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Kinetics of Benalate Adsorption on Kaolinites
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Kinetics of benalate adsorption of H-, Na- and Ca-saturated kaolinites have been investigated. The adsorption and desorp-
tion rate constants obtained were in agreement with those obtained from the Lindstrom ez al. model, which proved useful in
the simultaneous evaluation of adsorption and desorption rate constants. The activation energies, heats of activation and
entropies of activation along with thermodynamic parameters were calculated. The rate constants and other parameters
indicated a partly physical and a partly chemical adsorption of benalate on clay surface. Adsorption occurs by coordination
and/or protonation of the exchangeable cations of the clay with amidic carbonyl group of herbicide and hydrogen bonding

and dipole association at the crystal edge and basal surface.
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A knowledge of reaction kinetics at the solid-liquid
interface is extremely important in understanding
the adsorption-desorption process and its mecha-
nism!’2, A number of researchers have studied
kinetic reactions of pesticides adsorption-desorp-
tion using rate laws and reaction order®-5, but
these models suffer from various limitations.
Lindstrom et al.® for adsorption of organic mole-
cules derived a rate expression which can be applied
to the adsorption process, which is the net result of
two opposing reactions, adsorption and desorp-
tion. Other workers have also successfully used
this model to study kinetics of organic compounds
on soilsT and clays®.9.

The aim of present investigation was (i) to test
the applicability of Lindstrom efal. equation for
benalate (a herbicide)!® adsorption to H-, Na- and
Ca-saturated kaolinites and (ii) to compare the
results of the Lindstrom’s model with those obtai-
ned from the rate law expression, for the separate
adsorption and desorption processes of benalate.
From the rate constants, the thermodynamic func-
tions of the adsorption processes have also been
calculated.

Results and Discussion

An examination of Table 1 shows that during
benalate interaction with H-, Na- and Ca-saturated
kaolinites, the model of Lindstrom et al. is satisfac-
tory for evaluation of rate constants, as at the
experimental temperatures (288 —328 K) the values
of rate constants derived from the rate law method
were in good agreement with those calculated
from the Lindstrom et al. model (within the experi-
mental error range +3—6%).

The adsorption rate constants k; of benalate on
H-, Na- and Ca-kaolinites at all experimental tem-
peratures were greater than the desorption rate
constant ky (Table 1). The rate of adsorption and
desorption increased with rise in temperature ; the
adsorption rate followed the order H-kaolinite>
Na-kaolinite > Ca-kaolinite, while rate of desorption
was in reverse order. The values of activation
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energy E,, which were lower for the adsorption
processes than for desorption (Table 2) also suggests
that adsorption of benalate is faster than desorp-
tion. The low values of E, suggested that the
process is partly physical and partly chemical. The
values of activation energy also support the order
of benalate adsorption on kaolinite,

TABLE 1—RATE CONSTANTS AS CALCULATED BY THE LINDS-
TROM et al. MODEL AND BY FIRST ORDER KINETIC
RATE LAWS FOR THE SORPTION OF BENALATE
oN H-, Na- AND Ca-KAOLINITES

Clay Temp. Rate law method Lindstrom et al. model
°C  Adsorp- Desorp- Adsorp~ Desorp-
tion tion tion tion
kys™t ka st kis? ks st
X108 X108 x10-5 xX10-6
288 2.72 1.32 2,74 1.34
298 3.96 2.53 4.06 2.50
H-kaolinite 308 5.90 5.06 5.94 5.14
318 8.48 10.86 8.54 10.80
328 1232 2345 12.26 22.88
288 1,70 1.24 1.74 1.26
298  2.66 2.60 2,80 2.66
Na-kaolinite 308 4.00 5.56 4.10 5.48
318 6.02 11.24 6.26 11.10
328 9.10 22.00 9.50 21.80
288 1.26 1.40 1.30 1.44
298 2.00 3.00 2.16 2,92
Ca-kaolinite 308  3.36 5.70 3.40 5.58
318 5.10 10.84 5.26 10.66
328 8.72  23.00 8.84 22.66

The values of enthalpies of activation for the
desorption process were higher than that for the
adsorption process (Table 2), this is expected as the
desorption process usually require more energy.
The low values of the enthalpy of activation counter
indicate chemisorption. So the adsorption of the
benalate may be due to coordination and/or proto-
nation!?13, hydrogen bonding and dipole associa-
tion!4 on van der Waals forces. Metal ion bridged
mechanism between the surface of clay and pesti-
cide with or without water bridgest2='" is as
follows :
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TaBLE 2—KINETIC PARAMETERS FOR ADSORPTION AND DESORPTION PROCESSES*

Temp. b Ea (kJ mol~?) A Ha (kJ mol1) ASa (J mol-* K-1) AGa (kJ mol 1)
K Adsorp- Desorp- Adsorp- Desorp- Adsorp- Desorp- Adsorp- Desorp-
tion tion tion tion tion tion tion tion
H-kaolinite

1.25 956 103 4
ggg 1.50 98.3 105.3
308 2.00 32.040.3 59.2+0.6 29.5%0.5 56.8+0.8 —2304+0.8 —162.6+0.8 ll 3362 llggg

.00 . 3
gig (1)915 105.7 110.2

Na-kaolinite

96 8 103.0
%gg i:gg 99.7 105.0
308 1.00 33,8404 56.2+0.7 31.6+0.4 54.1+0.6 —227.14-0.5 —170.8+£0.9 }828 igg?

.50 . .
gig 1(530 106.8 109.7
Ca-kaolinite 87.7 1025
258 1% 100.2 102.5
308 1.25 37.0+£0.5 52.74-1.1 35.04-0.5 50.74+1.0 —217.2+0.8 —180.64+09 llggg llg_?g

3 1.00 . .
353 0.75 107.2 109.1

* Calculated from Lindstrom et al. model.
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This proposition also finds support from ir and
X-ray studies. Shifting of frequencies from 1 660
to 1 645 cm~* (C=0) and from 1 680 to 1 690 cm~*
(C=N) during complexation of H-kaolinite suggests
protonation of amide oxygen. Spectral shifts from
1660 to 1 650 cm~* and 1 680 to 1 695 cm~! during
Na- and Ca-kaolinite suggest coordination and/or
protonation of pesticide molecule to Na* or Ca2%*
ion through the oxygen of amidic group with or
without water bridgs. X-Ray diffraction analyses
indicate basal expansion of 0.19, 0.21, 020 mm
during interaction of benalate with kaolinites (H-,
Na- and Ca-form) respectively confirming interla-
mellar adsorption on kaolinites.

The values of entropies of activation for adsorp-
tion and desorption processes at all experimental
temperature, are negative (Table 2). The negative
values point to the formation of activated com-
plexes by coordination or association of benalate
and exchangeable cations with resultant loss in the
degree of freedom of benalate. Negative entropies
of activation during the desorption processes were
due to the benalate clay-complexes becoming activa-
ted before desorption!!,

The values of the thermodynamic equilibrium
constant K (Table 3) in all cases at experimental
temperatures were more than unity and decreased
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with increasing temperature, confirming that bena-
late had a higher preference for adsorption that
decreased with the rise in temperature. The values
also showed that the adsorption was in the order,
H-kao>Na-kao>Ca-kao. The values of AG° for
studied interactions were negative and decreased
with rise in temperature (Table 3). This indicated
that the interactions at all the experimental tempe-
ratures were spontaneous with a higher preference
for benalate on the clay surface. The magnitude
of AG° values of the interactions showed that the
interaction of benalate with the clay surface was an
adsorption process!”’®. The values of A H® indica-
ted the exothermic nature of reaction, indicating
that these processes are energetically stable and
adsorption occurs through bonding mechanism2°®.
The values of AS° indicated that adsorption com-
plexes of benalate were stable. Association, fixa-
tion or immobilisation of the benalate molecules as
a result of adsorption decreased the degree of
freedom, which produced the negative entropy
effects*”.

The fraction adsorbed at any time (f) was
determined by the relation,

ot =

where C'o=C, V/(Vy+V) and ¢« was the fraction
sorbed at time ¢, C, the initial concentration of
benalate in the suspension at time ¢, Cc the con-

centration of benalate in the suspension at equili-
brium time, V the volume of adsorbate and V,the
volume of the buffer solution required to saturate
the kaolinite surface.

For the desorption experiments, each of the H-,
Na- and Ca-saturated clay suspensions (10 ml) was
mixed with benalate solution (15 ml; 1500 ug ml-*
in HyO-CH,OH, 1:1). To the centrifugates of
the complex formed, phosphate buffer of pH 7
(15 ml) was added and the volume was adjusted to
25 m] with distilled water. Five sets of experiments
were performed at 15, 25, 35, 45 and 554:0.1°, The

E—

TaBLR 3—THERMODYNAMIC PARAMETERS FOR ADSORPTION OF BENALATE ON H-, Na- AND Ca-KaoLINITE

Parameter H-kaolinite Na-kaolinite Ca-kaolinite
288 298 308 318 328 288 298 308 318 328 288 298 308 318 328
K 204 162 115 79 54 138 106 75 56 44 90 74 6.1 49 39
AG® (kK mol-l) —72 —69 —6.3 —5.5 —46 —63 —58 —52 —46 -—40 -—53 —50 —4.6 —42 —37
AH° (kJ mol-1) —26.141.1 -23.240.8 —21.04-0.6
AS° (Jmol™ K1) —66.14+0.2 —58.740.1 —53.34+0.6

(4)=standard error of estimate.

Experimental

The clay mineral used was kaolinite from
American Petroleum Institute. A <2 um fraction
was purified by sedimentation and centrifugation.
The suspension was then converted into chloride
free sodium and hydrogen ion saturated kaolinites
by the reported method2°. Calcium saturated
kaolinite was prepared from the sodium form by
jon-exchange technique. The clays were wused
immediately for the adsorption experiments. The
base exchange capacity (BEC) of clay determined
by the reported method?! was 134 ueq per g clay.

For the kinetic study, the clay surface was
saturated with phosphate buffer of pH 7. Then
samples (10 ml) of the appropriate kaolinite suspen-
sion were vigorously shaken in glass-stoppered
tubes  with standard benalate  solution
(15ml; 1500 pg ml~* in H,O-CH30H, 1:1).
Five sets of experiments at the temperatures 15, 25,
35, 45 and 55+0.1° were carried out in an air-ther-
mostat. Preliminary kinetic measurements showed
that the equilibrium was attained in 36 h. At
2 h intervals upto 48 h, samples were centrifuged
and benalate estimated?? in supernatant spectropho-
tometrically at 420 nm. The difference between
the amount of benalate added and found in the
supernatant after definite time intervals gave the
amount of benalate adsorbed (pm g-1).
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samples were shaken vigorously for 48 h. At2h
intervals, samples were centrifuged and the amount
of benalate estimated in the supernatant spectro-
photometrically. All the experiments were conduc-
ted in triplicate with suitable blanks. The results
are reproducible within +39% of experimental
error.

The rate constants for adsorption (k,) and
desorption (k,) were obtained from the equations,

ki %'(Xx( 12+ Kk, fX1(1 Xi( )

N
=x x," 7, 1)
1

N )

N
ke 2Ky X2+ k, zlcxi‘”)z

N
=Zl' X¢(2) Y (2)

where i is running index=1, 2, 3........ N and
Yi=¢ (to+ilt)—- 910 (€)
to+iAt _
=" a-pa- He e @
to
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totilrt
w0=["7T -4 e-p-§ &b @ )
to
where ¢ is the length of each sub-interval=(t—to)/|N
and b=« |[RT, where « is the energy stress constant
for the sorbing surface.

By the process of least-square imbedding an
acceptable region of b values was selected, starting
with a least value of b. Thus, starting from b=0
and for every increment of 0.25 values of Y;, X(1)
were calculated for different experimental values
of ¢ from equations (3), (4) and (5). For evalua-
tion of the intergral quantities trapezoidal rule was
used. The process of increment of » values was
continued till Yy, X;(1) and X2 gave positive
values of k, and ks from equations (1) and (2).
From amongst the physically acceptable values of
b thus obtained, a value of b was selected which

gave the least value of E in the positive quadrant
of the (Eo=min E)
>0
( kik2>0

the three-dimensional

vector space (k,, kg, b) of
the equation,

N
E=X (Yi=ky Xi") —ky Xi(2)? (6)
i=

from the estimated values of b, the required rate
constants k) and k, were obtained.

A pumber of experiments showed that the
adsorption and desorption of benalate on H-, Na-
and Ca-kaolinites followed the first order kinetics
as revealed by linear plots of log (a—x) vs . The
rate constants were also calculated from the data
of adsorption and desorption of benalate by kaoli-
nite using the first order rate expression,

. 2.303 a
k= =l =5 Q)
where &k’ is the rate constant (k; or k), ¢ the time

(s), a the amount of benalate added and x the
amount adsorbed or desorbed at time .

Since temperature effect has been very useful in

providing an insight into the theory of all the rate
processes, the energetics of adsorption of benalate
on kaolinites were examined by temperature studies.
The activation energy, free energy of activation,
enthalpy of activation and entropy of activation
were calculated with the help of rate constants using.
well-known equations*?,

The equilibrium constant (k) was obtained by
the ratio (ki/k;)?, which enabled us to calculate
the thermodynamic parameters for the physico-

chemical equilibrium between Dbenalate and
kaolinites.
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