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Abstract 

The adsorption of the tertiary aromatic amide alachlor by Na-montmorillonite and A1- 
polyhydroxy-montmorillonite was investigated by DTA, XRD, SEM and Thermo-FTIR Spec- 
troscopy. This molecule is adsorbed into the interlayer space of the montmorillonite, replacing 
interlayer water. In this organo-clay complex the interlayer water forms hydrogen bonds with 
N or O atoms of the tertiary amide group. Samples which were aged during six months de- 
graded by hydrolysis to give mainly secondary amide. This reaction was catalysed by Al-poly- 
hydroxy-montmorillonite more than by Na-montmorillonite. 
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Introduction 

Montmorillonite cross-linked with polyhydroxy cationic species ofpolyva- 
lent metals, produces a three-dimensional network interlaced with channels 
and pores of different size, which may be considered as a precursor of pillared 
clay (PILC) [ 1, 2]. Different molecules of appropriate size present in the mont- 
morillonite suspension during its saturation with polyhydroxY cationic species, 
can be adsorbed or become entrapped in the pores. Sorption of herbicides to or- 
ganic and inorganic surfaces may decrease or increase their degradation rate, de- 
pending on the type of  binding of the organic molecule to the surface [3, 4]. 

Alachlor [2-chloro-2',6'-diethyl-N-(methoxymethyl) acetanilide], is a pree- 
mergence herbicide which has become popular for weed control in corn and soy- 
beans. Very little information is found in the literature on the adsorption mecha- 
nism ofalachlor by soil components. Alachlor sorption by soils was investigated 
and found to be the highest in surface soil (0-15 cm) and decreased with depth. 
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It was positively correlated to soil organic carbon content [5]. A similar conclu- 
sion was obtained from radioactive studies [6]. 

Recently Almandros studied the effect of modified humic acids on the sorp- 
tion of alachlor and other herbicides by soil components [7]. He showed a corre- 
lation between adsorption and the aromatic/aliphatic ratio in the humic acids and 
with the particle size of the substrate. To the best of our knowledge there is no 
information on the interaction between alachlor and the soil minerals and on the 
fine structure of the complex which may be formed between these components. 
The results presented herein demonstrate our efforts to study the adsorption of 
alachlor by Na- and At-polyhydroxy cross-linked montmorillonite. Since mont- 
morillonite is the principal clay mineral in most Israeli soils and in many other 
places, this can be used as a model for the interactions of this herbicide in Israeli 
soils. 

As well this study may lead to prepare a controlled release formulation for 
agricultural uses from a pillared clay. Controlled release enables efficient and 
economical application of the active ingredient while at the same time reducing 
the danger of undesired side-effects such as environmental pollution. The con- 
trolled release of pesticides can, in many cases, permit safer, more efficient and 
more economical crop production. 

In the present study alachlor was loaded on Na-montmorillonite and on A1- 
polyhydroxy treated clay. The physico-chemical characters of this complex 
were tested by DTA, XRD, SEM and Thermo-FTIR spectroscopy. 

Experimental 

Materials 

Montmorillonite was obtained by Fisher. Alachlor (93% purity) was sup- 
plied by Agan Chemicals. It was used without further purification. A1C13, NaC1 
and NaOH were of analytical quality. 

Preparation of  the clay samples 

Na-montmorillonite: The homoionic Na-montmorillonite was prepared by 
washing the commercial Fisher bentonite five times with 1N NaC1 solution, fol- 
lowed by removal of excess salt by dialysis. The end of the washing process was 
determined by AgNO3. 

Na-montmorillonite/alachlor: 200 mg of Na-montmorillonite were treated 
with 200 nag of alachlor dissolved in 1 ml acetone. The acetone was evaporated 
at room temperature. 

Al-polyhydroxy cross-linked montmorillonite (PILC) : An Al-hydroxide so- 
lution with an OH/A1 molar ratio of 1.85 was prepared by dropwise addition of 
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aqueous 0.2 M NaOH to a 0.2 M A1C13 solution. The resulting solution was aged 
at 25~ for one week. Under these conditions the Al-polyhydroxy cation 
[Al1304(OH)24H20] 7+, known as the Keggin ion, was formed in solution. The 
Keggin ion solution was added dropwise with vigorous stirring to a 200 mg L -1 

-1 Na-montmorillonite suspension. The A1/montmorillonite ratio was 1.96 mM g 
The resulting flocs were left to settle for two hours, the supernatant was then re- 
moved, and the sediment was freeze-dried. 

Al-polyhydroxy-montmorillonite/alachlor: 200 mg of alachlor were mixed 
with 200 mg of Na-montmorillonite, and the mixture was suspended in one liter 
of  water. The produced suspension was treated with a Keggin ion solution as de- 
scribed above. Dry material from Keggin ion solution (DKI) was obtained by 
freeze drying of the aqueous Keggin ion solution. 

Differential thermal analysis 

A home-made DTA instrument was used [8]. The thermocouples were made 
of platinum and platinum +10% rhodium. The rate of heating was 10~ rain -1. 
Several milligrams of the temperature markers AgC1 (445~ and NHgNO3 (85, 
125, 212~ were added to the inert material to act as internal temperature indi- 
cators. 

X-ray diffraction 

X-ray diffraction patterns were measured using a Philips PW 1720 diffrac- 
tometer with Ni-filtered CuK~ radiation. The scanning rate was one degree per 
rain. Samples were measured as powder at room temperature and after overnight 
heating at 200 and 300~ 

Scanning electron microscopy 

Scanning electron micrographs were carried out on freeze dried samples us- 
ing a Jeol JSM-T330A instrument. 

Thermo infrared spectroscopy 

FTIR spectra were obtained with a Nicolet model Magna 550 spectrometer in 
KBr disks. The clay was saturated with excess amounts of alachlor. Samples 
were studied by IR spectroscopy: a) two days after saturation of the clay with 
alachlor (fresh samples); b) half a year after the the saturation (aged samples). 
KBr disks were prepared and the spectra were recorded immediately after the 
preparation of the disks. Since the disks contained excess alachlor they were 
thermally treated at 105~ for five days and after re-pressing the disks the spec- 
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Fig. 1 DTA curves of (A) Na-montmorillonite, (B) Alumina gel (freeze dried Keggin ion), 
(C) Al-polyhydroxy-montmorillonite (PILC), (D) Alachlor, (E) Na-montmorillonite 
treated with alachlor and (F) Al-polyhydroxy-montmorillonite treated with alachlor 

tra were recorded. The excess free alachlor was evolved during the thermal 
treatment and the recorded spectrum was that of the adsorbed alachlor. 

Results and discussion 

Thermal analysis 

DTA curves of Na-montmorillonite, Al-polyhydroxy treated clay (PILC) 
and of these two clays treated with alachlor are shown in Fig. 1. For comparison, 
the DTA curves of DKI (obtained by drying the Keggin ion solution) and of 
alachlor are also shown. Na-montmorillonite (curve a) shows two endothermic 
peaks at 90 and 690~ which represent the dehydration and dehydroxylation of 
the clay respectively. Al-polyhydroxy clay (curve c) shows an additional broad 
endothermic effect ranging from the dehydration peak up to 280~ This is prob- 
ably due to the evolution of water initially hydrating the Keggin ion followed by 
the evolution of Keggin ion structural water, migrating through the channels of 
the cross-linked aluminum-polyhydroxy cation [9]. In addition to the dehy- 
droxylation peak of Al-polyhydroxy clay a small endothermic peak appears at 
745~ which might be due to residual interlayer aluminum oxy-hydroxide. 

The DKI DTA curve (curve B) shows an endothermic effect which starts at 
about 70~ and represents dehydration. This effect ends with an endothermic 

J. Thermal AnaL, 50, 1997 



NASSER et al.: ADSORPTION OF ALACHLOR 261 

peak at 270~ which represents the first stage of  the dehydroxylation of the alu- 
mina gel. Up to this stage the DTA curve is similar to the DTA curve of  a gel 
which was precipitated atpH 5 by Mackenzie and Berggren [ 10]. The second en- 
dothermic peak appears in our curve at 800~ which seems to be high for the 
second stage of  dehydroxylation of the alumina gel as reported by Mackenzie 
and Berggren [ 10]. 

The DTA curve of neat alachlor shows an endothermic peak at 220~ which 
probably represents the boiling of  the compound. According to the "Pesticide 
Manual" alachlor boils at 100~ under a pressure of 0.02 mm Hg [ 11 ]. This com- 
pound decomposes during boiling in air atmosphere. At the boiling point most of 
it evaporates from the DTA cell and the residue is polymerized and later is oxi- 
dized. The DTA curve shows that the oxidation starts at about 580~ An ex- 
traordinary shaped exothermic peak appears at 770~ 

The DTA of Na-montmorillonite treated with alachlor shows an endother- 
mic peak at 220~ indicating that the sample contains free alachlor. The dehy- 
dration peak at 90~ becomes very weak, compared with the DTA curves of Na- 
montmorillonite which were not saturated with alachlor. This is an indication 
that the adsorbed alachlor replaced interlayer water, and is located in the inter- 
layer space. 

The oxidation of the adsorbed alachlor starts immediately after the endother- 
mic peak showing a bend at 390~ and two exothennic peaks at 600 and 700~ 
The differences between this DTA curve and that of  the neat alachlor is due to 
the fact that the herbicide is sorbed by the clay. 

The exothermic region of  the DTA curves of the Al-pillared clay/alachtor 
complex is similar to the Na-montmorillonite/alachlor complex, in that both 
show that the herbicide is adsorbed by the clay. However, in the Al-pillared clay 
complex, only small amounts of free alachlor are present, as is indicated by the 
small endothermic peak at 220~ In contrast to Na-montmorillonite, the dehy- 
dration peak at 90~ becomes only slightly smaller than that peak in the DTA 
curve of  Al-piltared clay, indicating that only part of  the interlayer water is re- 
placed by the organic molecule. 

The exothermic region of the DTA curves in Na-montmorillonite and Al-pil- 
lared montmorillonite treated with alachlor shows three exotherms. The first 
exotherm at 390~ (shoulder) and 450~ in the curves of Na-montmorillonite 
and Al-pillared montmorillonite, respectively, represents the oxidation of  hy- 
drogens associated with polymerization of  carbons to charcoal. The second 
exotherm at 600~ in both clays represents the oxidation of the charcoal ob- 
tained from aliphatic carbons. The third exotherm at 700~ in both clays repre- 
sents the oxidation of  the charcoal obtained from aromatic carbons [ 12]. The dif- 
ferences between the intensities of these peaks in the two curves can be ex- 
plained as follows: The sample of  the Na-montmorillonite contains more 
alachlor than the sample of the pillared clay. Consequently at the low tempera- 
ture only hydrogens are oxidized and all carbons polymerize to charcoal. In A1- 
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pillared montmorillonite some of the aliphatic carbons are also oxidized at this 
stage and consequently the intensits, of the 600~ peak is weaker than that of the 
aromatic carbons oxidation. 

X-ray diffraction 

Table 1 summarizes the interlayer spacings of the Na- and Al-polyhydroxy- 
montmorillonite before and after treatment with alachlor. Na-montmorillonite 
dehydrated to 0.97 nm during the thermal treatment at 300~ whereas Na-mont- 
morillonite treated with alachlor did not shrink to this spacing, this indicates that 
the organic material was present in the interlayer space. At 300~ the sample be- 
came black indicating the intercalated alachlor was graphitized. 

Table 1 Interlayer spacings (nm) of montmoriilonites before and after treatment with alachlor at 
room temperature and after thermal treatments 

Sample 25~ 200~ 300~ 

Na-montmorillonite 

Na-montmorillonite/alachlor 

Al-polyhydroxy-montmorillonite 

Al-polyhydroxy-montmorillonite/alachlor 

1.09 1.06 0.97 

1.60 1.60 1.58 

1.43-1.53 1.74 1.77 

1.79 1.80 1.63-1.71 

In contrast to Na-montmorillonite, Al-polyhydroxy-montmorillonite did not 
shrink to 0.97 nm at 300~ This substantiates that the polyhydroxy cation is lo- 
cated in the interlayer space. The c-spacing of  this sample after the thermal treat- 
ment increased from 1.4-1.5 nm at room temperature to 1.77 nm at 300~ indi- 
cating structural rearangement of the Al-polyoxy cation obtained from the dehy- 
droxylation of Keggin cation at elevated temperatures [9]. Al-polyhydroxy- 
montmorillonite treated with alachlor inditially shows a higher c-spacing than 
the non-treated clay. It shrinks slightly just after heating at 300~ proving that 
alachlor was intercalated in the interlayer space of the Al-polyhydroxy treated 
clay, and thus disturbed the rearrangement of the skeleton of the oxyaluminum 
cation which was observed with the PILC. 

Scanning electron microscopy 

Representative scanning electron micrographs of  Na- and Al-polyhydroxy- 
montmorillonite and these clays treated with alachlor are shown in Fig. 2. Na- 
montmorillonite shows platy, book-like structure. The Al-polyhydroxy-mont- 
morillonite on the other hand, shows a spongy flocculated mass, with a book 
house structure. The layers in a book are held together by bridging Al-hydroxy 
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Fig. 2 Representative scanning electron micrographs of (A) Na-rnontmorillonite, 
(B) Al-polyhydroxy-montmorillonite, (C) Na-montmorillonite treated with alachlor, 
and (D) Al-polyhydroxy-montmorillonite treated with alachlor 

cations, and the books appear swollen compared to the books in Na-montmoril- 
lonite. The books form flocs with an edge to face structure. This structure is ob- 
tained due to the polyhydroxy cations which are adsorbed at the edges of the 
books contributing to the broken bonds positive charges. A few edge to edge as- 
sociations are also observed. 

The micrograph of Al-polyhydroxy-montmorillonite saturated with alachlor 
is similar to the sample without alachlor but the voids are slightly smaller and 
some of the books are less swollen. Due to this similarity it is suggested that the 
floc formation in this case is controlled by the presence of Al-polyhydroxide. 

The micrograph of Na-montmorillonite saturated with alachlor looks differ- 
ent from the other samples. The sample forms flocs with a significant edge to 
edge associations of the books. The voids are smaller than those which were ob- 
tained with the Al-polyhydroxy-montmorillonite in the absence or presence of 
alachlor, As well, the voids are elongated in contrast to the circular voids which 
are obtained in the Al-polyhydroxy samples. Due to the high edge to edge inter- 
action, the book seems to be more elongated compared to the other samples. 

The different floc forms seems to be due to the fact that the alachlor mole- 
cule, to some extent, is an amphipatic molecule, the N-(CO-CH2-C1)(CH2-O- 
CH3) is a polar head which is bound to the clay layer edge (broken bonds), the 
aromatic ring with the two ethyl groups is the hydrophobic part of the molecule, 
which, when absorbed at the clay edges, is directed to the opposite side. An edge 
to edge association is obtained by van der Waals interaction between the edges. 
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Thermo-infrared spectroscopy 

Samples treated with alachlor and heated at 105~ in KBr disks were exam- 
ined two days after their preparation and six months later (Fig. 3, Tables 2, 3). 
Fresh Na-montmorillonite did not show degradation products of alachlor, 
whereas Al-polyhydroxy-montmorillonite showed some signs of degradation 
products already two days after the preparation. In the first stage features of ad- 
sorbed alachlor will be described and this will be followed by the features of de- 
graded alachlor. 

Fresh samples: 

C=O vibration. The C=O stretching vibration appears at 1687 c m  -1 in the spec- 
trum of solid alachlor in a KBr disk. In Na- and Al-polyhydroxy-montmorillo- 
nite saturated with alachlor and heated at 105~ as KBr disks for five days, this 
band is shifted to lower frequences and is splitted to several maxima. The shift 
indicates the involvement of  the C=O groups in new hydrogen bonds. The sev- 
eral maxima indicate that hydrogen bonds with different strengths are obtained. 
Hydrogen bonds are formed with the interlayer water (Scheme 1A). 
C (aromatic)-N vibration. The CN stretching vibration appears at 1319 cm -1 in 
the spectrum ofalachlor in a KBr disk. In a disk of Na-montmorillonite saturated 
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Fig. 3 Infra-red spectra of (A) alachlor, (B) Na-montmorillonite treated with alachlor (fresh 
sample), (C) sample B aged six months, (D) Al-polyhydroxy-montmorillonite treated 
with alachlor (fresh sample) and (E) sample D aged six months 
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with alachlor and heated at 105 ~ this band is splitted to 1310 (Scheme 1 A) and 
1323 cm -1 the latter indicates the involvement of the nitrogen in hydrogen bond 
with interlayer water (Scheme 1B). 
C (aliphatic)-Nvibration." In the spectrum of  the neat alachlor two bands can be 
assigned as CN stretching vibration at 1245 and 1193 c m  -1. The location of the 
former is due to some contribution of  a double bond character and is therefore 
attributed to carbon 1 of  the 2-chloroacetamide group. The latter is attributed to 
carbon of  the methoxymethyl  group. When alachlor is adsorbed by Na- or A1- 
polyhydroxy-montmoril lonite the 1245 cm -1 band splits to two bands at 
1241-2 and 1251-2 cm -I. This splitting could be explained by the presence of  

Table 2 Assignments and wavenumbers (cm -1) of characteristic absorption bands in the IR 
spectra of alachlor, neat and adsorbed by Na- and Al-polyhydroxy-montmorillonite 

Band assignment* Neat Na-mont. Al-polyhydroxy-mont. 

CH(aromatic) 3067, 3026 3070br, 3026sh 3070, 3034 

CH 3 2972, 2880 2972, 2880 2972, 2878 

CH 2 2940, 2834 2940, 2835sh 2938, 2857sh 

C=O 1688 1677, 1671 1677, 1672 

1656, 1647 1655, 1650sh 

Ring 1590vw, 1438 1590vw, ]431 1590vw, 1431 

1413, 1410 1419, 1407 1407 

C-CH 3 1458, 1373 1458, 1375 1459, I375 

C(aromatic)-N 1319, 131 lsh 1323, 1310 1322, 1311 

C(aliphatic)-N 1245 1251, 1241 1252, 1242 

1193 1193 1194 

*According to Rao [13]; br - broad, sh - shoulder, vw - very weak. 

Table 3 Several characteristic new bands in the IR spectra (cm -1) of aged Na- and 
Al-polyhydroxy-montmorillonite 

Band assignment* Na-mont. Al-polyhydroxy-mont. 

NH 3385, 3261 3398, 3260 

C=O stretching (amide I) 

Primary 1684 1684, 1680 

Secondary 1653 1658 

Tertiary 1678sh 1676 

NH deformation (amide II) 

Secondary 1526 1527, 1523 

*According to Rao [13]; sh - shoulder 
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two sites for hydrogen bond formation with water molecules, the oxygen and the 
nitrogen atoms of  the tertiary amide group, as shown in Scheme 1A and B re- 
spectively. The probability for double bond character between N and C-ali- 
phatic (in which the nitrogen is the electron pair donor) is smaller in B than in A. 
Consequently B results in a shift to the lower frequency, wheares A results in a 
shift to a higher frequency. 
Ring vibratioins: Slight shifts are observed in the ring vibration, which may in- 
dicate some re intractions between the aromatic ring and the oxygen plane. 

, Q 

\ o 0 Et 

lq --OK2 --0- CH3 N(CH2 -- 0 - -  CE 3 

E~ Et 

A I3 

Scheme  1 A model showing two different sites for proton acceptance in alachlor and hydro- 
gen bond formation with interlayer water molecules 

The C - O - C  stretching bands are located at 940 and 1122 cm -1 in the spec- 
trum of  dimethylether. It is expected that similar bands will appear in the spec- 
trum of alachlor. We therefore assigned bands at 929 and 1125 cm q as the sym- 
metric and asymmetric C-O-C stretching bands, respectively. Since this region 
overlaps the Si-O and A1-OH absorption of  the clay it was impossible to detect 
these bands in the spectra of  adsorbed alachlor. For the same reason the C-C1 
band was not observed in the spectra of adsorbed alachlor. 

Aged samples' 

The bands which characterise alachlor appeared in the spectra of the aged 
samples, however they were relatively weak compared to the bands in spectra of 
fresh samples. Two new bands appeared in the range 3200-3400 cm- which 
may be attributed to primary or secondary amide (NH groups). These groups are 
obtained by hydrolysis of  the tertiary amide. In the spectrum of  the Na-clay the 
high frequency band is very weak and broad whereas the second band is sharp 
and very intense. It is therefore assumed that most of  the hydrolysis product is a 
secondary amide. The primary amide, if  formed, is present in relatively small 
amounts. In the range 2800-3000 cm -x the absorbance decreased significantly 
indicating the evolution of aliphatic chains. Mainly the CH2 bands became 
weaker indicating that the 2-chloroacetamide was the evolved fraction. 

In the 1800-1200 cm -1 new intense bands appear at 1654 and 1526 cm -1 
which may be attributed to amide I and amide II bands of  a secondary amide. 
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The principal contribution to bands I and II are the CO and NH group, respec- 
tively [13]. A weaker band appeared at 1684 cm -I which is attributed to a pri- 
mary amide. The amide II band of the primary amide was not detected probably 
because it was present in small amounts and because this band overlaped the 
H20 deformation band. 

Al-polyhydroxy-montmorillonite treated with alachlor showed similar deg- 
radation products. They were observed already after only 48 h, but their relative 
amounts increased tremendously after six months. 

Conclusions 

In the present study the possible adsorption of the herbicide alachlor by Na- 
and Al-polyhydroxy-montmorillonite was investigated. DTA showed that the 
thermal curves of alachlor were changed in the presence of both montmorillo- 
nites indicating that this herbicide was adsorbed by these clays. The thermal 
curves also showed that alachlor replaced most interlayer water Na-montmoril- 
lonite and to some extent also interlayer water of Al-polyhydroxy-montmorillo- 
nite. 

X-ray diffraction showed that the adsorbed molecules were located in the in- 
terlayer space of Na- and Al-polyhydroxy-montmorillonite. Electron micros- 
copy showed different micrographs between Na- and Al-polyhydroxy-mont- 
morillonite, when Al-polyhydroxy-montmorillonite was treated with alachlor 
the micrographs were similar to that of the non-treated Al-polyhydroxy-mont- 
morillonite. Floc formation edge-to-face in both cases was due to the polyhy- 
droxy cations which were adsorbed in part at the edges of platelets. Na-mont- 
morillonite showed a book-like structure. When the clay was saturated by 
alachlor edge-to-edge flocs were obtained due to van der Waals interactions be- 
tween the non-polar hydrophobic part of the organic molecules which were at 
the platelet edges. 

Thermo-FTIR spectroscopy showed that the adsorption of alachlor was ob- 
tained with hydrogen bonds between interlayer water molecules and the N or O 
atoms of the amide groups. As well, IR showed that aged alachlor-montmorillo- 
nite associations degraded by hydrolysis. The aliphatic chains were evolved and 
a secondary amide was obtained. To a small extent primary amide was also ob- 
tained. Al-polyhydroxy-montmorillonite was a better catalyst for this degrada- 
tion than Na-montmorillonite. 
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