
Table 1 summarises the concentrations of CBs in contemporary sewage
sludges (Jacobs et al., 1987; Rogers et al., 1989). CB concentrations will vary
significantly between waste water sources, sludge type and treatment tech-
nique. Generally, the data are insufficient to identify any trends in CB con-
tent in sludges, but sludges from industrial areas generally have higher
concentrations (Wang and Jones, 1991). The concentrations in sludges are
also very variable temporally and spatially. Most of the studies to date have
analysed sewage sludges from different sewage treatment works (Jacobs et
al., 1987; Rogers et al., 1989; Wang and Jones, 1991) although there is one
report of analyses at a single sewage treatment plant over 14 months (Rogers
et al., 1989). Analytical results from a study on 40 archived sewage sludges
are presented in this paper. These sewage sludges were derived from a single
sewage plant in London dating from 1942 to 1961. Since sewage sludges are
produced from industrial and urban waste water, analysis of these sewage
sludges may also give useful information about CB abundance in the en-
vironment at the time of sludge production.
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MATERIALS AND METHODS
Sludge samples

All the anaerobically digested sewage sludges were produced from the
Isleworth Sewage Treatment Works and lagoon dried at Perry Oaks Disposal
Works, where they were stored for some period and mixed with other batches
before disposal. These sludges were applied to agricultural land at the
Woburn Market Garden Experiment managed by Rothamsted Experimental
Station from 1942, originally to assess the potential of organic manures as
agricultural fertilizers. Perry Oaks only receives sludges from the Isleworth
Works. The dates used for the sludge samples here are those when the
sludges were applied to land but may actually have been produced 1-5 years
earlier. Further details of the Woburn experiment can be found elsewhere
(McGrath, 1987; Wild et al., 1990a; Wild et al., 1990b). When the sludges
were applied to the field, the mean solid content was 52.9% with a range of
39.2-88.7%. A sample of the sludge was collected, dried at 70°C, ground and
stored at the time of each application. The possible effects of this lagoon and
70°C oven drying treatment was estimated by comparing the CB concentra-
tions in the subsamples from a large sewage sludge sample (solid content:
3%) using the following pretreatment techniques (Wang and Jones, 1991): (1)
centrifuged (solid content: 12.4%) and mixed with anhydrous sodium
sulphate (CS); (2) centrifuged, incompletely air dried (solid content: 52.1%)
and mixed with anhydrous sodium sulphate (CAS); (3) centrifuged, in-
completely air dried (solid content: 52.1%) and then 70°C oven dried (CAO,
solid content: 95.2%). Obviously, the CAO subsamples were treated in a very
similar way to the sludges taken from Isleworth about 30—40 years ago. This
test was designed to broadly mimic the factors likely to influence the CB con-
centrations in the original fresh sludges, the lagoon dried sludges at the time
of field application and the archived samples.

Analytical methods

All of the sewage sludge samples were analysed in duplicate. About 5 g of
archived sludge was weighed, put into a pre-extracted cellulose extraction
thimble and Soxhlet extracted in an all glass system with pesticide grade hex-
ane for 6 h using a boiling water bath. Activated copper powder was put into
the flask of the Soxhlet extractor to remove sulphur from the extract. The
extract was then concentrated to about 2 ml in a Rotavapor without using
the vacuum system. The samples were cleaned on a Sep-Pak cartridge con-
taining 1 g Florisil, with the first 5 ml collected in a glass vial. The clean
samples were then reduced under a gentle flow of nitrogen to 500 ul and dos-
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ed with 1 ul of 88 ug/ml 1,3,5-tribromobenzene (1,3,5-TBB) solution in
hexane.

The extracts were analysed by gas chromatography (GC) with an electron
capture detector (ECD) on DB Wax and Ultra-2 columns. Details of the GC
analysis have been reported previously (Wang and Jones, 1991).

Recovery of CBs was tested by spiking samples at high and low concentra-
tions. Recovery of MCB was 37% on average; MCB also gave a poor
response on the ECD, so that the reported MCB concentration in all the
sludges was less than the detection limit (5000 ug/kg). The recoveries of the
other CBs were 80—-98%, with coefficients of variation (% C.V.) less than
10%. The quantitative detection limits of the method were 0.05 ug/kg (HCB),
0.07 ug/kg (PeCB), 0.1 pug/kg (TeCBs), 0.3 ug/kg (1,3,5- and 1,2,3-TCB), 0.5
pg/kg (1,2,4-TCB), 2 ug/kg (1,3- and 1,2-DCB) and 3 pg/kg (1,4-DCB)
separately. These values were estimated from the minimum peak area which
could be accurately measured (approx. three times the background noise
level).

Organic matter contents of the sewage sludges were determined by ashing
the samples at 375°C in an electric furnace over night (approx. 14 h) after
being dried at 105°C in an oven for 24 h.

RESULTS AND DISCUSSION
Extraction time

To optimise the Soxhlet extraction time, three sewage sludges were ex-
tracted for different periods. The results are shown in Table 2. The organic
matter content (OMC) of the samples clearly has an effect on the recovery
of these compounds. The OMC in sample 1 was 36.0% and the recoveries of
CBs were not significantly different with extraction times of 2, 3 and 4 h.
Sample 2 had an OMC of 47.4% and the compound recoveries were clearly
different, suggesting that even a 4 h extraction might not be enough to
recover these pollutants thoroughly. The sewage sludges used in this study
had a mean OMC of 42.2% with a range of 26.1-49.8%. In order to ensure
a thorough extraction of all sludges, a sewage sludge with an OMC of 61.1%,
sample 3, was chosen to test the extraction time. The data from sample 3 il-
lustrated that increasing the extraction time from 6 to 8 h resulted in no
significant increase in CB recoveries. The effect of OMC on the recoveries
of CBs implies that these compounds are present primarily in the organic
matter of the sludges.

Comment on the samples

Table 3 gives the concentrations of CBs in the subsamples from a large
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sludge sample treated by different methods described in the previous part of
this paper. The CS, CAS and CAO treatments could basically represent the
fresh, lagoon dried and 70°C oven dried sludge, respectively. The results in
Table 3 show that about 75-99% (CAS/CS) of CBs originally present in the
sludges still remained at the time of field application. The results also implied
that the concentrations of CBs reported here could be 49-97% (CAO/CAS)
of those in the lagoon dried sludges which had been applied to the land and
37-92% (CAOQI/CS) of those in the original fresh sludges.

Concentrations of CBs in sludges

Table 4 presents the concentrations of CBs in the archived sewage sludges
applied to the Woburn Market Garden Experiment from 1942 to 1961. The
occurrence, range, median and mean of these compounds in the sludges are
listed in Table 5. 1,4-DCB, HCB and PeCB were identified in all the samples
while MCB and 1,2,3,5-TeCB were below the detection limits in all the
samples. The remaining compounds occurred in between 20 and 92% of the
samples. To give a correct picture of the concentrations of CBs in the
sludges, the means of those compounds with an occurrence between zero and
100% were calculated in two different ways: using either zero or the detection
limits. The individual CBs occurred at concentrations between < 0.1 pg/kg
and 86.1 ug/kg. The mean ZCBs concentration in the samples was 43.7 ug/kg
with a range of 7.90-219 ug/kg and a median of 32.5 ug/kg. 1,4-DCB was
the most abundant compound with a mean concentration of 21.1 ug/kg. The
mean concentrations of 1,2-DCB, 1,3-DCB, HCB, 1,24-TCB and
1,2,3,4-TeCB were 8.47-1.32 pg/kg, while those of 1,3,5- and 1,2,3-TCB,
1,2,4,5-TeCB and PeCB were lower than 1 ug/kg. The concentration of CBs
generally decreased with increased chlorine substitution although HCB and
PeCB had higher concentrations.

The CB concentrations in these archived samples were generally lower
than those reported for contemporary sludges in Table 1, even allowing for
the losses considered in Table 3. This may be due to several factors. Firstly,
all of these sewage sludges were obtained from a single effluent treatment
works which receives waste water from one area. This catchment may not be
particularly contaminated with CBs. Secondly, CBs may not have been so
widely used in the 1940s and 1950s as in more recent years. In 1989, a sludge
sample was collected from Perry Oaks and dried at 70°C. The concentration
of ZCBs was 514 pug/kg which was higher than the maximum (219 pg/kg) of
these archived samples and over an order of magnitude higher than the
average value. Finally, the lagoon drying process may not have been
simulated adequately by the tests reported in Table 3, so that a greater pro-
portion of the CBs may have been evaporated and degraded (Wadden and
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TABLE $

Occurrence, range, median and mean of the concentrations of CBs in sewage sludges

Compound Occurrence  Range Median Mean?®

(%) (ng'kg) (ng/kg) (ng/kg)
MCB 0 < 5000 < 5000 <5000
1,3-DCB 57.5 <2-86.1 2.44 7.45°-8.30°
1,4-DCB 100 4.11-50.6 19.3 21.1
1,2.DCB 52.5 <2-61.9 2.73 7.52°-8.47°
1,3,5-TCB 70.0 <0.3-3.14 0.50 0.70°-0.79¢
1,2,4-TCB 90.0 <0.5-9.36 1.13 1.56°-1.61¢
1,2,3-TCB 20.0 <0.3-0.85 <0.3 0.09°-0.33¢
1,2,3,5-TeCB 0 <0.1 <0.1 <0.1
1,2,4,5-TeCB 475 <0.1-1.74 <0.1 0.26°—0.31°
1,2,3,4-TeCB 92.5 <0.1-6.32 0.23 1.32°-1.33¢
PeCB 100 0.08-2.36 0.54 0.63
HCB 100 0.72-6.89 3.00 3.08
ZCBs 7.90-219 32.5 43.7°

*Undetected values were treated as °zero and °detection limit separately.

Berrafato-Triemer, 1989; Kirk et al., 1989; Govind et al., 1991). Never-
theless, data from the archived sludges provides some information about the
abundance of CBs in the environment during the time course of sludge pro-
duction and application.

The ranking of abundance of individual CBs in relation to the ZCBs con-
tent of the samples is given in Table 6. This shows 1,4-DCB to be consistently
the most abundant compound with the TCBs and TeCBs consistently of low
abundance. The ranking of HCB and PeCB decreased as the ZCBs content
in sludges increased, whereas those of 1,3-DCB and 1,2-DCB showed the op-
posite trend. This is illustrated very clearly in Fig. 1, which gives the percen-
tage abundance of each CB in different overall concentrations of ZCBs.

Figure 2 shows the concentrations of the five most abundant CBs (a—¢)
and the overall ZCBs (f) through the time course. All of the concentrations
varied substantially during the period. There were two samples which had
significantly larger concentrations than the rest, those from 1953 (219 ug/kg)
and 1943 (112 ug/kg). Both these sludges had particularly high concentra-
tions of 1,3-DCB, 1,2-DCB and 1,2,4-TCB. Although 1,4-DCB was also
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TABLE 6

Ranking of abundance for individual chlorobenzene compounds in sewage sludges with
different ZCBs values®

Compound ZCBs (ug/kg)

0-20 20-40 40-60 >60 7.90-219

n =11 n=12 n=10 n=717 n = 40
1,3-DCB 4 2 3 3 3
1,4-DCB 1 1 1 1 1
1,2-DCB 9 4 2 2 2
1,3,5-TCB 7 6 7 7 6
1,2,4-TCB 5 5 5 4 5
1,2,3-TCB 9 10 10 10 10
1,2,4,5-TeCB 8 9 9 9 9
1,2,3,4-TeCB 3 8 6 6 8
PeCB 6 7 8 8 7
HCB 2 3 4 5 4

*For example, HCB was the second most abundant compound (ranking = 2) in the sludges
which had low ZCBs (0-20 ug/kg), but was ranked fifth in the most polluted sludges (ZCBs
> 60 pg/kg) and fourth overall (in all the 40 sludges).

60 B 0-20 ug ICBs/kg

) B 2040 g ¥CBs/kg
o 40 B 40-60 ug YCBs/kg
0 s >60 ug XCBs/kg
® 7 '
©
5 20-
2?2 7
< 7

Z /1774

% 72777

0

m m 1] m m oM m
O S} O O O O O
Q Q n = k- o °
(a0} <t N N <t 2] l_- 'T
- — ~ [\ [aV] [qV] wn <
Al ~— ~— <t [op]
[4Y] [aV]

Individual CBs

Fig. 1. Percentage abundance of individual CBs in sewage sludges with different LCBs
categories.
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present at large concentrations in these two samples its contribution to the
LCBs loading was not as significant as in other samples. HCB was not a ma-
jor contributor to the ZCBs content of the two most contaminated sludges.
1,4-DCB is now widely used for domestic purposes. HCB is a relatively per-
sistent pollutant.
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Fig. 2. Concentrations of CBs in sludges with time.
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The changes observed in CB concentrations during the period are not easy
to interpret since the exact sludge production dates are not available and the
sludges had been mixed at Perry Oaks when samples were collected.
However, it is likely that the sludges might have been produced 1-5 years
earlier than the date of field application and samples from mixed sludges
over several years possibly give more representative results.

The 1,4-DCB and HCB content in the sludges generally increased through
time, reflecting an increase in use of these two compounds. The concentra-
tions of 1,3-DCB, 1,2-DCB, 1,2,4-TCB and LCBs showed an obvious in-
crease from 1954 to 1961.

It was notable that the ECBs concentrations were significantly lower from
1947 to 1952 than the other periods. Considering the sewage sludges had
been kept at Perry Oaks for several years before land application, the
samples dated 1947—-1952 were probably produced during or slightly after
the Second World War when the production and use of CBs may have been
somewhat smaller.

CONCLUSIONS

CBs in sewage sludges are mainly absorbed or adsorbed by the organic
matter. Tests of the recovery of these compounds from sludges showed that
the organic matter content may influence the efficiency of extraction.

The five priority pollutants, 1,4-DCB, 1,3-DCB, 1,2-DCB, HCB and
1,2,4-TCB, were the most abundant individual CBs in the sewage sludges ap-
plied to the Woburn Market Garden Experiment.

1,4-DCB and HCB in sludges increased over the period 1942-1961, whilst
the other compounds analysed increased only from 1954 onwards.

It is difficult to deduce the various sources of CBs; the exact dates of pro-
duction and treatment of these samples are not known. However, the results
from these archived sewage sludges provide an outline of the CB content in
the environment of the West London area during the period when no
monitoring was made. These results suggest that the CB content of modern
sludges is somewhat higher than those sampled during the 1940s and 1950s.
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