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bstract

Bioslurry phase reactor was used for the degradation of pendimethalin, a pre-emergence herbicide in the contaminated soil under aerobic
nvironment. More than 91% degradation of pendimethalin was observed for 5 days of reactor operation augmented with sewage from effluent
reatment plant (ETP). The performance of the reactor was monitored regularly by measuring pH and colony forming units (CFU). The metabo-
ites of pendimethalin formed during degradation were identified using various analytical techniques, viz., thin layer chromatography (TLC),
igh performance liquid chromatography (HPLC) and liquid chromatography–mass spectroscopy (LC–MS/MS). Four metabolites were formed
nd identified as N-(1-ethylpropyl)-3,4-dicarboxy 2,6-dinitrobenzenamine-N-oxide, N-(1-ethylpropyl)-3,4-dimethoxy-2,6-dinitrobenzenamine and

enezimadazole-7-carboxyaldehyde. The reactions involved were monohydrolysis of 2-methyl groups followed by dihydrolysis. Further oxidation
f amine groups and hydroxylation of propyl groups produced the above said metabolites. Degradation pathway of pendimethalin has been proposed
n the bioslurry phase reactor.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Pendimethalin is a pre-emergence herbicide, used to destroy
r prevent the growth of weeds. Its widespread usage led to its
etection as contaminant in soil, ground water, surface water
nd air [1–5]. Pendimethalin is normally degraded through
hoto-degradation, volatilization or by biodegradation [6–10].
everal soil fungi were found to degrade pendimethalin as a
ole carbon source in mineral solution [11–13]. In this direc-
ion pendimethalin bioremediation was successfully reported in
oil slurry system [14]. Bioslurry phase systems utilize natu-
ally occurring bacteria (native soil microflora) or inoculated
train having special metabolic property to convert hazardous

rganic compounds to CO2 and water present in solid, liquid
r solid–liquid interface [14–16]. In this communication we
eport the results pertaining to the investigations carried out on
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PLC and LC–MS/MS

he biodegradation of pendimethalin using bioslurry reactor to
valuate the metabolites formed during the degradation process.

. Materials and methods

Pendimethalin (N-(1-ethylpropyl)-3,4-dimethyl-2,6-dinitro-
enzenenamine) with more than 98% purity was obtained from
/S Shogan Organics Ltd., Mumbai. Pendimethalin has a
olecular weight of 281 and soil log Koc is 4.39. The aqueous

olubility of pendimethalin at 20 ◦C is 0.5 mg/l. All solutions
ere prepared with double glass distilled water (pH 7.02 ± 0.1;
FU-nil; metals-absent). Thin layer chromatography (TLC)
lates coated with silica gel having a particle size of 5–7 �m
nd pore size 60A (Sigma–Aldrich) were used in the experi-
ents to identify the pendimethalin and its metabolites. Soil

ample was collected from our institute garden (Indian Insti-
ute of Chemical Technology, IICT), which was normally used

or horticultural activities. The properties of the selected soil
nd reactor operation details were reported [14]. Air-dried soil
as spiked with pendimethalin dissolved in acetone to impreg-
ate the soil. Soil particles were soaked in acetone containing
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mailto:sarma1950@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2007.06.039


azard

p
p
t
s
a
T
a
a
m
1
n
n
r
t
(
(
m
h
l
t
t
(
n
w
m
e
c
2

f
i
o
r
s
m
L
u
c
r
w
w
u
w

l
s
i
c
p
d
d
f
9
b
C
s
M

t
C

3

3

i
p
o
c
t
s
r
m
t
p
u
m
t
t

3

p
i
d
p
5
w
s
T
b
t
a
i
o

p
w
i
m
a
t
2
a
i
M
c
M

M. Ramakrishna et al. / Journal of H

endimethalin to induce homogeneous sorption over the soil
articles. Soil was subsequently evaporated at room tempera-
ure for 10 h. Pendimethalin impregnated soil was made into
lurry with soil to water ratio of 1:15 (w/v) for control reactor
nd soil to ETP outlet in the ratio of 1:15 (w/v) for other reactors.
hree slurry reactors, viz. A, B, C (control, soil native microflora
nd augmented with ETP microflora respectively) were oper-
ted. Reactor A was used as control wherein the natural soil
icroflora present in the soil was sterilized by autoclaving at

20 ◦C for 20 min. This reactor served to understand the volatile
ature of the substrate (if any) and sorption–desorption phe-
omenon of the substrate during slurry phase operation. The
eactors were monitored regularly for every 24 h of the reac-
or operation for slurry phase pH, oxidation–reduction potential
ORP), dissolved oxygen (DO) and oxygen consumption rate
OCR). The presence of the pendimethalin and metabolites was
onitored regularly by thin layer chromatography (TLC) and

igh pressure liquid chromatography (HPLC). Twenty-five mil-
igrams of soil sample was collected from each reactor and
he substrate was extracted five times with 5 ml of acetoni-
rile. The extracts were pooled and concentrated in a rota-vapor
Buchi-170 model, water-bath at 40 ◦C temperature) to dry-
ess and brought to a final volume of 2 ml. The final samples
ere subjected to HPLC after filtration with 0.45 �m nylon
embrane. The analysis was done in triplicate to avoid the

rror and the average value was taken for final result. The
oefficient of variance was found to vary between 1.85% and
.38%.

The extracts from the slurry reactor C were analyzed 3 days
or every 8 h by TLC. TLC was run using a mobile phase contain-
ng ethyl acetate and hexane in the ratio of 70:30. Two percent
f H2SO4 in methanol was sprayed on the plate as developing
eagent and charred over the hot plate for identification of the
pots. The concentration of pendimethalin and the formation of
etabolites were monitored for every 24 h by HPLC. Shimadzu
C-10A model equipped with SPD 10 AVP UV–vis detector was
sed. Kromacil C18 (250 mm × 4.6 mm i.d., 5 �m particle size)
olumn (reverse phase) was used for the analysis with a flow
ate of 1 ml/min and injection volume 20 �l and recorded at the
avelength of 225 nm. Ninety percent of acetonitrile in water
as used as mobile phase and external standard method was
sed for calibration. Structural elucidation of the metabolites
as carried out by LC–MS/MS.
Mass spectral analysis of pendimethalin and its metabo-

ites were performed using Quattro LC triple-quadrupole mass
pectrometer (micromass, Manchester, UK), with electorspray
onization (ESI) source. The data acquisition was under the
ontrol of Masslynx software Analysis was performed under
ositive mode ESI conditions to determine the pendimethalin
egradation products. Nitrogen was used as a nebulizer and
issolvation gas, the other instrumental parameters were as
ollows: nebulizer gas flow 0.9 l/min, desolvation gas flow
.5 l/min, capillary voltage 3.88 kV, cone voltage 25 V, Source

lock temperature 80 ◦C and desolvation temperature 250 ◦C.
ollision-induced dissociation (CID) spectra were obtained

electing the precursor ion of interest with MSI and scanning
S2. Argon was used as the collision gas and the pressure in

c
t
1
N
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he collision cell was maintained at 3.0 × 10−4 mbar. All the
ID spectra were recorded at 10 EV collision energies.

. Results and discussions

.1. Degradation of pendimethalin in bioslurry system

The performance of the bioslurry phase reactors was mon-
tored by assessing the degradation of substrate in the slurry
hase. Twenty-one percent of pendimethalin degradation was
bserved in the reactor A (control reactor) for 3 days, which
ould be attributed to the abiotic process [14]. It was observed
hat reactor B, which was operated with native soil microflora,
howed 36% degradation of pendimethalin. The augmented
eactor (reactor C) showed more than 91% degradation, which
ight be reasoned to the supplementation of ETP microflora

o the native soil microflora in the reactor. The metabolic
athway studies were carried out for the degradation prod-
cts obtained in reactor C. In reactor C augmented with ETP
icroflora showed higher CFU values (from 2.4 × 107 CFU/ml

o 21.8 × 107 CFU/ml) and relatively less inhibition indicated
he enhanced degradation of pendimethalin.

.2. Identification of metabolites in the slurry phase reactor

Four metabolites were identified during the degradation of
endimethalin in slurry phase reactor by HPLC and LC–MS/MS
n reactor C. During the reactor operation pendimethalin degra-
ation was monitored by TLC and HPLC. The degradation
roducts were analyzed for every 24 h by HPLC for a period of
days. A typical chromatogram is shown in Fig. 1. Four peaks
ere observed along with the parent peak (pendimethalin) in the

lurry sample taken from reactor C after 48 h of cycle period.
he peak obtained at 6.3 min was identified as pendimethalin
y injecting a standard sample and comparing the retention
ime. Other peaks observed were at 1.7 min, 2.3 min, 4.8 min
nd 5.5 min denoted as M1, M2, M3 and M4 respectively. Stud-
es were carried out by LC–MS/MS to identify the major peaks
btained.

The LC–MS/MS spectra of degradation products of
endimethalin are shown in Fig. 2. Four degradation products
ere detected and the structures of the metabolites were

dentified. The mass spectrum of M1 shows a prominent
olecular ion at m/z 342 in addition to other characteristic ions

t m/z 301, 270 and 100 (base peak). On the basis of this result
he compound is identified as N-(1-ethylpropyl)-3,4-dicarboxy
,6-dinitro benzenamine. For M2 a prominent molecular ion
t m/z 355 was obtained in addition to other characteristic
ons at m/z 311, 173 and 100 (base peak). The mass spectrum

3 showed a molecular ion at m/z 371 in addition to other
haracteristic ions at m/z 329, 313 and m/z 295. Similarly for
4 a molecular ion at m/z 146 was observed in addition to the
haracteristic ions at m/z 105 and 64. Based on the above results
he compounds were assigned the structures of N-(1-ethyl-
-propyl)-3,4 dicarboxy-2,6-dinitrobenzenamine-N-oxide,
-(1-ethylpropyl)-3,4 dimethoxy-2,6-dinitrobenzenamine and
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Fig. 1. HPLC chromatogram of reactor C. RT (1.7 min): N-(1-ethylpropyl)-
3’4-dicarboxy 2’6-dinitro benzenamine. RT (2.3 min): N-(1-ethyl-1-propyl)-3,4
dicarboxy-2’6-dinitrobenzenamine-N-oxide. RT (8 min): N-(1-ethylpropyl)-
3,4 dimethoxy-2,6-dinotrobenzenamine. RT (5.5 min): benzimadazole-7-
carboxyaldehyde.

Table 1
Mass fragmentation pattern of pendimethalin and its metabolites

S. no. Compound RT (min) Base peak m/z

1 Pendimethalin 6.3 – –
2 M1 1.7 301 342 and 270
3 M2 2.3 355 311 and 173
4
5
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Fig. 2. LC–MS/MS of
M3 4.8 329 371, 313 and 295
M4 5.5 105 146 and 64

enzimadazole-7-carboxyaldehyde respectively. The fragmen-
ation pattern of pendimethalin and its metabolites by HPLC
nd LC–MS/MS is summarized in Table 1.

.3. Metabolic pathway

The proposed metabolic pathway (Fig. 3) of pendimethalin
n bioslurry reactor was derived by consolidating the analyt-
cal data. Since the bioslurry reactor was operated in aerobic
nvironment. Two methyl groups attached to the benzene ring
ere subjected to hydrolysis forming M1 and M2 respec-

ively (alcohol and acid). Oxidation of the amine groups
ed to formation of M3 and finally the hydroxylation of
ropyl groups gave benzimadazole-7 carboxyaldehyde (M4)

ith a molecular weight of 146. The metabolites, which

re formed, were observed to be different from the litera-
ure [12]. The pathway proposed was in accordance with the
esults reported by Walker and Bond [16], in solid phase
egradation.

four metabolites.
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Fig. 3. Degradation pathway of pendimethalin in slurry phase reactor.

. Conclusions

The experimental data obtained in the present study revealed
he effectiveness of bioaugmentation technique in the slurry

hase reactor for the degradation of pendimethalin in contam-
nated soil. The metabolic pathway was established during the
egradation process. It was concluded from the study that the
egradation process started with dihydrolysis of methyl groups.
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