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Abstract-The adsorption-catalyzed degradation of parathion on clay surfaces is a hydrolysis process, proceeding either 
directly or through a rearrangement step. The rale and mechanism of degradation are dependent on the nature ofthe clay. 
its hydration status, and saturating cation. A mechanism for parathion degradation at adsorption sites on clay surfaces, 
in the absence of a liquid phase, is proposed. 
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INTRODUCTION 

Parathion (O,O-diethyl O-p-nitrophenyl phosphoro­
thioate) is one of the most widely used plant and soil 
insecticides. Its metabolism in both biotic and abiotic 
media proceeds through one or more of the following 
reactions: isomerization, hydrolysis, oxidation, reduc­
tion (Melnikov, 1971). Clays are well known as poten­
tial catalyzers of various kinds of reactions of the ad­
sorbed molecules (Mortland, 1970; Theng, 1974). As 
clay-parathion complexes are often formed, either in 
soils or in formulations using clays as carriers, their 
effect on parathion conversion may play an important 
role in parathion alteration in the environment. 

The catalytic effect of clays on the metabolism of 
some organophosphate pesticides, such as malathion, 
dursban, diazinon, ronnel, zytron, and pyrimiphos eth­
yl, was reported by Polon and Sawyer (1962), Mortland 
and Raman (1967), and Mingelgrin et al. (1975). The 
only degradation mechanism observed in all these cases 
was the hydrolysis of the phosphate ester bond of the 
adsorbed molecule. Such factors as the nature of the 
clay, the moisture content, the saturating cations, and 
the incubation temperature, were found to affect the 
rate of the process. In recent years, some results on 
kaolinite-parathion interactions were reported. Kaolin­
ite was found to enhance parathion degradation; this 
process also proceeds by the hydrolysis of the phos­
phate ester bond (Saltzman et aI., 1974; Mingelgrin et 
aI ., 1977). 

Rosenfield and Van Valkenburg (1965) observed that 
various homoionic bentonites, dried at elevated tem­
peratures (300-950°C), induced the degradation of a 
thiophosphate (ronnel), the process occurring through 
a molecular rearrangement. The possible rearrange­
ment products of parathion are known to be much more 
toxic to mammals than is the parent compound (Joiner 
et aI., 1973). Therefore, it is important to check if such 
a process is possible in the case of clay-parathion com-
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plexes and, if so, to understand its mechanism and 
study the specific conditions favoring it. 

MATERIALS AND METHODS 

The clays used in this study were Wyoming bentonite 
(B-235, Fisher Scientific Co., Fair Lawn, N.J. , U.S.A.) 
and kaolinite (Peerless No. 2, R. T . Vanderbilt, Export 
Corp., Norwalk , Conn., U.S.A.). The clays investi­
gated were the natural commercial bentonite (which is 
a Na-saturated clay), and homoionic Ca-bentonite and 
Ca-kaolinite, prepared by a method described by 
Shainberg and Otoh (1968). Other materials used as ad­
sorbents were silica gel and anionotrop and cationotrop 
aluminum oxide (chromatography grade, activity grade 
I, M. Woelm, Eschwege, W. Germany) . 

Parathion- l4C, labeled in the alkyl chain (Amersham 
Radiochemical Center, Arlington Heights, Illinois, 
U.S .A.), and high grade parathion (Analabs , Inc. , 
North Haven, Conn., U.S.A.) were used; paraoxon 
(Koch Light Labs., England) , diethyl thiophosphoric 
acid, ammonium salt (Ciba-Geigy , AG, Basle, Swit­
zerland), and p-nitrophenol (BDH, Poole, England), 
were used as standards. 

Procedure 

The persistence of parathion when adsorbed on var­
ious adsorbents was investigated by two procedures: 

a) Clay-parathion-14C complexes were prepared by 
shaking for 30 min 0.3 g air-dried clay with 5 mI hexane 
solution containing 10,000 ppm parathion-14C. The su­
pernatant was checked for parathion, and discarded; 
the clay was washed with 5 ml hexane, which was also 
checked for parathion and discarded. The clay-para­
thion complex obtained was dried in an air stream, and 
divided into subsamples of 0.05 g, which were incu­
bated in an oven, at different temperatures, for various 
periods of time. After incubation the samples were ex­
tracted twice, each time for 1 hr, with 4 mI hexane, to­
gether with 2 ml deionized water. 

b) The clays were dried for 24 hr at 1100 and 200°C 
and clay-parathion complexes were prepared by adding 
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Table I. Composition of the hexane extracts of parathion complexes (TLC data). 

Incubation conditions Componen(s' 

Adsorbent Pretreatment Temp (OC) Time Parathion SEP 

Bentonite (crude) none 180 to min m 
Ca-bentonite none 180 10 min m 
Ca-kaolinite none 110 10 min w 
Aluminum oxide cationotrop none 110 2 min m 
Aluminum oxide anionotrop none \10 2 min m 
Silica gel none 140 to min w 

Bentonite (crude) none m 
IIO"C m 
200"C 22 60 days m w 

Ca-bentonite none m 
IIO"C m m 
200"C m 

Ca-kaolinite none m w 
Aluminum oxide cationotrop none 50 days w 
Aluminum oxide anionotrop none m 

I The letters s (strong), m (medium), and w (weak) denote the relative intensities of the spots. 

parathion to the predried, as well as to air-dried clays. 
The samples were kept in a desiccator and checked at 
various intervals. The preparation and the extraction 
procedures were similar to those described previously. 
All incubations were in the absence of a liquid phase. 

Analytical methods 

Several analytical methods were used to identify and 
quantitate parathion and its metabolites in both the 
water and hexane used for extraction. 

Thin-layer chromatography. Silica gel, fluorescein­
containing precoated plates (Riedel-De-Haen AG, 
Seelze-Hannover, W. Germany), were activated for I 
hr at 105°C. The extracts were spotted and the spots 
were either air-dried or dried with the aid of an air 
stream. The solvent systems used were petroleum 
ether:chloroforrn:methanol, 7:3:0.3 for the hexane ex­
tracts, and 6:2:2 for the water extracts. The spots were 
viewed under UV light and after spraying with a pal­
ladium chloride solution, and an additional spray with 
NaOH (Lichtenstein and Schulz, 1%4). Parathion, 
paraoxon, diethylthiophosphate, and p-nitrophenol so­
lutions were used as standards. 

Infrared spectroscopy . Hexane extracts were ap­
plied as continuous bands on TLC plates and developed 
as described previously. The separated bands were 
scraped off and eluted with water:hexane, I :2. The con­
centrated hexane extracts were evaporated on AgBr 
windows and the IR spectra were recorded. Parathion 
and paraoxon standards were run in a similar way. 
These two analytical methods were used for the sepa­
ration and identification of parathion metabolites. 

Gas-liquid chromatography. Five JLI a]iquots of the 
hexane extracts and standard solutions were injected 
into a gas chromatograph equipped with a glass column 

90 cm long, filled with 3.4% QF-l + 6.2% DC-200 on 
Gaschrom Q. The operating conditions were 225°, 
205°, and 22YC for the inlet, column, and detector, re­
spectively, and the flow rate of the gas carrier (N2) was 
70 ml/min. Under these conditions, a good separation 
of parathion, paraoxon, and O,S-diethyl O-p-nitro­
phenyl phosphate was obtained. 

He-counting . Both water and hexane extracts ob­
tained from the experiment in which labeled parathion 
was used, were checked in the presence of a scintilla­
tion fluid containing 60 g naphthalene, 4 g PPO, 0.2 g 
POPOP, 100 cc methyl alcohOl, and 20 cc ethylene gly­
col to I liter dioxan. The last two methods were used 
to quantitate parathion and its metabolites, which were 
identified by TLC and IR spectroscopy. 

Apparatus. The IR spectra were recorded on a Per­
kin-Eimer 257 infrared spectrophotometer; for the ra­
dioactivity measurements a Packard model 3003 Tri­
carb scintillation spectrometer was used . Gas-liquid 
chromatography was performed by a Packard gas chro­
matograph equipped with an alkali flame ionization de­
tector. 

RESULTS AND INTERPRET A nON 

The behavior of parathion as affected by temperature 
was checked by IR spectroscopy by heating pure para­
thion at 180°C for up to 2 hr in a heating cell . No alter­
ations in the spectra were noted, other than a decrease 
in the intensity of all the peaks, due to volatilization. 
However, incubation of clay-parathion complexes at 
similar or lower temperatures resulted in marked and 
rather fast modifications of the adsorbed parathion. 

Thin-layer chromatography. All the hexane extracts 
obtained from parathion incubated with different ad­
sorbents and in different conditions were checked by 
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Fig. 1. Parathion loss and SEP evolution at various temperatures on Ca-bentonite. 

TLC. Some representative data are given in Table 1. 
The qualitative nature ofthe TLC data enables the com­
parison between the intensities of the spots obtained 
from one sample, but less so between different sam­
ples. Only one or two spots could be detected in all the 
samples investigated. One of them (Rf 0.87) was iden­
tified as parathion (O,O-diethyl O-p-nitrophenyl phos­
phorothioate), by using a standard parathion solution, 
while the second (Rf 0.56) was identified as the para­
thion isomer, O,S-diethyl O-p-nitrophenyl phosphate 
(SEP). This identification was carried out by isolating 
the metabolite by TLC, and comparing its IR spectra 
with the IR spectra of standards (Joiner and Baetcke, 
1974). 

The qualitative analysis of the hexane extracts shows 
that SEP is always found in the presence of bentonites 
in which under some specific conditions it could be the 

predominant or the only compound present. Relatively 
small amounts of SEP were also found in the hexane 
extracts obtained from kaolinite and silica gel, and no 
such compound was detected in the case of the alumi­
num oxides investigated. 

The TLC examination of the water extracts indicated 
that 2-3 spots are separated by the solvent system used. 
Two of the spots, with Rf 0.56 and Rf 0.16, were iden­
tified as p-nitrophenol (PNP) and diethyl thiophosphate 
(DETP), respectively. A more polar, unknown, com­
pound (Rf 0.12) could be seen by UV -light and gave a 
brownish-yellow color upon spraying with the detec­
tion reagents, which indicates the presence of a S atom. 
This spot was tentatively identified as the phosphate 
hydrolysis product of SEP. This identification is sup­
ported by the fact that it appeared after SEP was formed 
and degraded. For example, in the water extract of ben-

Table 2. Composition of the water extracts of parathion complexes (TLC data). 

Incubation conditions Components I 

Adsorbent Pretreatment Temp (0C) Time PNP DETP Unknown 

Bentonite (crude) none 180 10 min m 
Ca-bentonite none 180 10 min m 
Ca-kaolinite none 110 10 min m m m 
Aluminum oxide cationotrop none 1I0 2 min m m w 

Bentonite (crude) none w vw 
IIO"C w vw 
200"C vw vw 

Ca-bentonite none 22 60 days w m vw 
1I0·C vw w vw 
200"C vw vw vw 

Ca-kaolinite none m w m 
Aluminum oxide cationotrop none 22 50 days m 
Aluminum oxide anionotrop none m m m 

I The letters s (strong), m (medium) , w (weak) and vw (very weak) denote the relative intensities of the spots. 
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Fig. 2. Comparison between parathion loss and SEP evolution on Na- and Ca-bentonite. 

tonites heated at ISO"C for 10 min this spot is rather 
strong (Table 2 and Figure 1). 

Table 2 gives some of the representative results ob­
tained by the TLC analysis of the water extracts. The 
presence of either DETP or the unknown polar com­
pound, or both, is an indication of the degradation 
mechanism . DETP is the phosphate-containing, hy­
drolysis product of parathion, while the polar, un­
known, water-soluble compound seems to be the hy­
drolysis product of SEP, which was identified in the 
hexane extracts. Both SEP and parathion hydrolysis 
produces p-nitrophenol. The results obtained suggest 
that the degradation pathway is dependent on both the 
nature of the adsorbents and the incubation conditions. 
In bentonite-parathion complexes incubated at tem­
peratures above l()()OC no DETP, but only the unknown 
more polar compound and PNP were detected. Under 
similar conditions, Ca-kaolinite and aluminum oxide 
yielded both DETP and the unknown compound. This 
indicates that under these conditions, formation of SEP 
and its subsequent hydrolysis is the predominant mech­
anism for bentonites, while for kaolinite and aluminum 
oxide this mechanism and direct parathion hydrolysis 
seem to proceed simultaneously, with direct hydrolysis 
of parathion dominating in the case of the aluminum 
oxide. The rate of hydrolysis was about 5 times larger 
on the cationotrop as compared with the anionotrop 
aluminum oxide. 

With all the adsorbents except the crude bentonite , 
long term incubation for 50-60 days at room tempera­
ture resulted in a degradation pattern similar to that 
mentioned previously in the case of kaolinite and alu­
minum oxides (the aluminum oxide cationotrop is one 
of the most active adsorbents in promoting parathion 
hydrolysis). On the other hand, the water extracts of 
the Na-bentonite complexes, irrespective of the pre­
drying temperature, displayed only weak spots of 
DETP, and no spots of the unknown polar compound 

could be detected. With the homo ionic Ca-bentonite 
direct parathion hydrolysis seems to be the dominant 
process in the air-dried samples, whereas in samples 
preheated at higher temperatures the relative impor­
tance of this degradation pathway declined (Table 2). 

Gas-liquid chromatography-He-counting. The in­
formation obtained by TLC was used further to quan­
titate the rate of these processes by a combined GLC-
14C counting technique. In the hexane extracts in which 
parathion only was detected by TLC, this compound 
was measured by 14C-counting. When both parathion 
and SEP were present in the same extract , the total 
amount of both compounds was accounted for by HC 
counting. In these extracts two peaks were obtained by 
GLC. One of the peaks (Rt 4.2 min) was identified as 
parathion and quantitatively measured by using stan­
dard parathion solutions . The retention time of the sec­
ond peak was S.2 min. The amount of SEP was calcu­
lated as the difference between the total amount of 14C 
labeled compound and the amount of parathion found 
by GLC. The results obtained in such a way for Ca­
bentonite-parathion complexes heated at different tem­
peratures are presented in Figure I. 

The increase in temperature leads, as expected, to an 
increase in the rate of the degradation process, which 
in the case of bentonite proceeds through the formation 
of the rearrangement product SEP. The stability of this 
product is highly temperature-dependent. After 5 min 
at lSO"C SEP concentration declined sharply, whereas 
at !05°C it was stable even after 18 hr. This shows that, 
under some conditions, the formation of SEP could be 
the rate-limiting step in parathion degradation. As the 
decrease in parathion concentration, the formation and 
disappearance of SEP, and the formation of the water­
soluble hydrolysis product are consecutive reactions, 
each one with its own kinetics, the order of the overall 
reaction is complicated. Even the rate of the rearrange­
ment reaction as extracted from the slope of parathion 

https://doi.org/10.1346/CCMN.1979.0270109 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1979.0270109


76 Mingelgrin and Saltzman Clays and Clay Minerals 

disappearance at time = 0 (Figure 1) does not obey 
simple zero or first-order reaction kinetics. 

The effect of the saturating cation of the bentonites 
may be inferred from Figure 2, which presents a plot 
of the amounts of parathion disappearing, and of SEP 
recovered from bentonites after 10 min of incubation, 
versus the incubation temperature. Although the effect 
of temperature is rather similar-by increasing the tem­
perature the amount of parathion decreases and that of 
SEP increases-there is an obvious difference between 
the two clays. The fraction of parathion remaining is 
higher with the crude bentonite, which is Na-saturated, 
than with the homoionic Ca-bentonite; also the fraction 
of SEP present is smaller with the Na-c1ay. 

The extent of the hydrolysis of both parathion and 
SEP was determined from the l4C-counting in the water 
extracts. However, totalHC recovery (water plus hex­
ane) at temperatures above 110°C decreased with time 
of heating. The loss in HC-counting is due to three fac­
tors: a) volatilization of parathion and SEP; b) fixation 
of the phosphate degradation product (Saltzman et aI., 
1976); and c) formation of volatile products of further 
degradation. At 180°C the presence of the ethyl mer­
captan gas was detected by the lead acetate test. 

DISCUSSION 

The results obtained show that the adsorption cata­
lyzed degradation of parathion on clays is a hydrolysis 
process, which proceeds directly andior through an in­
termediary step, which was identified as a molecular 
rearrangement: 

The rearrangement product may be rather long-lived. 
The degradation mechanism and the velocity of the 

process are dependent on the nature of the clay, the 
saturating cation, and the hydration status of the clay, 
which is determined by the incubation conditions. The 
effect of the hydration status is emphasized by the re­
sults obtained with predried Ca-bentonite. By reducing 
the moisture content, the relative rate of the rearrange­
ment reaction increases (Table 1), while the direct hy­
drolysis rate decreases (Table 2). It should be noted that 
an IR study of the dehydration of homoionic ben­
tonites demonstrated that Ca-bentonite loses most 
of its cation hydration water at about 150°C, while 
some of this water is retained even above 200°C 
(Mingelgrin and Saltzman, unpublished data). 

The results obtained with silica gel and aluminum 
oxides as adsorbents shed some light on the degrada-

tion mechanism, as related to the surface structure. 
Although the process was very slow in the presence of 
silica gel, the degradation proceeded through the mo­
lecular rearrangement exclusively, and no traces of the 
water-soluble degradation products were observed. 
With aluminum oxide, relatively very fast, direct hy­
drolysis was the predominant mechanism. This pro­
vides the explanation for the difference in behavior be­
tween bentonite and kaolinite clays. Bentonites, the 
adsorbing surfaces of which are almost exclusively sil­
ica sheets, behaved in a way similar to silica gel, al­
though the specific features of the bentonite surfaces 
(the presence of counter-cations, the characteristics of 
the interlayer spaces, etc.) greatly enhanced the veloc­
ity of the process, as compared with silica gel. The pres­
ence of both alumina and silica surfaces in kaolinite 
may explain the simultaneous occurrence of the two 
degradation mechanisms, although direct hydrolysis is 
the predominant pathway at lower parathion concen­
trations (Mingelgrin et aI., 1977). This is probably due 
to the stronger adsorbing capacity of alumina surfaces, 
as compared with silica ones, due to the surface hy­
droxyls-benzene ring interactions (Sahay and Low, 
1974). 

The importance of the cation in the degradation pro­
cess is exemplified by the difference between Na- and 
Ca-bentonites. Calcium, as the saturating cation, en­
hances the degradation process , as compared with so­
dium. This cation effect was also evident with kaolin­
ites (Saltzman et aI., 1974). Another indication of the 
importance of the cation is provided by the much 
larger rate of hydrolysis on the cationotrop , as com­
pared with the anionotrop aluminum oxide. 

Based on the above observations that both the ex­
changeable cation and hydration status determine the 
mode of degradation , it may be suggested that ligand 
water of the exchangeable cation participates in both 
direct hydrolysis and rearrangement processes through 
the following mechanism: 

H:}C C~3 
H,C , ,crt, 

s' p/o 
o~ '.o- H 

' M' 
• HO- O-No, 

(2) 

where M is an exchangeable cation. 
The above sequence (2) explains both hydrolysis and 

rearrangement at the same site in the absence of a liquid 
phase and is in agreement with the previously proposed 
mode of adsorption on clays (Mingelgrin et aI., 1977). 
The occurrence of direct hydrolysis or rearrangement 
is a function of the precise conformation of the ester on 

https://doi.org/10.1346/CCMN.1979.0270109 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1979.0270109


Vol. 27, No . I, 1979 Parathion degradation on clays 77 

the surface. Minor energy changes may affect the con­
formation of the phosphate, which in tum may affect 
considerably the chemical reactivity of the species 
(Fest and Schmidt, 1973). If the oxygen of the ligand 
water of the cation distorts the phosphate conformation 
towards a trigonal bipyramid structure, putting the 
three P-O bonds of the parathion molecule closer to 
one plane, the S-C bond will tend to form more easily, 
as the proper C-atom will get closer to the S-atom. The 
extent of distortion will depend on the total sur­
face interactions. On the alumina surfaces the ten­
dency towards a trigonal bipyramid structure may be 
smaller than on the silica surfaces, thus making the di­
rect hydrolysis of parathion the dominant process on 
these surfaces, and the rearrangement dominant on sil­
ica and bentonites. An inductive effect of the conju­
gated system interaction with the hydroxyl surface may 
further induce hydrolysis on the alumina surfaces (Min­
gelgrin et aI., 1977). The significantly larger rate of rear­
rangement on bentonites as compared with silica may 
result from the increased tendency of all the P-O bonds 
to get into one plane in the interlayer space, due to ste­
ric constraints imposed by the interlayer space . 

Finally, it is interesting to note that the peak at 1265 
cm- I prominent in the IR spectrum offree SEP and as­
signed to P=O (Gore, 1950), shifts in the adsorbed SEP 
to 1282 cm- I (Mingelgrin and Saltzman, 1978). This 
suggests that the newly formed P=O bond interacts 
strongly with the surface, in agreement with equation 
(2) . In the region assigned to the P=S bond (Gore, 
1950), no such large shift was observed, which is ad­
ditional support for the mechanism proposed . 
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Pe3WMe- AAcop6UHOHHO-KaTanHTHQeCKaH ~erp~aUHH napaTHOHa Ha nOBepxHOCTHX 
rnHH~ HBnHeTCH r~pOnH3H~ npOueCCOM,npOTeKaWmHM HenOCpe~CTBeHHO HnH Qepe3 
CT~Hro neperpynnHpOBKH. CKOPOCTb H MeXaHH3M ~erp~aUHH 3aBHCHT OT npHpO~~ 
rnHH~,ee COCTOHHHH r~paTaUHH H Hac~aro~ero KaTHOHa. npennaraeTCH MexaHH3M 
~erp~aUHH napaTHOHa B MeCTax ~COp6UHH Ha nOBepxHOCTHX rnHH~,B OTCYTCTBHH 
Jl{H~KOH <f>a3b1. 

Kurzreferat- Die durch Adsorption katalysierte Degradation von paration, 
welches sich auf Tonoberflachen befindet,ist ein HydrolysenprozeB,der ent­
weder direkt oder durch eine Umlagerungsstufe vor sich geht.Die Geschwin­
digkeit und der Mechanismus der Degradation hangt von der Natur des Tones 
und der Kationen und des Tones Hydrationszustand ab.Ein Mechanismus fUr die 
Parathiondegradation an den Adsorptionsplatzen auf Tonoberflachen,in Abwe­
senheit einer flUssigen Phase,wird vorgeschlagen. 
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Resume-La degradation catalysee par adsorption de parathion sur des 
surfaces argileuses est un processus d'hydrolyse,decoulant soit direc­
tement,soit d'une etape de rearrangement.La vitesse et Ie mechanisme de 
degradation dependent de Ia nature de l'argiIe,de son statut d'hydrata­
tion,et de son cation de saturation.Un mecanisme est propose pour Ia de­
gradation de parathion a des sites d'adsorption sur des surfaces argi­
Ieuses,sans phase Iiquide. 

https://doi.org/10.1346/CCMN.1979.0270109 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1979.0270109



