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Heterogeneous Nucleophilic Transformation of
Metolachlor by Bisulfide on Alumina Surface

The present research elucidates the accelerating effect of alumina minerals on metola-
chlor transformation using sulfur nucleophiles and also determines the metolachlor
transformation mechanisms in the heterogeneous reaction systems. Metolachlor trans-
formation was first systematically investigated under different conditions. Then, the
Fourier transform infrared (FTIR) spectra were used to characterize the changes in the
surface bonds of the aluminas. The transformation products were qualitatively ident-
ified using LC/MS. The results showed that bisulfide can produce efficient metolachlor
transformation rates, and the presence of the aluminas can further accelerate the
transformation by achieving complete transformation in <21 days. In addition, a
higher pH and higher bisulfide concentration are more favorable for metolachlor
transformation. When normalized to the surface area, the metolachlor transformation
rates were found to follow the order of a-Al,03>v-AIOOH>v-Al,O3 in the presence of
different aluminas. FTIR results indicated that the enhancement of metolachlor trans-
formation rates by bisulfide with aluminas can be attributed to the surface active
nucleophiles on alumina surfaces formed through Al—S and Al—O bonds. The substi-
tution of chlorine on the metolachlor followed the Sy2 mechanism by bisulfide with

accelerated rate through mediating the heterogeneous reactions with aluminas.
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1 Introduction

Metolachlor, 2-chloro-N-2-ethyl-6-methyl-phenyl)-N-(1-methoxypro-
pan-2-yl)acetamide (Fig. 1), is one of the important chloroacetanilide
herbicides and acts as a pre-emergent herbicide widely used to
control certain broadleaf weed species, annual grassy weeds, barn-
yard grass, crabgrass, fall panicum, and foxtails [1]. The annual use of
metolachlor was estimated to be higher than all the other chloro-
acetanilide herbicides, and only lower than that of atrazine among
all herbicides [2]. Hence, serious groundwater and soil pollutions are
frequently found because of the intensive application of this herbi-
cide. Metolachlor is among the top five most frequently detected
pesticide in soils and groundwater [3] and is considered persistent in
soils, as well as groundwater, with a reported average field dissipa-
tion halflife of approximately 120 days [4]. Integrating the widely
realized ecotoxicity [5, 6], exploring the decontamination methods
for environments polluted by herbicides is important.
Chloroacetanilides have been reported to undergo transformation
processes with artificial-like actions, such as oxidative degradation,
photolysis, and biotransformation. However, the essential reaction
conditions for these compounds may be penurious in the anaerobic
and dark environments, resulting in negligible or much slower
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processes |7]. The fundamental transformation of chloroacetamides
in the environments is hydrolysis [8]. However, although hydrolysis
is the important process in accelerating the transformation and
decomposition of chloroacetamides, long transformation half-lives
of chloroacetamides, ranging from 1 year to 7 years, were obtained
in the hydrolysis processes [9, 10].

Active nucleophiles are important for accelerating the self-
transformation and self-detoxification of pollutants in the natural
environment. The natural sulfur species are important nucleophiles
and have received increasing attention in recent years for their roles
in accelerating herbicide transformation [11, 12]. The reduced sulfur
species, e.g., HS™, S,%7, S,05*7, and S,0,%", are reportedly active
environmental “reagents” that can react with a wide array of
organic pollutants, including chloroacetanilide herbicides, which
undergo nucleophilic substitution and dehalogenation processes
[12-16]. However, all these previous studies were conducted in
homogeneous conditions. Many active solid components, such as
minerals, are important for pollutant transformation in different
environments, especially in soil. However, only a few investigations
have been conducted on the nucleophilic substitution of chloroace-
tanilide herbicides by active sulfur compounds at the interface of
minerals.

Aluminum is the most abundant metallic element in the earth’s
crust with 8.1% of the total weight, only lower than O and Si
among all the earth elements [17]. Although an excessively high
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Figure 1. Chemical structure of metolachlor.

concentration of aluminum would cause aluminum toxicity to
plant growth and even to human health [18], the over 270 types
of soil aluminum minerals are usually environmental friendly
and beneficial for geochemical processes of contaminants [19].
Aluminum minerals play an important role in regulating the com-
position of soil-water, sediment-water, and other soil systems.
Compared with other minerals in soils, the surfaces of alumina
are particularly more reactive [20, 21].

Aluminum (hydr)oxides, as the common soil aluminum minerals,
show the purest and representative properties of aluminum
minerals [22]. Given their special surface properties and thermal
stability, aluminas have been widely applied as adsorbents [23] as
well as catalysts and catalyst supports of ozonation and wet air
oxidation [24, 25]. The surface chemistry of aluminas plays a key
role in their performance as adsorbents and catalysts [26]. The
protonated surface of an alumina renders it to be easily adsorbed
by negatively charged compounds as a result of electrostatic
attraction. When the surfaces of aluminas are hydrated, water
would be chemisorbed on the aluminas, and the top layer oxide
ions would be converted to hydroxyl ions with square and filled
lattice proven to be active nucleophiles in the environment [22].
Furthermore, the aluminum on the top layer of aluminas are
usually unsatisfied and are positively charged, in which the
aluminum sites act as Lewis acid sites (LAS) and the surface OH
groups act as Lewis bases. The solid acid and base sites on alumina
surfaces are extremely active, and the acid-base properties of
alumina are mainly responsible for the active functions in
geochemical processes [27].

Therefore, as the abundant and active minerals in the environ-
ment, aluminas are expected to exhibit an important effect on the
transformation of chloroacetanilide herbicides when presented
together with active nucleophiles. To elucidate the transformation
mechanism of chloroacetanilide herbicides in an alumina-rich
environment, the nucleophilic transformation of metolachlor by
bisulfide in the presence of aluminas under different conditions
were systematically investigated in the present study using batch
experiments. The primary aims were to elucidate the role of alumina
surfaces in metolachlor transformation by bisulfide for obtaining
the heterogeneous metolachlor transformation mechanism. To
achieve these goals, we firstly conducted experiments to determine
the kinetics of metolachlor transformation with the simultaneous
action of bisulfide and aluminas. Then, the main transformation
products were identified to reveal the metolachlor transformation
mechanisms in the heterogeneous reaction systems.
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2 Materials and methods

2.1 Materials

Metolachlor (analytical reagent grade) and methanol (GC grade,
>99.8%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The sodium bisulfide (Na,S-9H,0) and other chemicals were of
analytical grade and obtained from Guangzhou Chemical Reagent
Factory (Guangzhou, China). All chemicals were used as received,
including the methanol, which was not deoxygenated before use. A
Milli-Q water purification system was used to produce ultrapure
water (18 MQ)cm) and the obtained water were deoxygenated by
purging with O,-free N, overnight before being used for the prep-
aration of all chemical solutions. Three aluminas, i.e., y-AIOOH,
v-Al,03, and «-Al,03, were used in this study. Boehmite (y-AIOOH)
was received as HiQ-7223 alumina (Alcoa, PA, USA). y-Al,0; was
prepared from HiQ-7223 alumina powder by thermal treatment at
650°C for 3h. Corundum (a-Al,O3) was obtained by further calcining
the as-formed +y-Al,0; at 1500°C for 6 h [28]. The surface areas of the
obtained y-AlOOH, vy-Al,03, and «-Al,0; were measured using a
surface area analyzer (Coulter SA 3100; Beckman Coulter,
Fullerton, CA, USA) as 2994, 88.6, and 1.65m?g !, respectively.
The pH at the points of zero charges (pH,,) of the aluminas was
determined by a zeta-potential analyzer (Coulter Delsa 440SX;
Beckman Coulter).

2.2 Experimental procedures

Na,S - 9H,0 was used to prepare the Na,S stock solutions with de-
oxygenated ultrapure water. The solution was prepared within an
anaerobic glove box. The reduced sulfur reaction solutions were
prepared by diluting reduced Na,S stock solution into 50 mM
phosphate pH buffer containing 5% methanol and 100 mM NaCl.
The NaCl in the solvent was used to establish an ionic strength of
0.15equiv. L', and methanol was used as a co-solvent to reduce the
surface tension of the electrolyte. Then, 250 mg of metolachlor
were dissolved in 250 mL deoxygenated ultrapure water to obtain
the metolachlor stock solution (1000 mgL™?). Other stock solutions
were also prepared with ultrapure water. All solutions were stored
at 4°C before the experiments. The total volume of reaction solution
was 100 mL that contained in borosilicate glass serum bottles that
with the volume of 125mL, in which the reaction components with
the sequence of alumina (y-AIOOH, y-Al,O3, or o-Al,03), bisulfide
stock solution, and aqueous metolachlor stock solution being added
consequently. In the reaction suspensions, the dosages of alumina
were controlled at 10gL™", the concentrations of metolachlor were
at 10mgL ', and the concentrations of bisulfide were at 1, 3, 5, and
10mM according to the experimental design. The reaction pH
was controlled with 0.02M phosphate buffer at pH 6, 7, and 9 as
designed. After being covered with Teflon-lined butyl rubber septa
and aluminum crimp seals, the reaction bottles were placed onto an
orbital shaker at 250 rpm. At the designated sampling time, a 4mL
filtrate was collected from each bottle in the anaerobic glove box
after being passed through a 0.22 pm PTEE filter (Millipore, MA, USA).
Then, excess methanol (36 mL) was immediately added to the
filtrate to quench further reaction before compositional analyses
[29, 30]. The samples prepared for analyses were stored at 4°C in a
refrigerator and analyzed daily. The rest of the reaction solutions
after sampling were covered with Teflon-lined butyl rubber septa
and aluminum crimp seals in the anaerobic glove box for followed
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reactions. The stopped reaction between metolachlor and bisulfide
in solvent of mixed methanol and phosphate buffer, 10:1 v/v, was
also verified in our experiments (data not presented). Controlled
samples consisting of only bisulfide and metolachlor in the buffer
solution were also prepared with the same treatment procedure. All
the batch experiments were conducted in duplicate and the varia-
bility of the data were reported as the error bars in the figures. For
the Fourier transform infrared (FTIR) study, the alumina sample was
collected by centrifuging at 4000 rpm and then being freeze-dried for
12h. The dried samples were stored in a sealed borosilicate glass
serum bottle with nitrogen protection before test. The bisulfide
concentrations were obtained by calculation based on total sulfide
concentration measurement. First, the total concentration of
sulfide species, [S]r, representing [H,S] -+ [HS ]+ [S*7], was measured
by iodometric titration using a starch endpoint. Then, the bisulfide
ion concentrations were calculated from [H,S]r and the measured pH
values via the ionization constants for H,S at 25°C [31] that being
corrected by ionic strength using the activity coefficients yHS™ and
vS>~ determined from the Davies approximation.

2.3 Chromatographic analyses of metolachlor and
its transformation products

Quantitative determination of the metolachlor concentrations in the
aqueous solutions during the transformation processes were con-
ducted using a HPLC system (Waters 1525/2487, USA). The mobile
phase with 1% acetic acid in a solvent mixture of water and methanol
with a ratio of 15:85 vjv at a flow rate of 1.0 mL min ' was used with an
Xterra C18 reverse-phase column. The column temperature was set at
35°C, and a UV detector was applied at 230 nm. The limit of detection
was 7 ugL ™", and the relative standard deviation was within 5%. The
qualitative determination of the metolachlor transformation inter-
mediates was performed by LC/MS analysis using an HPLC system
(Shimadazu, Japan) accompanying an AP 3000 mass analyzer with the
detailed procedure described in our previous study [32].
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2.4 Infrared spectroscopy study

An FTIR spectrometer (Bruker Vector 33, Germany) was used to
record the FTIR spectra of the three aluminas before and after
reaction. In each measurement, 64 scans were collected in the
spectral range of 4000-400cm ' with the resolution of 4cm .
The specimens for the FTIR analyses were prepared by mixing the
dried target sample with spectroscopic grade KBr and then compress-

ing the mixtures to form pellets.

3 Results and discussion

3.1 Metolachlor transformation by bisulfide on
aluminas

The kinetic results of metolachlor transformation on the three kinds
of aluminas, i.e., y-AIOOH, +vy-Al,03, and «-Al,0O3, with or without
bisulfide are shown in Fig. 2. Metolachlor was stable in the buffer
solutions (pH 9) without bisulfide, and all the aluminas showed
none adsorption abilities for metolachlor. As shown in the
results, the metolachlor concentrations in the reaction solutions
remain unchanged when only aluminas were present. The bisulfide
is a strong nucleophile and can result metolachlor an efficient trans-
formation rate, in which the complete transformation was achieved at
the reaction time of 28 days in the presence of 3 mM bisulfide, with the
pseudo-first-order kinetic constant value k of 0.112+0.0082 days '
(R*=0.970). The efficient transformations of chloroacetanilide
herbicides, including metolachlor, by bisulfide were also reported
in the previous report [13]. However, the transformation rate of
metolachlor in our study was significantly higher than that reported
by Loch et al. [13], with the calculated second order rate constant
0f 1.0 x 107 >M~'s™* compared with 0.25 x 10" >M s, which may
resulted from the reaction systems with different buffer solution for
formation rate of bisulfide from Na,S.

The presence of aluminas can further accelerate the metolachlor
transformation with all the three types of aluminas as shown in the
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Figure 2. Transformation of metolachlor with an initial concentration of 10 mg L~ using 3mM bisulfide on three aluminas (10gL~") at 25°C and pH 9.
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figure. Metolachlor can be completely transformed in 5, 21, and
14 days when with y-AlIOOH, +v-Al,0;, or «-Al,0Os, respectively.
Pseudo-first-order kinetics was also used to characterize the metola-
chlor transformation before the process was completed, and the k
values were achieved to be 0.914 4 0.0396 (R* = 0.943), 0.237 + 0.0096
(R*=0.935), and 0.164+0.0074 days ' (R*=0.964), with y-AlIOOH,
v-Al,03, or a-Al,O3, respectively. For the studied three aluminas,
the metolachlor transformation rates also increased with the
increasing bisulfide concentration when 10gL™' aluminas were
introduced into the reaction system. Metolachlor transformations
with different bisulfide concentrations at the same alumina dosages
were also studied, and the kinetic constant k values when with
different bisulfide concentrations are illustrated in Fig. 3 (all the
reaction times for kinetic study were similar to that before the
complete transformation of metolachlor). As shown by Fig. 3,
the k values of experiments without any alumina show a linear
relationship with the bisulfide concentrations, whereas in the
presence of alumina, the k values show nonlinear relationships with
bisulfide concentrations and exhibit an exponentiallike increase.
This result indicated the significant enhancement effect of the
alumina surface on the metolachlor transformation by bisulfide.
The metolachlor transformation rates were also differentiated in
the presence of the three kinds of aluminas under the same con-
ditions. When normalized to the surface area of the aluminas, the
surface area-normalized-rate constants of y-AlOOH, +y-Al,O3;, and
a-Al,0; were obtained as 0.0031, 0.0027, and 0.099 gm>d ', respect-
ively, indicating that a-Al,O3; had the most active surface sites, and
then followed by y-AIOOH and vy-Al,O3.

Bisulfide is one type of active reduced sulfur species and can act as
a strong nucleophilic reagent for accelerating herbicide transform-
ation [13]. This compound also plays an important role in the
transformation of chloracetanilide herbicides, especially in the
heterogeneous reaction systems with the presences of aluminas.
As indicated by the results of the present study, the presence of
the three aluminas can evidently accelerate the metolachlor trans-
formation with bisulfide in the heterogeneous reaction systems, as a
result from the action of their active surface properties, especially
the surface LAS, which have been reported to play important roles
in their active performance as adsorbent, catalyst, and catalyst

81 _o- with bisulfide only
—O—y-AlIOOH + bisulfide
6 —/—v-Al,O +bisulfide

—7— a-AlL O, +bisulfide

—{F]
]

)
2 4 6 8 10
Bisulfide concentration (mM)
Figure 3. Variations in the pseudo-first-order kinetic parameters of metola-

chlor transformation at different concentrations of bisulfide with 10gL~"
aluminas at 25°C and pH 9.
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supports [27]. The results also indicated that all the three kinds of
aluminas, i.e., y-AlIOOH, y-Al,03, and «-Al,03, showed very little
adsorption abilities for metolachlor. In the aqueous solution,
aluminas have relatively high points of zero charge that varied from
approximately 7 to 10 [22] (the pH,,,. values here were determined to
be 8.4, 8.5, and 8.7 for y-AlOOH, v-Al,03, and a-Al,O3, respectively),
whereas metolachlor was about either neutral or positively charged
in the investigated pH range that was investigated in the present
study. The positively charged surface of the alumina resulted in an
electric double layer electrostatic on the surface of aluminas [27].
Therefore, the electrostatic adsorption did not occur, and metola-
chlor was stable in the alumina suspensions.

3.2 Metolachlor transformation under different pH

The different reaction conditions may exert effects on the surface
properties of aluminas, consequently affecting the metolachlor
transformation processes with bisulfide in the heterogeneous reac-
tion systems. Therefore, the fundamental reaction conditions,
especially the pH of the solution during metolachlor transformation
by bisulfide on alumina were investigated for disclosing the trans-
formation mechanisms. The transformation processes under
different pH conditions were also modeled by pseudo-first-order
kinetics. The concentration variation during the metolachlor
(10 mg L) transformation processes at different pH values is shown
in Figures 4a—c for y-AIOOH, y-Al,03, and a-Al,03, respectively. In the
absence of bisulfide, the metolachlor concentration remained stable
within the studied pH range of 6-10, which indicates that metola-
chlor did not undergo hydrolysis transformation under acidic, neu-
tral, or basic conditions. In the presence of bisulfide, metolachlor
achieved efficient transformation possesses under all the studied pH
conditions for all the three aluminas. Figure 4d shows the k value
variations at different pH values. Minor differences in metolachlor
transformation rates were observed among the acidic, neutral, and
basic conditions in the presence of aluminas. Notably, for all a-Al,03
setups, metolachlor achieved 100% transformation at a reaction
time of 28 days and with k values of 0.103 +0.0044 (R*=0.895),
0.127+0.0113 (R*=0.949), and 0.164 +0.0074days ' (R*>=0.964)
under acidic, neutral, and basic conditions, respectively. In the
presence of aluminas, metolachlor underwent an efficient trans-
formation process via bisulfide whether under acidic, neutral, or
basic conditions, although the more basic conditions were slightly
more favorable for metolachlor transformation compared with the
more acidic ones.

Basic conditions were also reported to be more favorable for
propachlor dechlorination by dithionite, and base hydrolysis is
one of the routes for propachlor transformation [16]. In the presence
of aluminas, metolachlor transformation rates by bisulfide were all
highly efficient due to the active properties of the alumina surface.
However, metolachlor transformation with bisulfide on aluminas
under different pH were observed to follow the same trend (Fig. 4) as
that of propachlor transformation by dithionite, i.e., the higher
transformation rates were achieved under higher pH reaction con-
ditions, although with slight differences among the different pH
conditions. The mechanisms of base-catalyzed reactions may parallel
with the reactions of environmental nucleophiles (such as reduced
sulfur species) catalyzed by (hydr)oxide minerals as important
counterpart reactions through base-catalyzed processes [8|.
Furthermore, in alkaline conditions containing active minerals,
some of the bisulfide was integrated to form polysulfides through
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25°C and different pH conditions. (a) y-AlIOOH; (b) v-Al,O3; (c) «-Al,Ogz; (d) the k value variations in the presence of the three aluminas at

different pH conditions.

oxidation by residue O, that probably dissolved in the solvent of
methanol, which are more reactive as nucleophiles than bisulfide
[12].

3.3 FTIR studies of the interfacial mechanism on
aluminas

Figure 5 shows the FTIR spectra of the three aluminas studied under
three different circumstances, i.e., the original samples with no
reactions, after reaction with metolachlor only, and after reaction
with both metolachlor and bisulfide. For the original y-AIOOH with
no reactions (curve a;), the bands at high wave numbers of 3304
and 3090 cm ™' (two split broad bands) are attributed to —OH bond
stretching vibration, whereas the bands at 2101 and 1640 cm ! are
attributed to H—O—H bond stretching vibration. The band at
1072 cm ™! corresponds to the 8,A1-O—H of boehmite, and the four
bands at 884, 740, 623, and 488 cm ! are attributed to the Al—O band
stretching vibration of boehmite [33]. For y-Al,0; sample with no
reactions (curve b;), the H—-O—H and —OH bonds were also found
but with much lower transmittance intensities in the spectra.
Meanwhile, for a-Al,0; sample before any reactions (curve c;), the
abovementioned bands were not completely detected, which
indicate no H—O—H and —OH bonds on the «-Al,O3 surface before
hydration. For the stretching vibration of bands at low wave num-
bers on y-Al,03; and «-Al,0s3, i.e., the bands at 766, 656, 620, 615, 603,
562, 553, and 465 cm ', they are all attributed to the pseudoboeh-
mite stretching [34, 35]. After reacting with metolachlor, almost no
changes were found for all the bands in the spectra for y-AIOOH
(curve a,) and v-Al,0; (curve b,) except for the increase in very small
intensities. For a-Al,03 (curve c;), the bonds corresponding to —OH
and H—O—H appeared, although with lower intensities, which
resulted from the hydration of the «a-Al,0; surface with the water
when reacted with the metolachlor solution. After reacting with
bisulfide and metolachlor for 24h, the new bands at 1162 and
1397 cm ™! associated with surface sulfur species were detected on
all the three aluminas, although with low intensities on y-Al,O3

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(curve bz) and a-Al,O3 (curve c3). These two new bands on y-AIOOH
(curve az) are more prominent than those on y-Al,03; and a-Al,03. The
band at 1162cm ™! was reported to be resulted from Al—S bond
stretching, whereas the band at 1397cm™ ' was identified in the
literature as aluminum sulfur compounds with Al-O stretching
36, 37].

Outer-sphere and inner-sphere complexes are two types of surface
complexes of anions on metal (hydr)joxides [38, 39|, the property
distinctions of which are very important for determining their
chemical behavior at the water/solid interface [40]. When bisulfide
reacted with alumina surfaces, the bisulfide anion would form inner-
or outer-sphere surface sulfur species through different adsorption
behaviors [40]. Figure 6 shows the significant concentration
decreases of the total sulfur species when bisulfide was presented
with the three aluminas in the absence of metolachlor. We also
find that the adsorbed amount of total sulfur species on the
three aluminas were almost similar although the surface area of
these three aluminas were differentiated significantly, which may be
resulted from the integrated factors from different physicochemical
properties of aluminas, such as the particle size, pore size distri-
bution, and the acidity of surface aluminol groups [27]. Overall, the
disappearance of sulfur species in the solution clearly indicated the
adsorption or adhesion of sulfur species on the aluminas. The reac-
tion between bisulfide and aluminas are important for the acceler-
ated transformation of metolachlor. Aluminum ions that bonded
with bisulfide were able to facilitate metolachlor transformation by
acting as inner-sphere surface complexes. After bisulfide was
adsorbed by chemically bonding with aluminum ions on the surface
of the aluminas, the surface protonation and reactivity of alumina
oxide were enhanced accordingly. The surface Al—S compounds
would become more negative and polar by pulling a proton from
the sulfur in the structure. Therefore, the surface sulfur compounds
are stronger nucleophiles and give metolachlor a higher transform-
ation rate. The intensities of the surface Al-S compounds on
aluminas are assumed mainly responsible for the metolachlor trans-
formation rates in the heterogeneous reaction systems. As the FTIR
results indicate, the Al-S and Al-O bond stretching on y-AIOOH

Clean — Soil, Air, Water 2013, 41 (9), 856-864



CLEAN

Soil Air Water Transformation of Chloroacetanilide Herbicide on Alumina by Bisulfide 861
2004 . — = 7 N
1504 e SR Ve \ ‘. \ '
a .  ' a ) :‘:I
~— i = ki \e. Ul N\ Il
a S 4. / = A\ ~ \ fl
. ~ 5 P 288 4\ D\ |
o~ w 2 ¢ o 2\ |
2 S W\
0 k% g (a) y-AIOOH & L) %
8 = g
o T v S S — — T T
1504 —
g o 5 -
8 s
£ 1004 R R PO e e 3 \ e g
£ \by & | - A
g 3 E X" | | 5 §
Eef ; #id
R g T
o I ®) 1410, ¥ s
|3 T T T T T T
2004 o = — e A
e |/
<4 I\ﬁl
s0d e o S b A — Ny
c, f
1004 : 4 PPN = \7 = ,."' '
- — o [ T e [l
50 8 2 nv
S s |
(c) a-ALO, i ‘lgﬁ 3
0 L) T L) T T T § T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Figure 5. FTIR spectra of (a) y-AIOOH, (b) y-Al,O3, and (c) a-Al,O3. All the three figures each include three curves: the original sample with no reaction
(curves a4, by, and c4), after reaction with metolachlor for 10 h (curves ap, by, and c,), and after reaction with metolachlor and dithionite simultaneously

for 10 h (curves ag, bs, and cz).

after undergoing the reaction achieved higher transmittance com-
pared with those of y-Al,05; and «-Al,05, which resulted in a higher
metolachlor transformation rate with y-AIOOH. With regard to
v-Al,03 and a-Al,O3, only Al-O bond stretching was found after
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Figure 6. Concentration changes of the total sulfur species (3.0 mM initial
concentrations) when reacted with the three alumina materials (10gL"")
without metolachlor at 25°C and pH 9.
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the reaction and the intensities on these two aluminas also varied
slightly. However, according to our previous report, the higher
intensity of active LAS on y-Al,03 than on «-Al,03 may lead to the
higher metolachlor transformation rate with y-Al,O53 [32].

3.4 Products of metolachlor transformation by
bisulfide on aluminas

As shown in Fig. 7, the mass spectrum was obtained from the
LC/MS analysis using the positive ion mode with [M+H]" ion.
Mercaptometolachlor with chlorine substituted by HS at m/z 281
was determined to be the main transformation product of
metolachlor by bisulfide on alumina (y-AlIOOH). In the hetero-
geneous alumina systems with bisulfide under basic conditions,
the dechlorination by nucleophilic substitution, which releases
chloride ions, is the first step in nucleophilic transformation of
chloroacetanilide herbicides [12, 14]. Metolachlor also reacted with
bisulfide via the displacement of chlorine to form mercaptometola-
chlor [2-chloro-2’-ethyl-6-methyl-N-(1-methyl-2-methyoxyethyl) acet-
anilide]. Besides the mass at mfz 281, two unidentified minor
peaks clearly relating to metolachlor were also observed at m/z
297 and 313. As reported in a previous paper [13], polysulfides
may be formed through oxidation under alkaline conditions in
heterogeneous reaction systems. The formed two products are
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Figure 7. Mass spectra in positive mode for products of metolachlor transformation by 3mM bisulfide on y-AIOOH (10gL~") for five days at

25°C and pH 9.

assumed to be disulfur (2S)-substituted and trisulfur (3S)-substituted
derivatives, which are the products of metolachlor being reacted
with the polysulfides that possibly formed in the alumina systems,
although we did not detect polysulfide in the reaction systems
possibly due to the low concentration or the decomposition of
the little polysulfides. When treating metolachlor only with bisul-
fide, i.e., without alumina, in a homogeneous system, the ensuing
metolachlor transformation obtained the same intermediates indi-
cated by the total ion chromatogram, but the peak areas for all the
three intermediates in the chromatogram were relatively lower than
that obtained in the heterogeneous system (data not presented). The
same products were also obtained in one previous study, which
identified the polysulfur-substituted products in the nucleophilic
reaction of chloroacetaminlide herbicides with polysulfides (S,>")
[13]. The nature of the dechlorinated products substituted by nucle-
ophiles suggests the bimolecular nucleophilic substitution (Sy2)
mechanism being mainly responsible for metolachlor transform-
ation by bisulfide [41], and the aluminas acting as the solid-mediator
for accelerating the reactions between metolachlor and nucleo-
philes of bisulfide in the heterogeneous system [42, 43|.

Chlorine dissociation from chlorinated organic pollutants can
generate products that are more easily degraded, which is the
important step in the decontamination of pollutants. The dechlori-
nated chloroacetanilides may be more biodegradable than the
parent chloroacetanilides [44]. The toxicity of the chlorinated com-
pounds also usually stems from the chlorine in the structure. Thus,
the dissociation of chlorine from the organic compounds would
largely reduce the toxicity. After dechlorination, chloroacetanilide
herbicides would also be more readily biodegradable and the
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toxicity, e.g., LCso, would be largely reduced [12]. Therefore, under-
standing the transformation mechanism involving the initiation
of metolachlor dechlorination by bisulfide is important for the
detoxification of this herbicide in environments after application.

3.5 Proposed metolachlor transformation
mechanism by bisulfide on aluminas

The effects of metal ions on the nucleophilic transformation of
pesticides have been extensively studied in previous investigations.
After adding the bisulfide and aluminas, aluminum ions on the
aluminas coordinated with the bisulfide and raised surface reactivity
toward the electrophilic site. The FTIR results indicate that the
surface-active sulfur species through the Al—S and Al—O—S bonds
may be formed on the alumina surface after reacting with bisulfide
for 24h. After adsorption via bond formation on aluminas, the
adsorption reaction and protonation of surface groups can form
surface Al-S compounds [37], such as = AIOHSO,2~, = AI0SO,?",
= AlSO,~, and = AlISOs®". The surface Al-S compounds would
become more negative and polar by pulling a proton from the S
in the structure. Therefore, they can act as the stronger reductants
and nucleophiles in heterogeneous reaction systems and give meto-
lachlor a higher transformation rate than bisulfide alone in homo-
geneous reaction systems. Furthermore, although the reaction
atmosphere that with O, presence or not have been reported exert-
ing little effect on nucleophilic stability of chloroacetanilide herbi-
cides when with the same nucleophiles [16], the residue O, that
probably came from the non-deoxygenated methanol can affect the
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formation of heterogeneous nucleophiles, in which bisulfide can be
integrated into polysulfides through oxidation by the residue O,
especially in alkaline conditions in the presence of active minerals,
which are more reactive as strong nucleophiles than bisulfide [13]. By
reacting with the strong heterogeneous nucleophiles, the chlorine
in the metolachlor structure is dissociated by nucleophilic substi-
tution, and the sulfur compounds were combined in the molecular
structure of the product.

4 Conclusions

In this study, the nucleophilic transformations of metolachlor by
bisulfide in heterogeneous systems with different aluminas were
investigated. The results suggest the important roles of alumina and
bisulfide in accelerating the transformation rates of metolachlor in
environments. As a strong nucleophile, bisulfide can facilitate effi-
cient metolachlor transformation rates in the absence of aluminas.
While with aluminas present in the system, metolachlor transform-
ation rates were further significantly increased. As demonstrated
subsequently, a higher reaction pH was more favorable for metola-
chlor transformation. The three aluminas varied in efficiency for
accelerating the metolachlor transformation processes owing to the
varied intensities of active sites on their respective surfaces, which
can be ranked as y-AIOOH>+v-Al,05>0-Al,05. In heterogeneous sys-
tems, the surface sulfur compounds formed through the Al-S and
Al—O bonds on aluminas were responsible for the enhanced metola-
chlor transformation rates, given their stronger nucleophilic abil-
ities compared with bisulfide. The metolachlor transformation
products obtained through the molecular chlorine substitution by
surface sulfur species were identified. The primary mechanism for
metolachlor transformation with bisulfide involved Sy2 nucleo-
philic substitution, however, the overall reaction mechanisms with
aluminas as the reaction mediators are still need to be further
investigated with a thorough analysis on transformation products
and an appropriate mass balance.
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