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ABSTRACT

In this work, the stability of imidacloprid in fresh water and sludge was studied. The results
revealed that the pesticide is unstable in both media. In fresh water, it underwent hydrolysis
whereas a degradation to several metabolites has been observed in sludge. The rate constants for
the hydrolysis and degradation at 25°C were 0.0.0067 and 0.0.0099 d, respectively. Monitoring
the degradation of imidacloprid in sludge by high-pressure liquid chromatography-mass spec-
trometry (HPLC-MS) revealed that five metabolites have emerged during the study. These metab-
olites include imidacloprid urea, imidacloprid-guanidine, 6-hydroxynicotinic acid, an olefin, and
5-hydroxy, 1-(6-chloro-3-pyridylmethyl)-2-(nitroimino)-imidazolidin-5-ol. The efficiency of Al-Quds
University Wastewater Treatment Plant towards the removal of imidacloprid indicates that the
ultrafiltration-hollow fiber unit was insufficient, whereas the ultrafiltration-spiral wound, activated
carbon, and reverse osmosis units were efficient for complete removal of the pesticide. Adsorption
experiments of imidacloprid using either activated charcoal or micelle-clay complex were found to
fit Langmuir isotherms better than Freundlich isotherm. The data demonstrate a higher Langmuir
Q... value for the activated charcoal (126.6 mg g™') when compared to the micelle-clay complex
(11.76 mg g™). Filtration column experiments conducted with mixed micelle-clay complex and sand
(using a ratio of 1/50 by mass) at a flow rate of 2 mL min™ and influent concentration of 50 mg L™
revealed that a sufficient removal of imidacloprid was achieved in the first fraction of 100 mL
elution. These findings indicate that the adsorption technology using the micelle-clay complex
provides efficient removal of imidacloprid in continuous flow mode.
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1. Introduction

The growth of population and intensive work in agri-
culture have drastically enhanced the use of pesticides in
developing countries [1]. During the past few decades, new
types of pesticides have emerged and consequently, a dra-
matic increase in pesticide consumption has been reported.
The use of pesticides in agriculture and household results
in the direct release of these entities to the environment [2].
This leads to contamination of the surface and groundwa-
ter through point and non-point sources [3]. The used pes-
ticides follow several pathways: degradation, adsorption,
and movement or transport with soil and water. Pesticides
can undergo biotic (microorganism actions) and abiotic
(chemical and photodegradation process) degradation [4].

Imidacloprid,  1-(6-chloronicotinyl)-2-nitroiminoimid-
azolidines, is the first commercial synthetic neonicotinoid
[5]. Imidacloprid is a potent insecticidal that is effective
against sucking pest and soil pests [6]. Imidacloprid acts
as a Nicotinic Acetylcholine Receptor (nAChR) agonist.
Imidacloprid’s ingestion or exposure leads to the disrupting
of the nervous system of an insect or pest [7]. Imidacloprid
is a water-soluble compound with 514 mg L solubility,
low Koc (adsorption coefficient, which describes the ten-
dency of a pesticide to bind to soil particles) of 132-310 mL/g
[8], and is moderately adsorbed by soil. Due to these fac-
tors, imidacloprid may leach to groundwater and become
immobile in silt loam soils [9].

Imidacloprid was found to be stable in acidic and neu-
tral water, but more readily hydrolyzed in alkaline water,
and it has been detected in Florida’s surface water at concen-
trations in the range of 2.59 and 2.33 pg L™ in surface and
groundwater, respectively [10,11]. It should be worthy of
note to indicate that imidacloprid is effective at low doses
such as 0.3 mg L [12].

Imidacloprid was found to affect human health at
low concentrations. For example, it was documented that
imidacloprid can cause drowsiness, dizziness, vomiting,
disorientation, and fever upon humans’ exposure [13].
Furthermore, exposure to high doses of imidacloprid can
cause uncoordinated gait, tremors, and a reduction in the
activity of animals [14]. Moreover, it documented that imi-
dacloprid is absorbed by plants and is transferred to the
plant system, thus causing poison to insects and humans
who digest plants [15].

Several techniques have been proposed for the removal
of pesticides. They include physical methods such as nano-
filtration [16] and activated carbon adsorption [17], chemi-
cal methods such as ozonation [18], aqueous chlorine [19],
Fenton and photocatalytic destruction [20,21,30], biological
treatments [22], advanced oxidation processes [23], aerobic
degradation [24], and adsorption [25-27]. Furthermore, the
removal of three pesticides (imidacloprid, chlorpyrifos, and
malathion) from simulated wastewater by electrocoagula-
tion approach utilizing iron electrodes [28,29]. Otherwise,
the removal of imidacloprid was reported by several meth-
ods such as advanced oxidation based on the photo-Fenton
process [20,21,30], heat-treated kerolites [31] adsorption
on powdered and magnetic-activated carbon [32].

The objectives of this work were to investigate the
removal efficiency of imidacloprid by octadecyltrimethy-

lammonium (ODTMA) micelle-clay complex and mem-
brane separation technology. Furthermore, the stabil-
ity and the kinetics of this pesticide in fresh water and
sludge were studied as well.

2. Experimental
2.1. Materials

All chemicals used in this study were of analytical
grade. The clay used was Wyoming Na-Montmorillonite
SWy-2 obtained from the Source Clays Registry (Clay
Minerals Society, Colombia, MO). ODTMA bromide was
obtained from Sigma-Aldrich (USA). Quartz sand (grain size
0.8-1.2 mm) was obtained from Negev Industrial Minerals
(Israel). Imidacloprid from high purity was purchased from
HPC Company (Germany). Activated charcoal (12-20 mesh)
was obtained from Sigma (Sigma Chemical Company,
USA). Deionized water was used to prepare all solutions.
Methanol, acetonitrile, and water were high-pressure liquid
chromatography (HPLC) grade and purchased from Sigma-
Aldrich (USA). Magnesium sulfate was purchased from
Sigma-Aldrich (USA).

2.2. Instrumentation

The high-pressure liquid chromatography-photodiode
array (HPLC-PDA) system consists of an Alliance 2695 HPLC
from (Waters Company: Milford, MA, USA), and a Waters
Micromass® MassLynx™ Detector with photodiode array
(Waters 2996: Milford, MA, USA). Data acquisition and
control were carried out using Empower Software (Waters
Company: Milford, MA, USA). Analytes were separated on
a 4.6 mm x 150 mm C18 XBridge® column (5 pum particle
size) used in conjunction with a 4.6 mm x 20 um XBridge™
C18 column. Microfilter was used with 0.45 um (Acrodisc®
GHP, Waters Company, Milford, MA, USA). pH meter model
HM-30G: TOA Electronics™ was used to measure the pH
value for the samples. C18 (1 g) cartridges with 6 cc capac-
ity and were purchased from Waters Company (Milford,
MA, USA).

The identification of metabolites was performed using
a liquid chromatography (LC) system coupled to a hybrid
linear quadrupole ion trap — Fourier-transform ion cyclo-
tron resonance-mass spectrometry (FTICR-MS) (Thermo
Fisher Scientific, Bremen, Germany) in an extracted ion
chromatogram (XIC) mode. The benefit of using very selec-
tive extracted ion chromatograms by FTICR MS generated
with a tight mass-to-charge ratio window of +0.0010 units
around each selected protonated molecule (ie., [M+H]J'
+1.0 mDa), greatly reduced the signal complexity of the total
ion current trace. The Wastewater Treatment Plant (WWTP)
at Al-Quds University was described previously [33]. The
WWTP at Al-Quds University collects a mixture of black,
grey, and storm water. The treatment plant consists of pri-
mary treatment and secondary treatment (activated sludge
with a hydraulic retention time of 16-20 h, coagulation, and
chlorination). The secondary effluent is introduced into a
sand filter before entering the ultrafiltration (UF) membrane
(hollow fiber and spiral wound). After the UF process, the
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effluent is subjected to an activated carbon adsorbent fol-
lowed by reverse osmosis (RO) (advanced treatment stage).

The UF process consists of two small-scale membrane
treatment plants with a capacity of 12 m® d'. The first
UF unit is equipped with two 2 x 4-inch pressure vessels
with pressure resistance up to 150 psi. Each vessel holds
two separation membranes (spiral wound with 20 kDa
cut-off, equivalent to a 0.01 u separation rate, Nirosoft,
Israel). The designed permeate capacity of the system is
0.5-0.8 m® h''. This membrane can remove bacteria, sus-
pended solids, turbidity agents, oil, and emulsions. The
second unit is equipped with two pressure vessels made
by Vendor (AST Technologies Model No. 8000 WW 1000-
2M, Israel) that houses the hollow fiber (HF) membranes
with 100 kDa cut-off (Vendor, AST Technologies, Model
No. 8000-WWOUT-IN-8080, Israel). The two units are
designed to deliver 1.5 m*® h™’. The RO system consists of
a 1 x 4-inch pressure vessel constructed with composite
material having a pressure resistance of up to 400 psi. The
vessel holds two 4 inch special separation membranes (thin
polyamide film with pH range 1-11, Model BW30-4040
by Dow FilmTec, USA). A membrane anti-scale (product
NCS-106-FG) solution of phosphoric acid disodium salt
is continuously dosed to the RO feed at a concentration
of 4 mg L™ to prevent deposition of divalent ions. The
system is designed to remove major ions and heavy met-
als. The designed RO permeate capacity of the system is
0.45-0.50 m* h™.

2.3. Methods
2.3.1. Preparation of micelle-clay complex

The micelle-clay complex was prepared as described
elsewhere [34]. Briefly, the micelle-clay complex was pre-
pared by stirring 12 mM of ODTMA with 10 g L clay
for 72 h. Suspensions were centrifuged for 20 min at
15,000 rpm, supernatants were discarded, and the com-
plex was lyophilized. The micelle-clay complex contains
the cationic surfactant, ODTMA which contains an alkyl
chain of 18 carbon atoms; its critical micelle concentration is
0.3 mM. The micelles, which include several tens to about
several hundred molecules, are in the nanometer range,
whereas the clay platelets have a thickness of the order of
a nanometer and a typical area of the order of 1 um? The
complex exhibits excess positive charge and differs from
complexes formed between clay and monomers as shown
by X-ray and freeze-fracture electron microscopy [35].

2.3.2. Batch adsorption experiments

Batch adsorption experiments were carried out for
solutions of imidacloprid in the concentrations range of
100-700 mg L. Experiments were performed in 100 mL
Erlenmeyer flasks containing 0.125 g of either micelle-clay
complex or activated charcoal. 25 mL of imidacloprid solu-
tions having known initial concentration were then intro-
duced to each flask. The flasks were shaken in an electric
shaker for 3 h at 25°C, and then the content of each flask
was centrifuged for 5 min and filtered using 0.45 pum cel-
lulose nitrate filters. The equilibrium concentration of the

pesticide was measured by the HPLC method as described in
Section 2.8 — Sample, standards preparation and chromato-
graphic conditions.

2.4. Adsorption isotherms

Equilibrium relationships between adsorbent and
adsorbate are described by adsorption isotherms. The two
common adsorption models which are generally used are
Langmuir and Freundlich adsorption isotherms. The first one
is widely used for modeling equilibrium data and adsorption
capacity determination. Eq. (1) illustrates its linear form:

C 1 C
e _ e 1
Q. (ka..) Q.. @

where C: equilibrium concentration of adsorbent (mg L™);
Q,: equilibrium mass of adsorbent per gram of adsorbate
(mg g™); K: Langmuir constant (L mg™); Q__: the maxi-
mum mass of adsorbent removed per gram of adsorbate
(mg g™).

Freundlich isotherm describes equilibrium on the het-
erogeneous surface and its linear form is given by:

logg, =logk + 1log C, )
n

where C: equilibrium concentration of solute (mg L7);
q,; the amount of solute adsorbed per unit mass of adsor-
bent (mg g); k: Freundlich constant (mg g')/(mg L)V
n: intensity of the adsorption.

2.5. Efficiency of advanced membranes of Al-Quds University’s
WWTP

To ascertain the removal efficiency of imidacloprid by
the different units of the Al-Quds University WWTP (hol-
low fiber-ultrafiltration (HF-UF), spiral wound-ultrafiltra-
tion (SW-UF), activated carbon (AC), and reverse osmosis
(RO)), a sample of 50 ppm of imidacloprid as initial con-
centration was added to the effluent of the activated sludge
stage in the cleaned tank at the inlet heat of the HF-UF unit
as described in Fig. 1. Five samples presented from No. 1-5
in Fig. 1 were collected using pre-cleaned 500 mL amber
glass bottles, filtered using 0.45 um cellulose nitrate, and
finally analyzed by HPLC.

2.6. Filtration experiments

Column filter experiments were performed with a ratio
of 50/1 (w/w) mixtures of quartz sand and micelle-clay
complex (13 cm layer) in a column of 18 cm length and
4 cm diameter. The masse of both micelle-clay complex and
sand were 3 and 147 g, respectively. The bottom of the col-
umn was covered by a 3 cm layer of quartz wool. Quartz
sand was thoroughly washed with distilled water and
dried at 105°C for 24 h. 50 mg L™ of imidacloprid concen-
tration was prepared by dilution of the stock solution with
distilled water and was passed through the above column.
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1
AS effluent UF/HF membrane
= /

Brine UF/HF

UF/SW membrane AC

RO ° IRO effluent

Brine UF/HF  Brine RO

AS Activated sludge effluent, UF/HF Ultrafiltration Hollow Fiber membrane , UF/SW Ultrafiltration Spiral Wound membrane

, AC Activated Carbon and RO Reverse Osmosis membrane.

Fig. 1. A diagram illustrating the treatment processes ultrafiltration-hollow fiber, ultrafiltration-spiral wound, activated carbon and
reverse osmosis filters. The numbering in the diagram indicates the sampling locations in the plant.

The flow rate was adjusted to 2.0 mL/min at 25°C and
10 fractions of 100 mL each were collected for assay.

2.7. Stability study in pure water and activated sludge

Stability studies of imidacloprid were performed at
25°C by preparing 100 mg L™ of imidacloprid in pure
water and activated sludge sampled from the Wastewater
Treatment Plant at Al-Quds University. Samples were then
collected at different times, filtrated using 0.45 um cellu-
lose nitrate filters, stored at 4°C, and analyzed by HPLC.
The reaction progress in sludge was followed by LC-MS
for metabolites identification.

2.8. Sample, standards preparation and chromatographic
conditions

®  Stock solution: Stock solution was prepared by dissolving
the required mass of imidacloprid in distilled water to
give a stock solution with a concentration of 500 mg L™
the pH of the standard solution was 7.07 + 0.10.

e Calibration curves: The following diluted solutions were
prepared from the stock solution for all contaminants:
0.1, 1,2,5,10, 20 and 40 mg L.

The standards were analyzed by HPLC under optimal
conditions that are listed in Table 1. The calibration curve
was obtained by plotting peak height vs. concentration.

3. Results and discussion
3.1. Effect of time

Fig. 2 summarizes the percentage removal of imidaclo-
prid as a function of time in a batch experiment using 100 mL
solution of imidacloprid at a concentration of 100 mg L7,
0.50 g micelle-clay complex, and contact time of 3 h at
25°C. Inspection of Fig. 3 reveals that after 5 min, a constant
% removal was obtained. This indicates that the kinetics
of the removal of this pesticide by micelle-clay complex
very fast with an optimal contact time of 5 min.

3.2. Adsorption isotherms

The adsorption isotherms of imidacloprid at different
initial concentrations using a constant dosage of micelle-clay

Table 1
Optimal chromatographic conditions for the HPLC analysis of
imidacloprid using C-18 as an analytical column

Parameter Imidacloprid
Wavelength 270 nm

Flow rate 1 mL min™
% ACN in the mobile phase 80%

% Water in the mobile phase 20%
Injection volume 10 uL

complex and activated charcoal were determined. The
adsorption parameters were calculated by applying Egs.
(1) and (2) for Langmuir and Freundlich adsorption iso-
therms, respectively. Table 2 lists the calculated param-
eters for both adsorption isotherms. The parameters
include Q__, K, Freundlich constants (k and n) and the cor-
relation coefficient R%

Comparing the correlation coefficient values of imida-
cloprid obtained by both adsorption isotherms, revealed
a better fit in Langmuir isotherms, 0.988 and 0.999, for
both micelle-clay complex and activated charcoal, respec-
tively. Also, the experimental parameters were found to fit
Freundlich isotherm with correlation coefficient values of
0.972 and 0.948, respectively.

The calculated Q__ and K values for activated char-
coal were higher than that for micelle-clay complex when
fitting with Langmuir isotherm, whereas approximately
the same Q__ values were obtained when fitting with
Freundlich isotherms. Upon comparing the values of Q
and K obtained in this work with those reported in the lit-
erature (Table 2) reveals that both activated charcoal and
micelle-clay complex are suitable for imidacloprid removal
from polluted water.

3.3. Efficiency of the WWTP at Al-Quds University for the
removal of imidacloprid

Fig. 3 illustrates the removal efficiency of imidaclo-
prid by HF-UF, SW-UF, AC, and RO units in the WWTP of
Al-Quds University. The results revealed that HF-UF with
20-100 kDa cut-off was the least efficient as compared to
the other units (66% removal). On the other hand, complete
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Fig. 2. The percentage removal (%) of imidacloprid using micelle-clay complex as a function of time. The initial concentration was
100 mg L. Adsorbent dosage was 5 g L, contact time of 3 h and T =25°C.
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Fig. 3. The percentage removal of imidacloprid during the treatment process in Al-Quds University WWTP. The plant included
ultrafiltration-hollow fiber, ultrafiltration-spiral wound, activated carbon, and reverse osmosis units.

removal was observed with the SW-UF, AC, and RO units.
Furthermore, it is worth mentioning that complete removal
of the pesticide by the SW-UF unit indicates that the reme-
diation of this pesticide is achieved only by this unit, thus
avoiding the use of AC and RO units.

3.4. Filtration experiments

Fig. 4 displays the percentage removal of imidacloprid
passed through a laboratory column consisting of 50/1
(w/w) sand and micelle-clay complex with 50 mg L™ as
initial concentration and flow rate of 2 mL min™ at 25°C.
The figure shows a satisfactory efficiency of the column in
removing imidacloprid. Complete removal of imidacloprid
was observed in the first fraction of 100 mL elution. The
total retention of imidacloprid during elution of 1,000 mL of
50 mg L™ was 23 mg. The total quantity of ODTMA used

in this column was 0.9 g and was able to adsorb 23 mg of
imidacloprid [33,41]) reported that the micelle-clay complex
was efficient in removing non-steroidal anti-inflammatories
(NSAID) drugs such as paracetamol, aspirin, diclofenac
potassium, ibuprofen, and naproxen. They also concluded
that the micelle-clay complex composite of montmorillon-
ite and ODTMA is capable of binding negatively charged
organic molecules in addition to bacteria [42]. It should
be indicated that increasing the percentage weight of the
micelle-clay complex or column length increases the con-
tact time between adsorbate and adsorbent, thus enhancing
the removal efficiency of the pesticide.

3.5. Stability of imidacloprid in sludge and fresh water

Stability studies of imidacloprid were performed at
25°C by dissolving 100 mg of imidacloprid either in 1 L of
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Table 2

183

Imidacloprid adsorption isotherm parameters for Langmuir and Freundlich’s isotherms upon using a micelle-clay complex and

activated charcoal comparing with other adsorbents

Type of adsorbents Langmuir equation Freundlich equation Reference
R? Q... (mggh K (Lmg™) R? n k

Micelle-clay complex 0.988 11.76 0.010 0.972 3.08 4.60 This study

Activated charcoal 0.998 126.6 0.211 0.948 3.19 32.79 This study

Biochar 6.67-10.34 [36]

Five agricultural waste 45 [37]

a. Bentonite 9.1

b. Bentonite and clay 7.8 [38]

c. Kaolin 7.7

a. Orange peels activated carbon 151.7 [39]

b. Almond shells activated carbon 370.3

Tangerine peels activated carbon 35.7 [40]

\} (o8} B W
(@] o =] ]

p—
(e)

Concentration (mg.L")

0 L] L]

0 2 4

6 8 10
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Fig. 4. A filtration of imidacloprid solution by a laboratory filter, which includes a micelle-clay complex mixed with excess sand at
1:50 (w/w). The flow rate was 2 mL min™ and the initial concentration of imidacloprid was 50 mg L.

pure water or in 1 L of activated sludge. Biodegradation
analyses were performed in batch cultures using imidaclo-
prid solutions (100 mg L) to determine the degradation
rate and identify the various metabolites in sludge. The
biodegradation of imidacloprid was monitored by HPLC.
Imidacloprid metabolites were detected by LC-MS.

3.6. Identifications of imidacloprid metabolites

Fig. 5 (left side) shows the progress of imidacloprid deg-
radation in fresh water and sludge. Monitoring degradation
revealed that imidacloprid underwent hydrolysis in both
media during the experimental period. The degradation
rate constants in both fresh water and sludge were 0.0.0067
and 0.0.0099 d, respectively. Besides, the high degradation
rate of imidacloprid in sludge demonstrates that the pesti-
cide undergoes biodegradation in addition to the hydrolysis

process. Fig. 5 (right side) depicts the chromatograms for
the five major biodegradation products of imidacloprid in
sludge after one month. The retention times for the metabo-
lites are 3.35(3), 10.53(4), 3.44(5), 3.09(6), and 3.89(7) min. The
metabolites were characterized based on the accurate m/z
ratios as [M+H]" by liquid-chromatography-electron spray
ionization-Fourier-transform ion cyclotron resonance-mass
spectrometry (LC/ESI-FTICR-MS).

Zheng & Liu [10] and Wambhoff & Schneider [43] reported
that the major breakdown products of Imidacloprid in water
were 6-chloro-3-pyridyl-methylethylendiamine, 6-chloron-
icotinaldehyde, 6-chloro-N-methylnicotinacidamide, 1-[(6-
chloro-3-pyridinyl)methyl]-2-imidazolidinone (i.e., imida-
cloprid urea), and 6-hydroxynicotinic acid whereas the minor
breakdown product is imidacloprid-guanidine. On other
hand, Liu et al. [44] found only one main metabolite which
was 1-[(6-chloro-3-pyridinyl)methyl]-2-imidazolidinone.
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Fig. 5. Kinetics of imidacloprid degradation in sludge and fresh water at 25°C; initial concentration of 100 mg L™ (Top) and extracted
ion chromatograms (XICs) by LC/ESI-FTICR-MS acquired in positive ion mode of imidacloprid solutions after one month of
biodegradation. The ions monitored are displayed in each trace and correspond to the most abundant protonated molecules, [M+H]",
using a restricted window of +0.0010 m/z unit centered around each selected ion (Bottom).
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Fig. 6. Proposed transformation pathways for the biodegradation of imidacloprid.
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Whereas Bacey [45] reported various compounds as a result
of imidacloprid hydrolysis in water, 6-chloro-nicotinaldehyde,
6-N-methylnicotinacidamide, 6-chloro-3-pyridyl-methylen-
diamine, imidacloprid urea, and 6-hydroxynicotinic acid.

Researchers reported that the first product in the
hydrolysis pathway of imidacloprid is imidacloprid-urea
which may undergo oxidative cleavage to 6-chloronico-
tinic acid and imidazolidine [14]. Besides, Klein and Karl
[46] suggested that imidacloprid may be metabolized by
hydroxylation of the imidazolidine ring by a second major
pathway. Metabolic products from the second pathway
include 5-hydroxy and olefin derivatives. Fig. 6 summarizes
the proposed imidacloprid degradation pathway.

4. Conclusions

An advanced wastewater treatment plant composed
of UF (HF and SW), AC and RO units demonstrated that
conditioning with an ultrafiltration-hollow fiber unit is
not enough in removing imidacloprid from spiked waste-
water samples, whereas integration of ultrafiltration-spiral
wound unit within the treatment plant was sufficient for
complete removal of the pesticide.

adsorption studies on micelle (ODTMA)-clay complex
and activated charcoal revealed that under steady-state
conditions both adsorbents can be efficient in imidaclo-
prid removal. Even though activated charcoal is more effi-
cient as an adsorbent for the removal of imidacloprid,
micelle (ODTMA)-clay complex has an advantage over acti-
vated charcoal because of two main reasons: the ease with
which the clay complex is reactivated and the fact that it is
cheaper than activated carbon.

Stability studies on imidacloprid revealed that the pes-
ticide was unstable in both water and sludge. The kinetics
results in sludge demonstrated that there was a degrada-
tion process in addition to the hydrolysis of the pesticide.
In presence of sludge, imidacloprid underwent biodegra-
dation in sludge to yield five metabolites which were char-
acterized by LC-MS.
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