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Incubation experiments were conducted to examine the effects of activated sludge on degradation of
chlorate in soils. The results show that application of activated sludge could significantly promote the
decomposition of soil chlorate though the degradation rate of chlorate did not necessarily increase with
increasing application rate of the sludge. The effectiveness of activated sludge on soil chlorate degradation
was significantly affected by temperature, moisture content and pH. There is a tendency that the rate of
chlorate decomposition increased with increasing temperature and moisture content until optimal values
of temperature and moisture content were reached. This can be attributed to the enhanced activity of
Chlorate chlorate-reducing microorganisms in hot and more reducing soil conditions. Soil pH also had important
Activated sludge controls on the decomposition of chlorate. The experimental results demonstrate that neutral pH more
Soil favoured the degradation of soil chlorate, compared to either acidic or alkaline pH. While soil organic
Biodegradation matter content could affect chlorate decomposition, its impact on the effectiveness of activated sludge on
Longan plantation chlorate degradation was minor. This study has implications for developing cost-effective techniques for
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remediating chlorate-contaminated soils, particularly in the longan-producing countries.
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1. Introduction

Chlorate (Cl03 1) is a powerful oxidant which poses toxic effects
on a diverse range of organisms [1-5]. Due to its potential threat to
human health, chlorate is listed by the World Health Organization
as a chemical of health significance in drinking water [6]. Globally,
chlorate is produced on a large scale by the chemical industry and
used in a wide range of applications. It is manufactured for the pro-
duction of chlorine dioxide which is used as a bleaching agent in
the pulp and paper industry and in oxidative treatment of drink-
ing water. Chlorate also has wide applications in agriculture, e.g.
being used as a weed controller (herbicide), defoliant and soil ster-
ilant [7]. Yen et al. [8] discovered that the application of potassium
chlorate (KClO3) can induce off-season flowering in longan (Dimo-
carpus longan, Lour.), a very popular fruit tree in southern China
and Southeast Asia. Since then, potassium or sodium chlorate has
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been increasingly used for off-season longan production in many
longan-producing countries [9,10]. Manochai et al. [11] reported
that the most effective method to apply chlorate to longan trees was
soil drenching. However, this application method may lead to mas-
sive accumulation of residual chlorate in the soils and subsequently
have adverse impacts on the soil ecosystems, as well as the growth
of longan [12]. It is also likely that substantial amounts of chlorate
stored in soils are exported to aquatic environments during heavy
rainfall events. Therefore, appropriate methods and techniques are
needed for in situ remediation of chlorate-contaminated soils in
order to minimize its environmental impacts.

Biodegradation provides a possible way for reducing or elimi-
nating the potentially environmental hazards from improper uses
of chlorate. Chlorate-reducing bacteria (CRB) are known to exist
in natural environments under anaerobic conditions [13-15]. CRB
can obtain energy for growth by simultaneously degrading chlo-
rate and organic substances in anaerobic conditions [16]. Although
afew CRB have been identified and isolated [ 14,17-21], they are not
commercially available for large-scale field applications.

Germgard [22] examined the effects of organic fertilizer on chlo-
rate degradation in the soils of alongan plantation where potassium
chlorate was applied for over 3 years. He found that there was a
significant difference in residual chlorate between the treated and
untreated soils. Pathipan et al. [23] and Sutigoolabud et al. [24] also
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Table 1

Major physical and chemical characteristics of the three soils used in this study

Soil pH OM (%) Soil texture MB (mgkg') CEC (cmolkg1) TC (mgkg1) KN (mgkg')
Zhanjiang 5.4 0.5 Sand 5.2 6.7 1895 44.6
Guangzhou 5.3 2.1 Sandy loam 98.1 15.4 2780 73.5
Maoming 5.6 35 Clay 175.0 18.2 3500 82.1

OM: organic matter content; MB: microbial biomass; CEC: cation exchange capacity; TC: total carbon; KN: Kjeldahl nitrogen.

observed an accelerated degradation of chlorate in a contaminated
soil by application of molasses. Hunter [25,26] showed that addi-
tion of vegetable oil to a bioreactor consisting of a gravel column had
a significant effect on the degradation of chlorate in groundwater.

Many of the above organic materials are either too costly or not
present in substantial amounts that allow large-scale application.
Activated sludge is an abundant waste/by-product from municipal
wastewater treatment. This material frequently contains substan-
tial organic matter and a diverse range of microorganisms. It is
possible that some of the activated sludge-borne bacteria are capa-
ble of reducing chlorate [19]. Therefore, application of activated
sludge may offer an opportunity to develop cost-effective tech-
niques for remediating large-scale chlorate-contaminated soils.
The objective of this study was therefore to examine the effects
of activated sludge application on the degradation of chlorate in
soils under varying intensity of environmental parameters, includ-
ing temperature, soil moisture, pH and organic matter content.
This knowledge is needed for optimizing the reaction condi-
tions for chlorate degradation in soils, which is an important
step toward developing effective methods for remediation of
chlorate-contaminated soils using activated sludge as a major soil
amendment.

2. Materials and methods
2.1. Materials

2.1.1. The soils

The soils used for this study were collected from the longan
tree plantations located at three locations in the southern China
region: (1) Guangzhou (latitude: 23°08'N; longitude: 113°14'E), (2)
Maoming (latitude: 21°26'N; longitude: 111°20’E) and (3) Zhan-
jiang (latitude: 21°11’N; longitude: 110°24’E). No chlorate has been
applied in these longan plantations prior to the collection of the
soil samples. The major soil characteristics are given in Table 1.

2.1.2. The activated sludge

The activated sludge used in this study was taken from a local
municipal sewage plant located near the Guangzhou City. After
collection, the sludge sample was stored at 4 °C prior to the experi-
ment. Some major chemical characteristics of this activated sludge
can be seen from Table 2.

2.1.3. Chlorate and artificial chlorate-contaminated soils

Analytical grade potassium chlorate was used to formulate the
artificial chlorate-contaminated soils. The chlorate concentration
of all the artificial chlorate-contaminated soils used in this study
was set at a fixed value of 300 mg chlorate kg~! soil by thoroughly
mixing an appropriate amount of potassium chlorate powder into
the soils.

2.2. Experimental design

Five experiments were conducted to examine the effects of (1)
varying quantity of the added sludge, (2) varying soil temperature,
(3) varying soil moisture content, (4) varying soil pH, and (5) vary-

ing soil organic matter content on the degradation of chlorate in
the soils.

2.2.1. Experiment 1: varying quantity of the added sludge

This experiment was performed in 500 mL sterile Erlenmeyer
flasks; each contained 100 g of the Maoming soil adjusted to pH 7.0
with 1M NaOH solution. One control and three treatments (each
in three replicates) were set for this experiment: (1) control: con-
taining no added sludge; (2) treatment 1: containing 0.07% added
sludge; (3) treatment 2: containing 0.7% added sludge; and (4)
treatment 3: containing 1% added sludge. The soils in the Erlen-
meyer flasks were supersaturated with deionized water and then
incubated at room temperature for 20 days. The incubated soils
were agitated at 400 rpm for 5 min once a day to accelerate the reac-
tion. Each week, an appropriate amount of sterile deionized water
was added to the samples to compensate for water loss by evapo-
ration. An appropriate amount of soil sample was taken from each
Erlenmeyer flask at the following times: 5, 8, 10, 15 and 20 days after
the commencement of the experiment. The samples were used for
determination of chlorate concentration.

2.2.2. Experiment 2: varying soil temperature

This experiment was performed in 500 mL sterile Erlenmeyer
flasks; each contained 200 g of the Maoming soil adjusted to pH 7.0
with 1M NaOH solution. The application rate of activated sludge
was fixed to obtain a uniform soil with sludge content of 0.7%. Five
treatments (each in three replicates) were set for this experiment:
(1) treatment 1: at 5°C; (2) treatment 2: at 10°C; (3) treatment 3:
at20°C; (4) treatment 4: at 30°C; and (5) treatment 5: at 40 °C. The
soils for various treatments were pre-incubated at 4°C overnight
before being transferred to various incubators with set temperature
at 5, 10, 20, 30 and 40 °C, respectively. The moisture content of the
soils was maintained at a similar level during the entire period of
the experiment by daily addition of sterile deionized water into the
incubated soils. An appropriate amount of soil sample was taken
from each Erlenmeyer flask at the following times: 5, 8, 10, 15 and
20 days after the commencement of the experiment. The samples
were used for determination of chlorate concentration.

Table 2

Major physical and chemical characteristics of the activated sludge used in this study
Parameter Value
Water content (%) 27

pH 6.95
Organic matter content (%) 38

Total carbon (mgkg—1) 5600
Kjeldahl nitrogen (mgkg~) 25000
C:N 100:446
Arsenic (mgkg!) 2.3
Cadmium (mgkg1) <1
Chromium (mgkg') 15

Lead (mgkg') 20

Zinc (mgkg1) 75
Copper (mgkg1) 63
Nickel (mgkg=") 41
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2.2.3. Experiment 3: varying soil moisture

This experimental apparatus and procedure for soil formula-
tion were the same as described in Section 2.2.2. Four treatments
(each in three replicates) were set for this experiment: (1) treat-
ment 1: at 15%; (2) treatment 2: at 30%; (3) treatment 3: at 40%;
and (4) treatment 4: at 50% of the water holding capacity (WHC, ca.
—1500 kPa water potential). The soils for various treatments were
pre-incubated at 4°C overnight and then incubated at 20°C for 20
days. An appropriate amount of soil sample was taken from each
Erlenmeyer flask at the following times: 5, 8, 10, 15 and 20 days after
the commencement of the experiment. The samples were used for
determination of chlorate concentration.

2.2.4. Experiment 4: varying soil pH

This experimental apparatus and procedure for soil formulation
were the same as described in Sections 2.2.2 and 2.2.3, except that
soil pH was not adjusted to a fixed value of 7.0. Moisture contents of
the soils were adjusted to 30% of the WHC. Three treatments (each
in 3 replicates) were set for this experiment: (1) treatment 1: at pH
5.4; (2) treatment 2: at pH 6.8; and (3) treatment 3: at pH 8.3. The
soils for various treatments were pre-incubated at 4°C overnight
and then incubated at 20°C for 20 days. An appropriate amount of
soil sample was taken from each Erlenmeyer flask at the following
times: 5, 8, 10, 15 and 20 days after the commencement of the
experiment. The samples were used for determination of chlorate
concentration.

2.2.5. Experiment 5: varying soil organic matter content

In this experiment, three soils collected from different locations
(i.e. Maoming, Guangzhou and Zhanjiang) were used. There soils
had varying organic matter content as shown in Table 1: 3.5% for
the Maoming soil, 2.1% for the Guangzhou soil, and 0.5% of the Zhan-
jiang soil. They were used to examine the influence of abundance
of naturally occurring soil organic matter on the degradation of
chlorate. The experiment was performed in 500 mL sterile Erlen-
meyer flasks. For each soil type, 200g of soil were used (each
in three replicates). Appropriate application rate was applied to
obtain a sludge content of 0.7%. Moisture contents of the soils were
adjusted to 30% of the WHC. An appropriate amount of soil sample
was taken from each Erlenmeyer flask at the following times: 5,
8, 10, 15 and 20 days after the commencement of the experiment.
The samples were used for determination of chlorate concentra-
tion.

2.3. Laboratory and statistical analysis
Chlorate was determined by a five-step iodometry [27]. The sta-

tistical significance of difference between treatment means was
determined by one-way analysis of variance (ANOVA).

Table 3

3. Results
3.1. Quantity influence of activated sludge

Changes in residual chlorate concentration for the control and
different treatments are shown in Table 3. There is a trend that
residual chlorate concentration decreased with increasing incuba-
tion time for the control and the treatments. However, treatments
tended to have a greater magnitude of decrease in the concentration
of residual chlorate, compared to the control. Statistical analysis
indicates that at the 5th day of incubation, there was no statistically
significant difference in residual chlorate concentration between
the control and the treatments, except for treatment 2; from the
10th day onward, the residual chlorate concentration was always
significantly higher in the control than in the treatments at each
sampling occasion. At the end of the experiment (the 20th day), the
residual chlorate concentration was only 22.7mgkg~! (less than
7.6% of the originally added chlorate) and 46.4mgkg~! (less than
16% of the originally added chlorate) in the soils with the sludge
concentration of 0.7% (treatment 2) and 1% (treatment 1), respec-
tively.

3.2. Effects of temperature

When the temperature was below 10 °C, no significant drop in
residual chlorate concentration was observed at the end of this
experiment. Increase in incubation temperature to 20°C led to a
significant drop in residual chlorate concentration and at the end
of the experiment, the residual chlorate concentration was below
200mgkg~!. Further increase in temperature to 30°C brought
about a more significant concentration drop and a nearly linear
relationship can be established between the residual chlorate con-
centration and the incubation time; at the end of the experiment,
the residual chlorate concentration dropped to below 50 mgkg=1.
There is no marked difference between the pattern of trendlines for
30 and 40°C incubation treatments (Fig. 1).

3.3. Effect of soil moisture

When the soil moisture content was at 15% of WHC, residual
chlorate concentration decreased gently with increasing length of
incubation and at the end of experiment the residual chlorate con-
centration was still above 200mgkg~'. Increase in soil moisture
content led to a decreased residual chlorate concentration and at
the end of the experiment, the residual chlorate concentration was
35.6, 75.7 and 50.9 mg kg~ for the soils with moisture content of
30, 40 and 50% of WHC, respectively (Fig. 2).

3.4. Effect of pH

It can be seen from Fig. 3 that concentration drop of residual
chlorate during the period of experiment was more significant in

Variation on chlorate concentration in soil amended with varying amounts of activated sludge during the entire course of incubation experiment

Treatment Soil chlorate (mg kg—1) at different times

5 days 8 days 10 days 15 days 20 days
Control 2955+ 1.6a 2834 +3.7a 2586 +59a 226.1 £ 6.2a 198.7 + 43 a
Treatment 1 2834 +36a 2654 +3.0a 2438 £2.2b 157.8 £39b 852 +34b
Treatment 2 2747 £59b 2342 +6.5¢ 152.7 £ 3.6d 783 £49d 227 £21d
Treatment 3 2875 + 11.2a 249.7 + 48b 186.4 + 5.0 c 97.7 £ 5.0 ¢ 464 +3.1c

Each value is the mean of three replicates. Different letters (a—d) behind the values indicate significant difference at P=0.05 among treatments based on LSD test, one-way

ANOVA (n=3).
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Fig. 1. Variation on chlorate concentration in the artificially chlorate-contaminated
soil amended with activated sludge under varying temperatures during the entire
period of incubation experiment (symbols in the figure denote temperature at 5°C
(A),10°C(m),20°C(a),30°C(O)and 40°C (¢); control adjustment is made for each
data point which is the difference between a treatment and the control; each value
is the mean of three replicates; error bars represent standard deviation of the mean).

the soil with pH 6.8 than in the soil with either a higher or lower
pH. Less than 10% of the initial dose was recovered at the end of
the experiment for the soil with pH 6.8 while more than 75% of the
initially added chlorate was recovered at the same time for the soil
with pH 5.4 or 8.3. There was no significant difference (P=0.05) in
residual chlorate between the soil with pH 5.4 and the soil with pH
8.3 though residual chlorate concentration was slightly higher in
the former than in the latter on each sampling occasion.

3.5. Effect of soil organic matter content

Chlorate concentration versus incubation time pattern was
very similar to each other for the all three soils with dif-
ferent organic matter contents (Fig. 4). However, except at
400
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Fig. 2. Variation on chlorate concentration in the artificially chlorate-contaminated
soil amended with activated sludge under varying soil moisture contents during
the entire period of incubation experiment (symbols in the figure denote moisture
content at 15% (¢), 30% (A), 40% (a) and 50% (O) of the water holding capacity;
control adjustment is made for each data point which is the difference between a
treatment and the control; each value is the mean of three replicates; error bars
represent standard deviation of the mean).
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Fig. 3. Variation on chlorate concentration in the artificially chlorate-contaminated
soil amended with activated sludge under varying soil pH during the entire period
of incubation experiment (symbols in the figure denote pH at 5.4 (¢), 6.8 (J) and 8.3
(2); control adjustment is made for each data point which is the difference between
a treatment and the control; each value is the mean of three replicates; error bars
represent standard deviation of the mean).

the 5th day of the experiment, residual chlorate concentra-
tion was in the following decreasing order at any sampling
occasions: Zhanjiang > Guangzhou >Maoming. Since the organic
matter content of the soils was in an opposite order, i.e. Maom-
ing > Guangzhou > Zhanjiang (refer to Table 1), Therefore, this
reflects that residual chlorate concentration in the activated sludge-
amended soils decreased with increasing organic matter content
originally contained in the soils.
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Fig. 4. Variation on chlorate concentration in the three artificially chlorate-
contaminated soils that were formulated separately from three different original
soils with differing organic matter contents during the entire period of incubation
experiment; these soils were amended with the same amount of activated sludge
and under the same temperature, moisture and pH conditions (symbols in the figure
denote the soil sample collected from Maoming (4), Guangzhou (M) and Zhanjiang
(4); control adjustment is made for each data point which is the difference between
a treatment and the control; each value is the mean of three replicates; error bars
represent standard deviation of the mean).
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4. Discussion

The results obtained from this study suggest that although
chlorate undergoes degradation in the soil that was not amended
with activated sludge, addition of activated sludge into chlorate-
contaminated soils can significantly accelerate the degradation
of chlorate. At an application rate of about 0.7 g sludgekg~! soil
(treatment 1), significant effects of the added sludge on promot-
ing chlorate degradation could be observed after the 10th day
of incubation; when the application rate was increased to about
7 gsludge kg1 soil (treatment 2), significant effects of the added
sludge on promoting chlorate degradation could be observed after
the 5th day of incubation; further increase in application rate to
about 10gsludgekg! soil (treatment 3) did not do better than
treatment 2 but on the contrary, it caused a slower degradation
of chlorate, compared to treatment 2. Activated sludge can become
‘souring’ under anaerobic conditions which favour the conversion
of particulate organic molecules into soluble organic acids [28]. The
higher sludge application rate could result in increased produc-
tion and accumulation of organic acids [29,30]. The production of
organic acids and CO, due to anaerobic decomposition of organic
matter is expected to cause pH drop which may inhibit the growth
of CRB. This may explain the reduced rate of chlorate degradation
in treatment 3 where a high rate (10 g sludge kg~! soil) was applied.

The current work confirms that the activated sludge is also capa-
ble of degrading chlorate in soils. It is likely that the presence of
certain organic matter forms promotes the activity of chlorate-
reducing microorganisms. The optimal ratio of carbon to nitrogen
for the microbial proliferation was generally considered to be 10:1
[31]. The C:N ratio of the Maoming soil used for this experiment
was about 42:1 (refer to Table 1), which does not favour microbial
proliferation. The activated sludge had a C:N ratio of 1:4.5 (refer
to Table 2). The addition of sludge to soil may enable an adjust-
ment of C:N ratio toward a more optimal level for the proliferation
of chlorate-reducing microorganisms and consequently enhance
the degradation of chlorate. However, over-treatment of chlorate-
contaminated soils with activated sludge may have opposite effects
on the degradation of chlorate.

The effects of activated sludge on chlorate degradation in soils
also depend on various environment factors. Temperature plays an
important role in this aspect. At low temperature (<10 °C), chlorate
degradation is extremely slow despite the presence of activated
sludge. This is probably related to the depressed microbial activity
under low temperature conditions. Under the experimental con-
ditions set for this study, the optimal temperature for chlorate
degradation in the presence of activated sludge was 30°C. A higher
temperature than 30°C did not further enhance the degradation
of chlorate to a significant degree. Chlorate degradation was not
weakened even at a temperature as high as 40 °C, compared to that
at30°C. This indicates that the sludge borne-CRB are of tolerance to
high temperature that frequently encountered in the tropical and
subtropical area where longan trees are grown.

The effects of activated sludge on chlorate degradation in soils
are also affected by soil moisture content. The observed increase in
chlorate degradation rate as a result of increased moisture con-
tent can be attributed to the intensified reducing conditions as
the soil pores are increasingly filled by water. Chlorate decomposi-
tion through reduction reactions is mediated by chlorate-reducing
microorganisms which are basically anaerobic [13,32]. Under the
experimental conditions set for this study, if a soil moisture con-
tent was maintained between 30 and 50% of the WHC, satisfactory
chlorate degradation rate can be achieved.

Clearly, either acidic or alkaline condition does not favour chlo-
rate degradation even in the presence of activated sludge. Cove [33]
also found that chlorate degradation could be retarded in acid soils.

Probably, either acidic or alkaline pH can inhibit the growth of CRB
and subsequently the degradation of chlorate. Under the experi-
mental conditions set for this study, the optimal pH for chlorate
degradation in the presence of activated sludge was around 7, i.e.
neutral conditions.

Organic-rich soils may experience rapider chlorate degradation
than soils with low organic matter content when they are amended
with the same amounts of activated sludge. However, it appears
that soil organic matter content only plays a minor role in the
process. In this study, even for the Zhangjiang soil which had an
organic matter content of only 0.5%, marked degradation of soil
chlorate could still be achieved after 20 days incubation when it
was amended with activated sludge.

The research results obtained from this study have implications
for remediation of chlorate-contaminated soils, especially in lon-
gan plantations. Sewage sludge is an abundant material and can be
found in many municipal regions. Therefore activated sludge has a
higher availability, compared to many other forms of organic mate-
rials. Manochai et al. [11] compared the effectiveness of different
methods for potassium chlorate application in longan plantation
and found that soil drenching was the most effective one among
the investigated methods. Therefore, the soil chlorate can be treated
by adding appropriate amounts of activated sludge as soil drenches
with pH and soil moisture content being controlled at levels that
favour chlorate degradation. It must be realized that the current
experimental results can only provide a generic guide for soil con-
ditioning. Field experimentation is needed to optimize the actual
field conditions for effective chlorate elimination.

5. Conclusions

Under the experimental conditions set in this study, application
of activated sludge could significantly enhance the degradation of
chlorate in soils. However, the degradation rate does not necessar-
ily increase with increasing amounts of added sludge. Increase in
added sludge could result in increased amounts of organic acids
and CO, being produced through decomposition of organic matter
under anaerobic conditions and this may lead to soil acidification
which in turn inhibits the growth of CRB that catalyzes chlorate
degradation.

Environmental factors such as temperature, moisture and pH
have great controls on the rate of soil chlorate decomposition.
Degradation of soil chlorate could be significantly depressed when
the temperature is below 10°C. Increase in temperature tends to
more favour the degradation of soil chlorate until the optimal tem-
perature (around 30°C) is reached. Chlorate decomposition rate
increases with increasing soil moisture content at least until 50% of
WHC s attained. Soil pH also had important controls on the decom-
position of chlorate. Soils with neutral pH is more favourable than
acidic or alkaline soils for the degradation of chlorate. Although
organic matter content that the soils originally contained (prior
to activated sludge application) had some influences on chlorate
decomposition, its impact on the effectiveness of activated sludge
on chlorate degradation was smaller, compared to the above three
soil environmental factors.

The research findings obtained from this study have implica-
tions for developing cost-effective techniques for the remediation
of chlorate-contaminated soils, particularly in the longan-
producing countries of the tropical and subtropical zones.
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