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a  b  s  t  r  a  c  t

Influences  of one  sewage  sludge  on  degradation  of  hexazinone  and  formation  of  its major  metabolites
were  investigated  in  four  forest  soils  (A, B, C  and  D),  collected  in  Zhejiang  Province,  China.  In non-amended
forest  soils,  the  degradation  half-life  of hexazinone  was  21.4,  30.4,  19.4 and  32.8  days  in  forest  soil A, B,
C and  D,  respectively.  Degradation  could  start  in  soil  A and  C without  lag period  because  the  two  soils
had been  contaminated  by  this  herbicide  for  a long  time,  possibly  leading  to completion  of  acclimation
period  of  hexazinone-degrading  bacteria.  In  forest  soils  amended  with  sewage  sludge,  the  degradation
rate  constant  increased  by  17.3%  in soil  A, 48.2%  in  soil  B,  8.1%  in  soil  C and  51.6%  in  soil  D,  respectively.  The
higher  degradation  rates  (soil  A and  C)  in non-amended  soils  accord  with  the  lower  rate  increase  in  sewage
sludge-amended  soils.  Under  non-sterile  conditions,  biological  mechanism  accounted  for  51.8–62.4%  of
hexazinone  degradation  in four  soils.  Under  sterile  conditions,  the  four  soils  had  the  similar  chemical
degradation  capacity  for hexazinone.  In  non-amended  soil  B, only  one  metabolite  (B)  was  detected,  while

two metabolites  (B  and  C)  were  found  in  sewage  sludge-amended  soil  B.  Similarly  situated  in agricultural
soils,  N-demethylation  at 6-position  of  triazine  ring,  hydroxylation  at the  4-positon  of  cyclohexyl  group,
and removal  of  the  dimethylamino  group  with  formation  of  a carbonyl  group  at  6-position  of  triazine  ring
appear to be  the  principal  mechanism  involved  in hexazinone  degradation  in sewage  sludge-amended
forest  soils.  These  data  will  improve  understanding  of  the  actual  pollution  risk  as  a  result  of forest  soil
fertilization  with  sewage  sludge.
. Introduction

More and more wastewater is produced along with the devel-
pment of industry and agriculture. Sewage sludge is an unwanted
nd inevitable by-product in sedimentation both before and after
astewater biotreatment process [1].  It is estimated that China

s now producing more than two million tons (dry weight) of
ewage sludge annually and its disposal represents a major envi-
onmental hazard [1].  Organic matter, nitrogen and phosphorus
ontent in sewage sludge are five, three and three times of those
n manure (a typical traditional organic waste used for agri-
ultural land in China), respectively, attracting farmers’ interest

2].  Being rich in organic matter and plant nutrients, a certain
ortion of China’s sewage sludge has been utilized in a simi-

ar way to other traditional organic waste. It is often applied

∗ Corresponding authors. Tel.: +86 577 86689733; fax: +86 577 86699122.
E-mail addresses: wang.chengjun@yahoo.com (C. Wang), zjuwxd@yahoo.com.cn

X. Wang).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.10.073
© 2011 Elsevier B.V. All rights reserved.

to agricultural and forest land as a soil conditioner and fertil-
izer, because the physical properties of the soil are improved,
and nutrients such as nitrogen and phosphorus are supplied
[3].

In recent years, due to the risk of sewage sludge application on
agricultural land, the attention on the use of sewage sludge in forest
management has been increasing [4].  Sewage sludge may  increase
nutrients in the soil and thus it has been used in forest plantations.
While forest soils may  be degraded because of disturbances such as
wildfire, erosion, fuel-wood harvesting, etc., improved soil fertility
by using sewage sludge may  help to restore damaged ecosystems
[3]. However, sludge application may  potentially lead to the accu-
mulation of hazardous components, e.g. organic chemicals, heavy
metals and pathogens [5],  and may  increase the risk of these com-
ponents entering the food chain. In China, studies have provided
different opinions on whether or not land application of sewage

sludge could result in harmful environmental contamination or
exposure to people. Many research projects resulted in a positive
answer. According to control standard for pollutants in sludge for
land use, the maximum permitted content is 20 mg kg−1 dry weight

dx.doi.org/10.1016/j.jhazmat.2011.10.073
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wang.chengjun@yahoo.com
mailto:zjuwxd@yahoo.com.cn
dx.doi.org/10.1016/j.jhazmat.2011.10.073
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Table 1
Main physico-chemical features of the four forest soils.

Kind of sediment A B C D

pH 7.33 5.97 8.74 8.03
OC  (g kg−1) 27.82 12.43 21.41 8.47
CEC (cmol kg−1) 14.57 8.92 8.26 10.65
TN  (g kg−1) 3.34 2.56 1.84 2.13
Sand (%) 23.78 34.22 27.76 28.92
Silt  (%) 25.15 39.56 25.80 42.42
Clay (%) 51.07 26.22 46.44 28.66
Texture class Clay Loam Clay Loam
Hexazinone (ng g−1 d.w.) 4.68 ND 3.73 ND
H. Wang et al. / Journal of Hazard

or Cd, 15 mg  kg−1 for Hg, 1000 mg  kg−1 for Pb and Cr, 75 mg  kg−1 for
s, 500 mg  kg−1 for Cu, 1000 mg  kg−1 for Zn, 200 mg  kg−1 for Ni and

 mg  kg−1 for Benzo[a]pyrene, respectively. Guo et al. [6] reported
hat heavy metals in sludge did not accumulate in plants highly, and
he concentrations of Hg, As, Pb, Cr and Cd in edible parts of corn,

illet and Chinese cabbage did not reach China’s national hygienic
tandards for food when a poor soil was applied with 75 ton/ha
f sludge. They also found that heavy metal concentration in poor
oil did not reach the background value with the same application,
ndicating no threat to the soil quality [7].  Zhong et al. reported
hat concentrations of Ni in tomato growing in the sandy soil with
ludge loads of 15 and 30 ton/ha were 1.9 and 1.5 times as those of
he control samples, respectively, but still lower than safety limit
8]. They predicted that sludge application in the sandy soil could
e carried out safely and continuously for 12 years with a load of
5 ton/ha per year.

Hexazinone [3-cyclohexyl-6-dimethylamino-1-methyl-1,3,5-
riazine-2,4-(1H,3H)-dione] is an effective herbicide for general
eed control in agricultural and forestry area. It is a white solid

nd water soluble (33 g L−1 at 25 ◦C) with a relatively low vapor
ressure [9].  This herbicide is a potent inhibitor of photosynthesis

n susceptible species and was often detected in groundwater
nd soil in the forest areas, which raises great concern about
ts safety to human health [10]. The previous investigation on
nvironmental fate of hexazinone mainly focused on the develop-
ent of analytical techniques for the parent and its metabolites

t trace levels [11]; dissipation [12]; adsorption–desorption [13];
icrobial degradation [14]; leaching potential and mobility in soils

15]. The reported field dissipation half-life of hexazinone was  79
ays, and the organic carbon distribution coefficient ranged from
4 to 74 [16]. It is low susceptible to hydrolysis and photolysis
17], and thus residual activity may  be expected to last for several

onths [18]. Metabolites of hexazinone were first identified by
eiser et al. [19] who separated five degradation products in plant
eedling. The trione product, i.e. [3-cyclohexyl-1-methyl-1,3,5-
riazine-2,4,6-(1H,3H,5H)-trione], was the most hazardous among
ve metabolites of hexazinone. Wang et al. [20] observed that the
ajor metabolites formed in a sandy-loam soil were [3-cyclohexyl-

-(methylamino)-1-methyl-1,3,5-triazine-2,4(1H,3H)-dione] and
3-cyclohexyl-1-methyl-1,3,5-triazine-2,4,6-(1H,3H,5H)-trione]
n bovine manure-amended soil.

As for influences of organic amendments on pesticide behav-
or, the previous works mainly focused on farm litters. Wang et al.
20] found that bovine manure could significantly increase degra-
ation of hexazinone in a sandy-loam soil and affect forming of its
ain metabolites. The two amendments affect sorption and leach-

ng of imazaquin in soils [21]. Gupta and Baummer [22] found that
arm litter could enhance the biodegradation of atrazine in soil and
an et al. [23] concluded that the addition of a composted manure

o the top 5-cm layer at 5% (w/w) reduced 1,3-dichloropropene
mission by 47%. Wang and Yates [24] found that the half-life
f oxytetracycline was 8.1 days in manure at 25 ◦C, 33 days in
anure-amended soil and 56 days in non-amended soil. However,

he application of organic amendments was proved to slow degra-
ation of triadimefon in soil [25]. Sewage sludge can exert different
ffects on degradation of different kinds of organic chemicals. On
ne hand, decreased bioavailability due to increased sorption to
he additional organic matter will retard degradation. On the other
and, co-metabolic biotransformation can be enhanced by the gen-
ral increase in microbial populations and activities. Therefore,
he combined effects on pesticide degradation occurred in sludge-
mended soil [26].

Most studies on pesticide degradation have been preformed

ith agricultural soils and information on their decomposition
ynamics in forest soils is scarce. Especially, so far no data are
vailable on the effect of sewage sludge on the degradation and
OC, TN and CEC indicate the abbreviations of organic carbon, total nitrogen and
cation exchanging capacity, respectively.

metabolism of hexazinone in forest soils. Therefore, the main objec-
tive of this study is to assess the effect of a sewage sludge on
environmental behavior of hexazinone in four forest soils. This
information will improve the understanding of the actual pol-
lution risk as a result of forest soil fertilization with sewage
sludge.

2. Materials and methods

2.1. Chemicals

Hexazinone (99.7% purity) was purchased from Shenyang
Chemical Engineering Institute, Shenyang, China. Metabolite A [3-
cyclohexyl-6-(methylamino)-1-methyl-1,3,5-triazine-2,4(1H,3H)-
dione]; metabolite B [3-(4-hydroxycyclohexyl)-6-(dimethyl-
amino)-1-methyl-1,3,5-triazine-2,4(1H,3H)-dione] and metabolite
C [3-cyclohexyl-1-methyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione]
were gifts from DuPont de Nemours (Experimental station,
Wilmington, DE, USA). The structures of hexazinone and its three
metabolites are shown in Fig. 1 and their purities were all 99.0%.
Working standards of hexazinone and its metabolites in methanol
were prepared freshly every 2 weeks and stored in dark bottles
at −20 ◦C until use. Analytical grade reagents and solvents were
locally procured, purified and redistilled before use. The water
used in this experiment was purified with a Mill-Q-Plus system
(Millipore, Molsheim, France).

2.2. Soil and sewage sludge

The four forest soils were collected from the 0–20 cm soil pro-
file of four forest farms. Soil A, B and C were collected from Fenkou,
Yeqi and Fuxi forest farms, respectively, located in Chunan County,
Zhejiang Province, China. Soil D was collected from Ruian Forest
farm, located in Ruian City, Zhejiang Province, China. All the for-
est soil samples were collected in November 2008, and their main
physico-chemical features and contamination status are shown in
Table 1. The soil A and C have a high content of clay as compared
with soil B and D. The soil D shows a very low percentage of organic
carbon, and soil C and D have a basic pH. According to our inves-
tigation on the four forest farms, hexazinone (25% water-soluble
formulation) was  applied twice yearly in the middle of May  and
September in Fenkou and Fuxi forest farms during the past 4 years
(2005–2008). However, no application history of hexazinone was
recorded from 2005 to 2008 in Yeqi and Ruian forest farms. In
the four forest soils, hexazinone residue was not detected in soil
B and D, while it was found at 4.68 and 3.73 ng g−1 d.w. in soil A
and C samples, respectively. The collected soil samples were air-

dried, ground, and passed through a 2-mm sieve before use. The
experimental temperature was kept constantly at 25 ◦C with the
operation conducted in a dark thermostatic incubation room.
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Fig. 1. Structures of hexaz

The sewage sludge used was produced by a domestic water
reatment plant, located in Wenzhou Central Wastewater Treat-

ent Plant, Wenzhou, China, and was subjected to an aerobic
tabilization process. The sludge was treated by gravity thickening,
ewatered by air-drying (a common practice before forest applica-
ion) and enriched in heavy metals. The sources of heavy metals
n sludge were industrial waste, domestic sewage, road surface
unoff, precipitation airborne products and tire abrasion products.
he concentrations of these heavy metals in final enriched sludge
ere 2358.6 mg  kg−1 dry weight for Zn, 257.6 for Cu, 88.6 for Ni,

13.7 for Cr, 81.7 for Pb, 2.4 for Hg, and 2.2 for Cd, respectively.
he contents of water and organic matter were 81.7% before air-
rying treatment and 43.8%, respectively. Sludge pH was 7.2 and
he concentration of hexazinone in sludge was below detectable
evel (<0.05 mg  kg−1).

Microorganisms in four forest soils and sewage sludge were enu-
erated by plate counting on nutrient agar for bacteria [27]. At the

hree sampling times (5, 20 and 40 days), the bacterial numbers
ere about in the range of 2.1–45.3 × 106 CFU g−1 (colony-forming
nits) in four soils, while it was from 79.6 to 98.2 × 106 CFU g−1 in
ewage sludge. No bacterial inhibition was found in the spiked soils
hen comparing the bacterial numbers in the spiked to non-spiked

oils.
In order to investigate the contribution of chemical and bio-

ogical degradation, the degradation of hexazinone was compared
nder sterile and non-sterile soils amended by sewage sludge. As
or sterile treatments, the soil and sludge samples were autoclaved
or 1 h at 121 ◦C [28] and then collected, air-dried, ground, and
assed through a 2-mm sieve before use. The previous operation
rocedures were conducted under the conditions of aseptic manip-
lation room.

.3. Hexazinone degradation in forest soils

The soil sample was spiked with stock solution of hexazinone to
btain an appropriate concentration on a dry weight basis, adjusted
o 60% of maximum water-holding capacity, and introduced into a
00-mL flask for each set. Each flask containing soil was weighed
nd incubated at 25 ± 1 ◦C in the dark. The weight loss due to evap-
ration of soil moisture was minimized by periodical addition of

terile deionized water at intervals of 2 days over the whole incu-
ation period. Each set was in triplicate and processed as described
elow for residual analysis of hexazinone at intervals of 0 (2 h after
piking), 5, 10, 20, 40, and 60 days after incubation.
 and its main metabolites.

2.4. Effect of sewage sludge on degradation of hexazinone and
metabolite formation

To determine if sewage sludge had a significant impact on hex-
azinone degradation, sewage sludge was  added into the soil at a
concentration of 10% (w/w). The amended soil was mixed thor-
oughly, and then spiked with stock solution of hexazinone to obtain
a final concentration of 10 mg  kg−1 on a dry weight basis. The soil
was  then prepared as described in Section 2.3 to compare the differ-
ence of hexazinone degradation under non-amended and sewage
sludge-amended conditions. At regular intervals, triplicate samples
were removed for each set and processed for analyses of hexazi-
none residues. If the samples were not analyzed immediately, they
were frozen at −20 ◦C until analyzed.

In non-amended and sewage sludge-amended (10% by w/w)
soil, the major metabolite formation was studied in concomitant
with residual analyses of hexazinone. The major metabolites of
hexazinone were identified and quantified by co-chromatography
using authentic standards. A few minor metabolites were not
taken into account due to lack of authentic standards in this
experiment.

2.5. Extraction and clean-up of soil samples

Each soil sample (10 g) was extracted with 20 ml  of methanol,
shaken vigorously for 2 h on a mechanical shaker and filtered
through a Buchner funnel. The former extraction process was per-
formed in triplicate. The filtered solutions was mixed into a flask,
evaporated to near dryness (ca. 1–2 mL)  on a rotary evaporator, and
the final residue was  accurately dissolved to 5 ml  using methanol
in a test tube. Aliquots (2 mL)  of the methanol portion were fur-
ther purified by passing through a 0.2-�m filter to remove any soil
particles, and then determined for hexazinone and its metabolite
residues by HPLC.

2.6. Analyses of hexazinone and its metabolites by HPLC

The residues of hexazinone and its major metabolites (A, B and C)
were determined using an Agilent 1100 model HPLC equipped with
diodearray detector. The operation was run under the following

conditions: cartridge column, Nova-Pak C18 (4.6 mm × 150 mm i.d.,
5 �m particle size); flow rate, 1 mL  min−1; detection wavelength,
247 nm and injection volume, 20 �L. The mobile phase consisted
of methanol and water acidified to pH 5 with formic acid, and
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he chromatograph started with 30/70 methanol–water (v/v) for
 min  and then 70/30 for 25 min. An external standard method was
sed for calibration. The retention time of hexazinone, metabolite
, B, and C was about 15.8, 12.8, 4.3 and 18.7 min, respectively.
he detection limits for hexazinone and its three metabolites were
.05 mg  kg−1.

The analytical performance of the proposed method was  evalu-
ted by fortifying non-amended or amended soil (10% by w/w) at a
eries of concentrations (0.1–10 mg  kg−1) of hexazinone, metabo-
ite A, B, C and D. The spiked soil was extracted and analyzed as
escribed above. The average recoveries ranged from 83.2 to 105.7%
or hexazinone, and from 76.3 to 95.8% for three metabolites in non-
mended or amended soil, respectively. The coefficients of variance
anged from 4.3% to 11.2% for hexazinone, and from 3.6% to 12.8%
or three metabolites, respectively. As a result, the method adopted
or residual analyses of hexazinone and its three metabolites was
atisfactory.

.7. Statistical analysis

The half-life value (t1/2) reported in this study was  calculated
sing the pseudo-first-order model. Microsoft Excel 2003 and Ori-
in 6.0 graphing software were used to fit the data to the model.
nalysis of variance (ANOVA) was conducted, and Duncan’s mul-

iple range test was used to determine significant difference at
 = 0.05 among treatments with statistical analysis software (SAS
ersion 8).

. Results and discussion

.1. Degradation of hexazinone in four forest soils

Influences of forest soil types on hexazinone degradation
ere examined in four soils with an initial nominal concen-

ration of 10 mg  kg−1, and the results are shown in Fig. 2.
uring the 60-day incubation period, the hexazinone con-
entration dropped from 9.28 ± 1.24 to 1.57 ± 0.26 mg  kg−1 in
oil A, from 9.45 ± 1.53 to 2.61 ± 0.29 mg  kg−1 in soil B, from
.37 ± 1.68 to 1.12 ± 0.38 mg  kg−1 in soil C and from 9.61 ± 1.42
o 2.68 ± 0.64 mg  kg−1 in soil D, respectively. Accordingly, the per-
entages of hexazinone degraded in forest soils were 80.9% in soil A,
2.4% in soil B, 88.1% in soil C and 72.1% in soil D, respectively. The
ata fitting results using the first-order kinetic equation showed
hat coefficients of linear regression (R2) ranged from 0.8629 to
.8906. As a result, hexazinone degradation can be well described
y the first-order kinetic equation:

t = C0 × e−kt
here C0 is the initial concentration of hexazinone (mg  kg−1), Ct is
he concentration (mg  kg−1) at time t, t is the incubation time (days)
nd k is the degradation rate constant. The half-life is expressed by
n(2/k) and the degradation rate constant (k) is determined using

able 2
he degradation kinetic parameters of hexazinone in forest soils.

Soil types Soil non-amended with sewage sludge 

Degradation
constant (k, day−1)
(mean ± SD) × 10−3

Half-life (t1/2, days
(mean ± SD)

A 32.3 ± 2.6 21.4 ± 1.5 

B  22.8 ± 2.9 30.4 ± 3.0 

C  35.7 ± 3.1 19.4 ± 1.7 

D 21.1  ± 1.7 32.8 ± 3.6 

D indicates standard deviation of triplicate samples in 60 days incubation time.
Fig. 2. Hexazinone degradation in four forest soils at the spiked concentration of
10  mg kg−1.

regression of ln(Ct/C0) [29]. The computed half-life of hexazinone
was  21.4, 30.4, 19.4 and 32.8 days in soil A, B, C and D, respectively
(Table 2). The previous results were consistent with Bottni et al.’s
finding [15] of a half-life of 30 days in a soil from Medena Province,
Italy. Zhu and Li [17] also observed the field half-life of hexazinone
varied from 24 to 74 days. This long half-life of hexazinone in aer-
obic soils may  reflect its structural feature, which is recalcitrant to
microbial and chemical degradation.

As can be seen from Table 2, soil A and C showed the higher
degradation rate than soil B and D. The statistical results demon-
strated that higher degradation in soil A and C was dependent on
higher organic carbon (OC) content in them. In most cases, higher
OC was always concomitant with higher microbial numbers and
activity. Microbial activity in forest soils was estimated by counting
soil bacterial numbers at three sampling times (5, 20 and 40 days).
As listed in Table 3, soil C possessed the most culturable bacteria,
ranged between 35.8 and 45.3 × 106 CFU g−1, among the four forest
soils, and followed by soil A (between 32.6 and 38.2 × 106 CFU g−1)
at three sampling times (5, 20 and 40 days). The bacterial popu-
lation in soil A and C was about 10–20 times as many as in soil B
and D, which was possibly one of the most important reason for
the higher biodegradation capacity of soil A and C. Moreover, no
bacterial inhibition was found in the spiked soils when comparing
numbers in the spiked and non-spiked soils.

In addition, it is interesting to note that hexazinone degrada-
tion in soil A and C started when the experiment began without an
obvious lag period (Fig. 2). Soil A and C were collected from Fenkou

and Fuxi forest farms, respectively, located in Chunan County,
Zhejiang Province, China, and they were applied with 25% water-
soluble hexazinone formulation twice annually from 2005 to 2008.
Hexazinone residue was  detected to be 4.68 and 3.73 ng g−1 d.w.

Soil amended with sewage sludge

) Degradation
constant (k, day−1)
(mean ± SD) × 10−3

Half-life (t1/2, days)
(mean ± SD)

37.8 ± 4.8 18.3 ± 1.7
33.8 ± 2.4 20.5 ± 1.9
38.6 ± 3.6 17.9 ± 1.6
32.0 ± 4.2 21.6 ± 2.0
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Table 3
Plate counts of bacteria in sewage sludge and forest soils.

Time (days) CFU g−1 (×106)

Soil A Soil B Soil C Soil D Sewage sludge

Non-spiked Spiked Non-spiked Spiked Non-spiked Spiked Non-spiked Spiked Non-spiked Spiked

5 32.6 ± 10.2 23.8 ± 16.2 2.9 ± 1.2 3.4 ± 0.7 35.8 ± 11.3 22.7 ± 6.6 2.8 ± 1.1 2.5 ± 1.3 98.2 ± 9.6 79.6 ± 14.5
 ± 13
 ± 16
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20  38.2 ± 8.9 25.4 ± 15.4 3.8 ± 1.6 3.1 ± 1.5 45.3
40  34.6 ± 11.9 36.8 ± 7.6 3.6 ± 2.2 3.1 ± 2.7 36.7

n soil A and C samples, respectively, suggesting that two soils
ad been contaminated by this herbicide for a long time. As a
esult, the hexazinone-degrading bacteria completed their accli-
ation period, during which little or no biodegradation occurs

nd often appears as a lag period in the course of biodegrada-
ion, and acquired the ability to biodegrade this chemical. However,
o degradation was observed in soil B and D during the 5-day

ncubation period, suggesting the requirement of an acclimation
eriod. As shown in Fig. 2, the degradation of hexazinone started at
0-day incubation period, which implied the completion of accli-
ation period. The former observation was in accordance with
irano’s findings [30], which investigated biodegradation of chlor-
ane and hexachlorobenzenes in river sediment, and found that
igh carbon content and contamination by the target chemicals
an enrich microorganisms such as sulfate-reducing bacteria and
ubacteria which are responsible for degrading organic pollutants.
herefore, high OC and parent contamination in soil A and C led to
he enhanced biodegradation of hexazinone in this investigation.
n addition, the previous results also indicated that at the onset
f experiment, the biodegradation was the main drivers for the
egradation of hexazinone.

.2. Degradation of hexazinone in soils amended with sewage
ludge

Sewage sludge is a kind of amendment of organic carbon, which
s often recommended as a forest management practice to increase
orest soil fertility and to restore damaged ecosystems. The differ-
nt sewage sludges have different physicochemical and biological
eatures, which will lead to different effect on pesticide degradation

nd metabolism in forest soils [31]. Therefore, hexazinone degra-
ation was compared in forest soils non-amended and amended
ith sewage sludge (10%, w/w) and the results are shown in

ig. 3. With the elapse of time (0–60 days), the hexazinone residue
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ig. 3. Hexazinone degradation in four forest soils amended with sewage sludge at
he spiked concentration of 10 mg  kg−1.
.8 40.7 ± 9.2 2.2 ± 1.6 2.1 ± 1.5 92.3 ± 11.2 86.7 ± 8.4

.2 29.1 ± ‘5.3 2.6 ± 2.2 3.1 ± 2.7 96.7 ± 13.3 92.4 ± 10.8

decreased to 0.95 ± 0.26 mg  kg−1 in sewage sludge-amended soil
A, to 1.16 ± 0.39 mg  kg−1 in soil B, to 1.02 ± 0.39 mg  kg−1 in soil
C and to 1.25 ± 0.46 mg  kg−1 in soil D, respectively. Accordingly,
the estimated half-life of hexazinone in four forest soils was 18.3,
20.5, 17.9 and 21.6 days, respectively, based on first-order reaction
kinetics (Table 2). As compared with non-amended soils, the degra-
dation rate was  approximately enhanced by 17.3% in soil A, 48.2%
in soil B, 8.1% in soil C and 51.6% in soil D, respectively, in the mix-
ture soil-sludge. The previous results demonstrated that the higher
degradation rates (soil A and C) in non-amended forest soils were
in concomitant with the lower increase of rate in sewage sludge-
amended soils, but that the lower degradation rates correspond
with the higher increase (soil B and D). The bacterial population of
sewage sludge was  about 3–20 times more than those of the for-
est soils (Table 3). Higher microbial densities possibly introduced
more hexazinone-degraders, which improved the degradation rate
of hexazinone, especially in the forest soils with less microbial pop-
ulation and activity. Gomez-Rico et al. [3] found that the average
decay rates of nonylphenolic compounds in forest soils amended
with sewage sludge were similar to those observed in agricultural
soils. The application of sewage sludge appears to have a complex
effect on the degradation of pesticides in soil. Additional adsorption
by sewage sludge would make microbes hard to access and retard
the degradation, but co-metabolic biotransformation can increase
the degradation. The lower percentage of residue for those easily
degraded pesticides indicates that the addition of sludge increases
the microbial population and degradation capacity in the medium.
For the pesticide with more complex chemical structure, its main
degradation route is chemical rather than biological, in which case,
the addition of sludge means a reduction in its availability and
therefore a greater persistence of the residue in comparison with
the non-amended soils. In this investigation, fast degradation of
hexazinone in forest soils amended with sewage sludge may  result
in a fast decrease in toxicity, and suggests that it may  represent a
relatively low risk for the environment when applied in the condi-
tions of our experiment.

3.3. Effect of sewage sludge rates on degradation

As shown in Table 4, the mean degradation half-life (t1/2) was
30.4 days for 0%, 26.5 days for 5%, 20.5 days for 10% and 20.8 days
for 15% rate treatment in soil B, respectively, suggesting that it
decreased with the rate increase of sewage sludge except for 15%
rate treatment. The t1/2 values at 5%, 10% and 15% rates decreased
by 14.9%, 48.2% and 46.1% (Fig. 4), respectively, compared with that
of control (0% treatment), and the significant difference (at p < 0.05
level) of the half-life was  observed among control, 5% and 10% rate
treatments of sewage sludge (Table 5). However, the difference
was  not significant between 10% and 15% rate treatments, which
indicated that the higher mix  ratio did not necessarily increase
hexazinone degradation. In the rate range of sewage sludge

(5–15%), it appears that the optimal active degradation lies at the
10% amendment rate. The conclusion was in general agreement
with the observations of Namkoong et al. [32] that addition of
organic amendment could increase degradation rate of target
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Table 4
The kinetic parameter of hexazinone in sterile soils and influence of amendment rate on degradation kinetics.

Soil types Sterile soils amended with sewage sludge Influence of amendment rate in soil B

Degradation
constant (k, day−1)
(mean ± SD) × 10−3

Half-life (t1/2, days)
(mean ± SD)

Amendment
rate (%)

Degradation
constant (k, day−1)
(mean ± SD) × 10−3

Half-life (t1/2,  days)
(mean ± SD)

A 15.2 ± 1.9 45.6 ± 4.7 0 22.8 ± 2.9 30.4 ± 3.0
B 16.3 ±  1.3 42.5 ± 3.2 5 26.2 ± 2.1 26.5 ± 1.6
C 14.5  ± 2.1 47.8 ± 3.1 10 33.8 ± 2.4 20.5 ± 1.9
D  13.6 ± 1.2 50.9 ± 6.3 15 33.3 ± 2.8 20.8 ± 1.2
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ig. 4. Influences of the different sewage sludge rates on hexazinone degradation
n  forest soil B.

ontaminant, but might inhibit the degradation rate when an
xcessive amount of organic amendment was added. The carbon
ource in the manure must not represent a preferential carbon
ource that preempts degradation of the target contaminant.

hen the added carbon source is preferentially degraded over
he target compounds, microbial activity for degrading the target
ontaminant may  be inhibited. In this investigation, sewage sludge
dded as carbon source did not act as competing energy source,
nd thus it led to an increase of hexazinone degradation rate.

.4. Degradation mechanism of hexazinone in soils amended with
ewage sludge
The degradation of hexazinone in non-sterile soil is a result of
iological and chemical transformation, but only chemical process
ccurs in sterile soil. Because this experiment was  carried out
n the dark, photolysis was negligible, and thus hydrolysis was

able 5
he statistical result for the half-life of hexazinone in sewage sludge-amended soil B.

Amendment rate (%) Half-life (t1/2, days) (mean ± SD) 

0 30.4 ± 3.0 

5  26.5 ± 1.6 

10  20.5 ± 1.9 

15  20.8 ± 1.2 

Sum  of squares 

ANOVA
Between groups 205.470 

Within groups 32.240 

Total 237.710 

he different lower cases (a, b and c) indicate that it is significant at p < 0.05 level.
Fig. 5. Hexazinone degradation in four sterile forest soils amended with sewage
sludge at the spiked concentration of 10 mg kg−1.

the only chemical process involved. Differences between k values
in non-sterile and sterile sludge-amended soils were considered
to be attributable to biological degradation. The rate constants
(k) of hexazinone in non-sterile and sterile soils with different
amendment rates of sewage sludge are listed in Tables 2 and 4,
respectively. k values dropped by 59.8% in sterile soil A, 51.7% in
sterile soil B, 62.4% in sterile soil C and 57.5% in sterile soil D (Fig. 5)
when compared with those in non-sterile soils. It was obvious that
the former decreasing in k values was due to the loss of biological
degradation. Moreover, an interesting finding was that no signifi-
cant difference was  observed among the four half-lives (42.5, 45.6,
47.8 and 50.9 days) in four sterile forest soils. The previous results
suggested that the investigated four soils had the similarly chem-
ical degradation capacity for hexazinone under the conditions of

lacking biological degradation. As described above, the differences
of k values in sterile and non-sterile soils were deemed to be due to
biological mechanism. As a result, up to 51.8–62.4% of hexazinone

Subset for alpha = 0.05 (N = 3)

1 2 3 4

30.4 a
26.5 b

20.5 c
20.8 c

df Mean square F

3 68.490
16.9958 4.030

11
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ig. 6. Contribution rate of biological and chemical mechanisms to hexazinone
egradation.

egradation was concerned with biological mechanism in four
on-sterile soils. In contrast, 37.6–48.2% of the degradation was
hemically associated (Fig. 6). The greatest percentage (62.4%),
nvolved in biological mechanism, of hexazinone degradation
ccurred in non-sterile soil C, while the least (51.8%) was observed
n non-sterile soil B amended with sewage sludge. As occurred
nder non-sterile conditions, microbial mechanism was the pri-
ary pathway for hexazinone degradation in forest soils, while

hemical processes also played a role in the degradation. However,
his must be determined on a case-by-case basis, since different
inds of pesticides will have the different structural features and
egradation behavior. For example, Dungan et al. [33] reported
hat biological mechanism only accounted for 14–44% and 20–42%
f the (Z)-1,3-dichloropropene and (E)-1,3-dichloropropene
egradation, which demonstrated that chemical transformation
as the primary pathway for 1,3-dichloropropene degradation.

.5. Hexazinone metabolism in non-amended and sewage
ludge-amended soil

The formation and changing tendency of three major metabo-
ites (A, B and C) were analyzed in soil B at an initial concentration
f 10 mg  kg−1. The metabolites formed were identified by co-

hromatography technique, i.e. comparing the retention time of
etabolite with that of the authentic standard. As shown in

igs. 7 and 8, only one metabolite formed in non-amended soil
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Fig. 7. Degradation and metabolism of hexazinone in non-amended soil B.
Fig. 8. Degradation and metabolism of hexazinone in soil B amended with sewage
sludge.

B was metabolite C, resulting from detachment of dimethylamino
group and forming of carbonyl group at 6-position of triazine ring.
Metabolite C started forming from the 10th day of incubation at a
concentration of 1.27 ± 0.32 mg  kg−1, reached its maximum level
(2.12 ± 0.21 mg  kg−1) at the 20-day incubation period, and then
declined gradually to 0.45 ± 0.08 mg  kg−1 on the 60th day (Fig. 7),
which proved the further degradation of this metabolite. However,
metabolite A and B was not detected over the whole experimental
period in non-amended soil B.

As shown in Fig. 8, the maximum monitoring concentration
(1.89 ± 0.28 mg  kg−1) for metabolite C was  detected at the 40-day
incubation period in sewage sludge-amended soil B. Additionally,
metabolite B was  found to start forming at 10-day incubation
period, reached its maximum level (1.64 ± 0.32 mg kg−1) at 40 days
and then declined to 0.27 ± 0.08 mg  kg−1 at the end of experiment.
However, metabolite B was  not detected in non-amended soil B
during the whole incubation period, suggesting that addition of
sewage sludge promoted formation of this metabolite. Metabo-
lite B, bearing a hydroxyl group at 4-position of cyclohexyl group
(Fig. 1), is a reducing form of hexazinone and therefore reducing
conditions contribute to formation of this metabolite. Singh [25]
reported that reduction potential in soil amended by composted
manure increased faster than that in non-amended soil, which
hastened the onset and attainment of soil reducing conditions.
Therefore, the application of sewage sludge to soil promoted for-
mation of the reducing metabolite B. Similarly as in non-amended
soils, metabolite A was not detected through the whole incubation
period (60 days) in sewage sludge-amended soil B.

Overall, the parent molecule of hexazinone was  detected to
be the highest peak, followed by those containing its degrada-
tion products in non-amended and sewage sludge-amended soil
B. Therefore, by combining the findings of this experiment under
different conditions, a possible degradation pathway of hexazinone
was  deduced and is presented in Fig. 9. The above metabolite data
were similar to our previous research on hexazinone degradation
modified by bovine manure [20]. However, the metabolism dif-
ference of hexazinone lies in that another metabolite A was also
detected in bovine manure-amended soil, while not in sewage
sludge-amended soil. Based on these findings, it can be inferred
that N-demethylation at 6-position of triazine ring, hydroxylation
at the 4-positon of cyclohexyl group, and removal of the dimethy-
lamino group with formation of a carbonyl group at 6-position

of triazine ring appear to be the principal mechanism involved
in hexazinone degradation in sewage sludge-amended forest
soils.
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Fig. 9. The difference of hexazinone metabolites in no

. Conclusions

In non-amended forest soils, the high-to-low order of hex-
zinone degradation was related to order of soil organic carbon
ontent, and microbial population and activity. In soil A and C, hex-
zinone degradation could start without lag period because the
wo soils had been contaminated by this herbicide for a long time,
hich resulted in completion of acclimation period of hexazinone-
egrading bacteria. As compared with non-amended soils, the

ncorporation of sewage sludge into soils enhanced degradation
ate by 17.3% in soil A, 48.2% in soil B, 8.1% in soil C and 51.6%
n soil D, respectively. The higher degradation rates (soil A and C)
n non-amended soils were in concomitant with the rate increase
n sewage sludge-amended soils. The higher mix  ratio of sewage
ludge did not necessarily increase degradation of hexazinone,
nd the optimal active degradation lies in the 10% amendment
ate. Biological mechanism accounted for 51.8–62.4% of hexazi-
one degradation in four non-sterile soils. No significant difference
as observed among the four half-lives (42.5, 45.6, 47.8 and 50.9
ays) in four sterile soils, indicating that the investigated soils
ad the similar chemical degradation capacity for hexazinone
nder the condition of lacking biological degradation. Only one
etabolite formed in non-amended soil B was metabolite C. How-

ver, in sewage sludge-amended soil B, metabolite B was detected
o be up to 1.64 ± 0.32 mg  kg−1 at 40-day incubation period. N-
emethylation at 6-position of triazine ring, hydroxylation at the
-positon of cyclohexyl group, and removal of the dimethylamino
roup with formation of a carbonyl group at 6-position of triazine
ing appear to be the principal mechanism involved in hexazinone
egradation in forest soils amended with sewage sludge. This study,
long with further research on heavy metal dynamics and plant
rowth in sludge-amended soils, can help to optimize the manage-
ent of biosolids and minimize the environmental risks associated

o their use.
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