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Kinetics and thermodynamics of adsorption of azinphosmethyl
from aqueous solution onto pyrolyzed (at 600 ◦C) ocean

peat moss (Sphagnum sp.)
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Abstract

The removal of azinphosmethyl from aqueous solution onto pyrolyzed ocean peat moss (Sphagnum sp.), as a residue, from the Rhode Island coast
(USA), has been investigated at different temperatures and initial concentrations. The ocean peat moss had been pyrolyzed at 600 ◦C in nitrogen
atmosphere before the adsorption process. The kinetic data obtained from batch studies have been analyzed using pseudo-first order kinetic model.
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he rate constants were evaluated at different temperatures.
The thermodynamic parameters (�G◦, �H◦, �S◦) for the adsorption process were calculated and the results suggest that the nature of adsorption

s endothermic and the process is spontaneous and favorable. The activation energy for adsorption process was estimated, about 18.3 kJ mol−1.
ccording to this value the adsorption of azinphosmethyl onto pyrolyzed ocean peat moss is in the range of physical adsorption.
The experimental data have been modeled using Langmuir, Freundlich and Temkin isotherms. It was found that Langmuir and Freundlich

sotherms give the best correlation with the experimental data.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Pesticides have been extensively used in agriculture for many
ears to control pests in crops, vegetables, trees despite of their
nown toxic effects [1–3]. Therefore, many of them are envi-
onmental contaminants and found in surface and ground water.
he number of studies of removal of pesticides from aqueous
olution is increasing, because of the serious environmental
roblems and the contamination of waters. There are many
echniques to remove pesticides from aqueous solution [3–5].
mong these, the adsorption process is generally considered to
e the most effective method. Because of its high adsorption
apacity, extraordinary surface area and microporous structure,
ctivated carbon is widely used for pesticides removal from
astewater, for high removal efficiency [6–8]. But it is expensive

nd it has regeneration problems. Therefore, researchers con-
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tinue their work to find out more economic and easily obtainable
materials for adsorption [9]. A large number of natural materials
such as bentonite [10], natural sediments [11], peat moss [12],
fly ash [2], soil-fly ash [13], baggase fly ash [14], wood char-
coal [15], hazelnut shell activated carbon [16], coconut shell
[17] and natural substances [18,19] are considered effective
adsorbents.

Azinphosmethyl is one of the most toxic organophospho-
rus pesticides and is widely used in agriculture where it causes
environmental contamination [19]. There are many studies on
azinphosmethyl [1,18–20].

In this study, the adsorption of azinphosmethyl has been
extended to another adsorbent, ocean peat moss (Sphagnum
sp.). The feasibility of using pyrolyzed (at 600 ◦C) peat moss
(PMM600) for removal of azinphosmethyl was investigated
and evaluated for its usefulness in simple pseudo-first order
models. A kinetic study was carried out, using concentration,
contact time, and temperature as parameters. The Thermody-
namic parameters for the adsorption of azinphosmethyl were
also calculated and discussed.
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.11.027
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2. Methods

2.1. Reagents

Azinphosmethyl (phosporodithioic acid, S-(3,4-dihidro-
4-oxobenzol-(1,2,3-d)-triazin-3-ylm-ethyl)O,O-dimethyl phos-
phorodithioate) was purchased from Hektas Company A.S.,
Gebze, Turkey. It is a solid compound with the melting point of
73 ◦C. The solubility of azinphosmethyl in water is 33 mg l−1.
Azinphosmethyl is highly toxic to aquatic vertebrates, fish, birds,
small mammals and human beings.

2.2. Pyrolysis of adsorbent (PMM600)

The procedure of pyrolysis of adsorbent was described else-
where [18]. Peat moss (Sphagnum sp.) was collected from Rhode
Island cost in USA as a residue. It was placed in a sealed ceramic
boat placed in the stainless steel tubular reactor of 220 mm in
length and 75 mm internal diameter. The pyrolyzation of adsor-
bent was done at 600 ◦C with a heating rate of 15 ◦C min−1 using
nitrogen gas under atmospheric pressure. The pyrolization time
was 60 min at pyrolyzed temperatures. After the pyrolyzing pro-
cess, the char was washed with hot distilled water and dried for
1 day, at 110 ◦C. Then, the pyrolyzed peat moss was ground and
sieved through 200 mesh screen. The specific surface area of
activated chars made from peat moss (S ) calculated by the
B
(

2

w
f
5
s
i
h
h
a
c
T
i
a
b
2

3

3
r

t
i
a
t

Fig. 1. The adsorption of azinphosmethyl on PMM600 for different initial con-
centrations at 30 ◦C, pH 6.5.

when the initial concentration value increases from 1 × 10−3 to
7.5 × 10−3 g l−1 for adsorbent dosage of 0.5 g/50 ml at pH 6.5
and 30 ◦C. Equilibrium was almost attained within 300 min, for
all concentrations.

3.2. Effect of temperature

The adsorption of azinphosmethyl by PMM600 is not
greatly affected by temperature (Fig. 2). As temperature var-
ied from 30 to 60 ◦C, the uptake percent of azinphosmethyl
increased from 50.6 to 62%. This indicates that the adsorp-
tion of azinphosmethyl onto PMM600 is an endothermic
process.

3.3. Kinetic studies

Kinetic modelling of the adsorption of azinphosmethyl onto
PMM600 was carried out by the pseudo-first order kinetic equa-
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BET
ET method by using Micromeritics FlowSorb II-2300 is 206.7

±0.1) m2 g−1 for 600 ◦C.

.3. Batch adsorption experiments

In equilibrium experiments, 0.5 g of the adsorbent was
eighed into flasks containing 50 ml of solution with dif-

erent azinphosmethyl concentrations, 1 × 10−3, 2.5 × 10−3,
× 10−3, 7.5 × 10−3 g l−1. The flasks were immediately

ealed with parafilm. Then they were mechanically shaken
n a water bath at 30 ◦C and in each experiment the pH was
eld constant at 6.5 using dilute hydrochloric acid or sodium
ydroxide solutions. Kinetic studies were also conducted in
temperature controlled shaker, at 30, 40, 50, 60 ◦C using

onstant azinphosmethyl concentration of 2.5 × 10−3 g l−1.
he samples were taken and centrifuged at different time

ntervals (between 0 and 360 min). The concentration of
zinphosmethyl was determined during the adsorption process
y UV–Vis Spectrometer (Jenway 6105) at a wavelength of
86 nm.

. Results and discussion

.1. Effect of initial concentration on azinphosmethyl
emoval

Removal of azinphosmethyl at different initial concentra-
ions but constant pH and temperature is shown in Fig. 1. It
s evident, that maximum adsorption was achieved for the initial
zinphosmethyl concentration of 1 × 10−3 g l−1. It is seen from
his figure, that the uptake percent decreases from 51 to 34%,
ig. 2. The adsorption of azinphosmethyl on PMM600 at different temperature,
nitial concentration: 1 × 10−3, pH 6.5.
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Fig. 3. Linear plots of the first order kinetic equation for azinphosmethyl adsorp-
tion, for different initial concentrations at 30 ◦C, pH 6.5.

tion [21,22]

ln

(
Ct − Ce

C0 − Ce

)
= −kadst (1)

where C0, Ce, Ct (in mg l−1) are the concentration of azinphos-
methyl in solution at initial, equilibrium and time t, respectively.
kads is the overall rate constant (in min−1). The uptake percent-
age values of azinphosmethyl at equilibrium (a) and at any time
(b) were applied to the Eq. (1) and the following equation was
obtained for the first order kinetic model

ln

(
a − b

a

)
= −kadst (2)

The straight line plots of ln[(a − b)/a] versus t for different initial
concentrations and different temperatures indicate the fitness of
the model for the present system, as shown in Figs. 3 and 4,
respectively. The overall rate constants, kads, of adsorption at
different temperatures, were calculated from the slope of the
respective plots obtained (Fig. 4) and the results are presented
in Table 1. t-Test at 5% level of significance was applied to the
results obtained from the kinetic studies. As seen from Table 1,
t-stat values (P < 0.05) supported the results from least-square
regression. When kads values and adsorbed amounts of azin-
p
a
p
t

Fig. 4. Linear plots of the first order kinetic equation for azinphosmethyl adsorp-
tion, at different temperature, initial concentration: 1 × 10−3, pH 6.5.

3.4. Thermodynamic parameters

The time dependence of the first order reaction can be fit to
the Arrhenius equation

kads = A e−Ea/RT (3)

where A is the frequency factor (min−1), Ea the activation energy
(kJ mol−1), T is the absolute temperature (K). The linear equa-
tion is obtained by taking logarithm of Eq. (3)

ln kads = ln A −
(

Ea

RT

)
(4)

The activation energy for azinphosmethyl adsorption deter-
mined from the slope of the linear plot of ln kads versus
1/T is 18.3 kJ mol−1 (Fig. 5). The low activation energy
(5–40 kJ mol−1) is characteristic for physisorption, while higher
energy (40–800 kJ mol−1) suggest chemisorption [23]. There-
fore, this value shows that azinphosmethyl adsorption is of a
physical nature. Equilibrium constants, Kc, for the adsorption
reaction of azinphosmethyl on adsorbent were calculated by the
following equation:

Kc = Mads

Ce
(5)

where Kc is the equilibrium constant, Mads the adsorbed amount
o −1

c
f

�

T
T mpera

T k1 (×
3 3.24
4 4.35
5 5.76
6 7.56
hosmethyl were compared as a function of temperature, the
dsorption rate increased with temperature. Since a rise in tem-
erature increased the initial rate of adsorption, the time required
o attain equilibrium did not change.

able 1
he rate constants of adsorption of azinphosmethyl onto PMM600 at various te

emperature (T) (◦C) Kc kads (×10−3 min−1)

0 1.024 6.40
0 1.128 8.60
0 1.381 9.92
0 1.632 12.2
f adsorbate at equilibrium (mg l ) and Ce is the equilibrium
oncentration of adsorbate (mg l−1).The changes in the Gibbs
ree energy (�G◦) were evaluated by

G◦ = −RT ln Kc (6)

tures

10−3 min−1) k2 (×10−3 min−1) R2 t-stat

3.16 0.974 −22.13
4.25 0.972 −25.60
4.16 0.993 −35.98
4.64 0.984 −29.56
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Fig. 5. Arrhenius plot for azinphosmethyl adsorption on PMM600 (R2 = 0.996).

Fig. 6. Van’t Hoff plot for the adsorption of azinphosmethyl removal
(R2 = 0.972).

The changes of the standard enthalpy (�H◦) and entropy (�S◦)
were determined from the Van’t Hoff equation

ln Kc = −
(

�H◦

RT

)
+

(
�S◦

R

)
(7)

�H◦ and �S◦ were obtained from the slope and intercept of the
plot of ln Kc versus 1/T (Fig. 6). The values of the thermody-
namics parameters of the adsorption of azinphosmethyl are listed
in Table 2. The negative values of free energy changes (�G◦)
confirm that the adsorption of azinphosmethyl onto PMM600

Table 2
Thermodynamic data for adsorption of azinphosmethyl onto PMM600

Temperature (T) (◦C) �G◦ (J mol−1) �H◦ (J mol−1) �S◦ (J mol−1)

30 −60 13307 43.9
40 −313
50 −867
60 −1356

is spontaneous and thermodynamically favorable. The decreas-
ing value of �G◦ with temperature indicates more driving force
and resulting in more adsorption capacity at higher temperature.
The positive enthalpy changes indicate that the adsorption is an
endothermic process and the enthalpy value (13.5 kJ mol−1) due
to the physisorption (<41.8 kJ mol−1) is smaller than due to the
chemisorption (41.8–125.4 kJ mol−1) [24]. This result is good
agreement with the activation energy value. The positive entropy
value also suggests the increase randomness at the solid–solution
interface during the adsorption of azinphosmethyl on PMM600.

3.5. Adsorption isotherm

The adsorption capacity of this system was investigated by the
three-adsorption isotherms as Langmuir, Freundlich and Temkin
isotherm. The isotherm parameters with the regression coeffi-
cients are listed in Table 3. To evaluate the applicability of each
isotherm, t-test at 5% level of significance was also applied to
the experimental results.

The Langmuir Model assumes monolayer uniform adsorp-
tion energies of adsorption surface and no immigration of adsor-
bate in the plane of surface. The linear form of Langmuir
isotherm is given by the following equation:

1

q
= 1

Q
+ 1

bQ C
(8)

w
c
m
e
w
T
(

t
u

l

T
T
o

L

Q

4

F

n

1

T

A

3

e 0 0 e

here qe is the amount of adsorbed (mg g−1), Ce the equilibrium
oncentration of the adsorbate (mg l−1), Q0 and b are Lang-
uir constants related to maximum adsorption capacity and

nergy of adsorption, respectively. Q0 (mg g−1) and b (l mg−1)
ere obtained from the Langmuir adsorption curve (Fig. 7).
he magnitude of the Langmuir constant b has small value

0.253 l mg−1), and indicates a low heat of adsorption.
The Freundlich isotherm is based on the multilayer adsorp-

ion (heterogenous surface). The logarithmic form of the Fre-
ndlich Model is given as following equation:

og qe = log k +
(

1

n

)
log Ce (9)

able 3
he parameters for Langmuir, Freundlich and Temkin isotherms for adsorption
f azinphosmethyl onto PMM600

angmuir constants

0 (mg g−1) b (l mg−1) R2 t-Stat

.54 0.253 0.999 22.519

reundlich constants

k (mg g−1) R2 t-Stat

.4031 1.738 0.993 23.475

emkin constants

(l g−1) B R2 t-Stat

.184 0.895 0.981 11.627
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Fig. 7. The Langmuir isotherm model for the adsorption of azinphosmethyl at
30 ◦C.

where k and 1/n are the Freundlich constants and show the
adsorption capacity (mg g−1) and sorbent affinity and have been
determined from the intercept and slope of the straight line in
Fig. 8, respectively. The value of 1/n is between 0 and 1 shows
that the surface of the adsorbent is heterogenous in nature. Both
Langmuir and Freundlich isotherm fitted well with the correla-
tion coefficient greater than 0.99.

Temkin isotherm is given in the linearized form as follows

Qe = B ln A + B ln Ce (10)

where B and A (l g−1) are Temkin constants. Temkin isotherm
shows a strong affinity for the adsorption capacity of azinphos-
methyl on PMM600. Based on the correlation coefficient the
results showed that good applicability was also obtained by
Temkin isotherm (Fig. 9).

The adsorption capacity of azinphosmethyl onto peat moss
was compared with the other adsorbent reported in literature

F
3

Fig. 9. The Temkin isotherm model for the adsorption of azinphosmethyl at
30 ◦C.

[18]. It can be observed that the adsorbent, pyrolyzed horseshoe
sea crab (PHSC) exhibited high adsorption capacity but the cor-
relation coefficients of the adsorption of azinphosmethyl onto
(PMM600) were higher than the adsorption of azinphosmethyl
onto (PHSC).

4. Conclusion

The pyrolyzed (600 ◦C) ocean peat moss was shown to be
an economical and effective material for the adsorption of azin-
phosmethyl from aqueous solution. The first order kinetic reac-
tion provides good correlation of the data for the adsorption
of azinphosmethyl onto PMM600. The experiments in different
temperature were also performed to investigate the thermody-
namics aspects of adsorption. The positive enthalpy changes
indicate that the adsorption is an endothermic process. Com-
pared with the Langmuir and Freundlich isotherm, the Temkin
isotherm was also tested to predict experimental data.
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