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ABSTRACT 

Carbamates are the most commonly used insecticides in Taiwan, in which methomyl takes the 
top-ranking of aggregate sales. Due to the long half-life of methomyl in ground water, the stringent 
pesticide standard of water bodies and protection of human health, the treatment technologies of 
contaminated water bodies are required urgently. Novel hypercrosslinked polymer (Macronet MN-
100 denoted as MN-100) with large surface area and microporous pore volume possesses great 
potential for the removal of pesticide from the aqueous solution. This study attempts to apply an 
adsorption process to remove methomyl from aqueous environment using MN-100. The adsorption 
equilibrium and kinetics of methomyl on MN-100 were predicted by using Langmuir and Freundlich 
isotherms, and simple kinetic models (e.g., Lagergren pseudo-first-order, pseudo-second-order and 
Elovich rate equations). Furthermore, the effect of pH value of the solutions on adsorption capacity 
of methomyl also has been investigated in this study. 
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INTRODUCTION 
 
Pesticides are worldwide used to prevent the 

croppers, forestry and horticulture from the damages 
of insects, diseases, fungi and other pests, to adjust the 
growth of the plants, or to increase the yields of the 
croppers. However, it has to be taken into account that 
only a small part of the applied pesticides reaches its 
final destinations, the biological targets. The residual 
pesticides are still toxicologically active. These resid-
ual pesticides remain in the environment and must be 
destructed in the ecosystems to prevent accumulation 
or contamination. Therefore, pesticides are essential 
parts of xenobiotics brought into the environment by 
the human activities. Further, the most potential 
sources of risks can be found with the manufacturing 
plants, which may emit pesticides resulting in a large-
scale soil and groundwater contamination [1].  

Depending on the chemical compositions of pes-
ticides, they exhibit different extents of toxicity for 

humans and animals. In addition, some pesticides 
have been found to affect the nervous systems of hu-
mans and animals and even have carcinogenic effects. 
It has been reported by Smulders et al. [2] that the 
carbamate pesticides inhibit the brain receptors and af-
fect different subtypes of neuronal nicotinic receptors. 
According to European Community Drinking Water 
Directive, the standards for the individual pesticide 
and the sum of all pesticides are 0.1 and 0.5 ppb, re-
spectively, which are both much more stringent than 
health-based minimum level set by the World Health 
Organizations and the US Environmental Protection 
Agency (USEPA) [3]. In order to meet the stringent 
pesticide standard of water bodies and protect human 
health, therefore, it is deemed that the treatment tech-
nology of contaminated water bodies is required ur-
gently.  

Over the past century, many processes have been 
developed and successfully applied for separating the 
substance from the fluid stream and purifying mix-
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tures of substances. Adsorption is commonly recom-
mended as one of the best available control technolo-
gies to recover or treat the volatile organic compounds 
from the waste streams and drinking water [4]. For 
water and wastewater treatment, applications of acti-
vated carbon (AC) to remove toxic organics have es-
tablished an incomparable record of success as both 
effective and reliable [5]. Numerous publications in 
literature on adsorption of the organics on AC have 
been available in the past (for example, references 6-
17). However, due to the expensive regeneration and 
fragile properties of AC, potential adsorbents such as 
polymeric resins were synthesized to replace AC. 

For the non-ionic polymeric resins, according to 
the physical structures [18], they are classified as gel-
type, macroporous (macroreticular) and hyper-
crosslinked (co-)polymers, in which the latter two are 
commonly used in water treatment. Furthermore, due 
to the high surface area and special functional groups 
tagged to the tail of the polymeric chains, hyper-
crosslinked polymers are expected to possess high ad-
sorption capacity. Streat and Sweetland [19-23], and 
Tai et al. [24] had investigated the applications of Hy-
persol-MacronetTM (i.e., Macronet) on the removal of 
organic pollutants and pesticides, and metal ions from 
aqueous solutions, indicating that Macronets have 
highly applicable potential for the adsorption process 
of the wastewater treatment.  

Carbamates are the most commonly used insec-
ticides in Taiwan, with methomyl taking the top-
ranking of aggregate sales of carbamates [25]. There-
fore, in this paper, the investigation of adsorption be-
haviors of methomyl, such as adsorption equilibrium 
and kinetics on novel hypercrosslinked polymer 
(Macronet MN-100 denoted as MN-100) were pre-
sented. Further, the stability of methomyl and the 
physicochemical characteristics of MN-100 were also 
investigated.  

 
MATERIALS AND METHODS 

 
1. Adsorbent 

 
MN-100 was used as the adsorbent in this study. 

The physicochemical characteristics of MN-100 were 
characterized 1) using laser diffraction particle size 
analyzer (LS 230 with Fluid Volume Module, Beck-
man Coulter) for the mean particle size, 2) Accupyc 
1330 (Micromeritics) for true density, 3) scanning 
electron microscopy (SEM, Hitachi S800) for surface 
image, and 4) electrophoresis (Zeta-Sizer 3000, Mal-
vern) for zeta potential. The pretreatment of the ad-
sorbent comprised of three sequential steps: washed 
by distilled water, dried by centrifuge (CN-2060, 
Hsiangtai) under 5000 rpm for 20 min, and then wet-
ted in the specific wetting solutions under vacuum, 
prior to the subsequent adsorption experiments.  

 

2. Preparation of Methomyl Solution 
 
A stock solution of methomyl of 1 g L-1 was 

prepared by dissolving 0.2 g methomyl (technical ma-
terial, supplied by TungFong Ltd. Co., Taiwan) in 200 
mL acetonitrile solvent (reagent grade, Merck, Darm-
stadt, Germany). Then it was stored in the teflon-
stoppered brown glass bottle. For the subsequent use, 
the stock solution was diluted to the specific concen-
trations with de-ionized water (18 MΩ cm) treated via 
Milli-Q.  

 
3. Analytical Measurements 

 
For measurements of adsorption equilibria and 

adsorption kinetic experiments of single-component of 
methomyl in a completely stirred tank reactor (CSTR), 
all samples were filtrated through a 0.22 µm mem-
brane prior to the analysis, and then measured by 
means of high performance liquid chromatography 
(HPLC) with UV detector (Lab Allence). The concen-
trations were standardized with reagent-grade metho-
myl (Riedel-de Haën, Seelze, Germany). The wave-
length used in HPLC was fixed at 233 nm. 

 
4. Adsorption Kinetic Experiments 

 
Adsorption kinetic experiments were conducted 

in a CSTR. A basket reactor was adopted to this sys-
tem to avoid the attrition of adsorbent, which may be 
encountered in the slurry reactor. Various stirring 
speeds (Nr) from 500 to 800 rpm were beforehand ex-
amined, in order to ensure completely mixing and to 
reduce the film resistance to a minimum. The results 
show that as Nr was higher than 700 rpm, the effect of 
film mass transfer resistance was reduced substan-
tially. Therefore, Nr of following experiments was 
fixed at 800 rpm to assure that the internal mass trans-
fer resistance was predominantly important for the ad-
sorption kinetics. 

The ratio of adsorbent mass to solution volume 
was 250 g m-3 and the temperature was adjusted and 
controlled at 298 K. The initial concentrations of 
methomyl (C0) were from 1 to 20 g m-3. The experi-
ments were stopped until reaching adsorption equilib-
rium (i.e., concentrations of filtrate did not change 
more than 3%). The amounts of methomyl adsorbed 
on MN-100 were calculated from the equilibrium con-
centrations under various C0 to establish the adsorp-
tion isotherm. The effect of pH value of solution on 
adsorption capacity of methomyl on MN-100 was in-
vestigated by the means of bottle-point method with 
shaker shaken for 30 h at fixed temperature of 298 K. 
The specific amount adsorbed in all experiments was 
calculated using  

s

Le0
e m

)VC - (C
  q =  (1) 



 Chang et al.: Methomyl Removal by Adsorption 313 

 

where qe is the adsorbate loading (g kg-1) in the solid 
at equilibrium; Ce is the equilibrium concentration of 
methomyl (g m-3); VL is the volume of the aqueous so-
lution; and mS is the mass (g) of adsorbent used in the 
experiment. 

 
RESULTS AND DISCUSSION 

 
1. Characterizations of Physicochemical Properties 

of MN-100 
 
The physicochemical characteristics of MN-100 

measured in this study are presented in Table 1. The 
Langmuir specific surface area of MN-100 is 1097 m2 
g-1, which can compete with the commercial AC, F-
400 (Filtrasorb 400, Chemviron, European operation 
of Calgon Carbon Corperation), e.g., 1391 m2 g-1 [26]. 
Further, the micropore area and average pore diameter 
are 571 m2 g-1 (i.e., 91% of that of F-400) and 22 Å, 
respectively, indicating that MN-100 indeed is one of 
high potential adsorbents. Figure 1 illustrates the laser 
diffraction particle size analysis of MN-100. The re-
sults show that the median particle size of MN-100 is 
about 677 μm and the distribution of particle size is 
rather uniform. 

Figure 2 presents the adsorption and desorption 
isotherms of N2 at 77 K on MN-100. It is seen that the 
adsorption isotherm of N2 for the portion with ad-
sorbed volume below or near 250 cm3 g-1 STP belongs 
to Type I of the Brunauer, Deming, Deming and 
Teller classification [27] with well-defined plateaus, 
interpreting that the pores of MN-100 are microporous. 
With increasing N2 adsorbed volume (i.e., the relative 
pressure of adsorption system close to 1), the shape of 
adsorption isotherm changes to Type II, standing for 
that MN-100 also possesses the mesoporous structure. 
Besides, the adsorption-desorption curves could not 
overlap well, showing that the hysteresis loop exists. 
According to International Union of Pure and Applied 
Chemistry classification [28], the hysteresis loop with 
nearly parallel branches resembles Type H4 and 
represents the existence of slit-shaped pores.  

SEM graphs of the surface structures of MN-100 
are illustrated in Fig. 3. The shape of MN-100 is es-
sentially spherical (Fig. 3a). With the increasing 
power, SEM pictures display more rough and irregular 
surface structures of MN-100. Up to the magnifying 
power of 30 k, the SEM image shows that the pore 
structure of MN-100 is made up of crosslink of poly-
meric matrices, resulting in high micropore surface.  

 
2. Effect of pH Value of Solution on Adsorption 

Capacity 
 
The chemical name of methomyl is S-methyl N-

(methylcarbamoyloxy) thioacetimidate and the mo-
lecular weight is 162. According to the physicochemi- 

Table 1. Physical properties of adsorbent MN-100 used 
in the adsorption experiments 

Property Value 
Average particle sizea, dP (mm) 0.677 
Specific external surface areab, aS (m

2 kg-1) 12.14 
Particle true densityc, ρS (kg m-3) 1097 
Apparent particle densityd, ρP (kg m-3) 730 
Particle porositye, εP 0.33 

Langmuir, AL 1097 Surface areaf (m2 g-1) 
BET, AB 815 

Micropore areag (m2 g-1) 571 
Total, Vt 0.458 
Micro-, Vi 0.266 
Meso-h, Ve 0.142 

Pore volume (cm3 g-1) 

Macro-h, Va 0.050 
Average pore diameteri (Å) 22 
Zeta potential (pHPZC) 5 

a. Analyzed using LS 230 Fluid Module. 
b. Assumed as sphere and calculated using as = 6/(ρP×dP) 
c. Analyzed using Accupyc 1330, Micromeritics. 
d. Calculated using 1/((1/ρS)+Vt). Vt = total pore volume per 

unit mass of adsorbent. 
e. Calculated using 1 – (ρP/ρS). 
f. Analyzed using ASAP2010, Micromeritics. 
g. Calculated using t-method. 
h. Calculated using Vt – Vi = Ve + Va, with Barrett, Joyner and 

Hanlenda (BJH) adsorption pore distribution, which gives the 
proportions of mesopore to macropore volumes. 

i. Calculated using 4Vt/AB. 
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Fig. 1. Differential volume vs. particle diameter of MN-

100.  : Experimental data. 

 
cal properties of methomyl reported in Hazardous 
Substances Data Bank [29], the hydrolysis half-life of 
methomyl in aqueous environment depends on the pH 
value of the solution. Therefore, the effect of pH value 
of the solution on methomyl was investigated with the 
results presented in Fig. 4. In the pH range of 2 to 8,  
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Fig. 2. Adsorption (○) and desorption (□) isotherms of 

N2 at 77 K for MN-100.  and : Experimental 
data. 

 

  
Fig. 3. SEM pictures of MN-100. (a). ×40; (b). ×3 k; (c). 

×30 k. 
 
the methomyl is rather stable. In contrast, when the 
pH value raises to 10, the residual amount of methomyl 
is only 12% of the original. Moreover, at high 
pHvalue of 12, methomyl is completely degraded to 
other compounds, interpreting that methomyl is de-
graded quite substantially in the basic solutions. 
Therefore, the effect of pH value on adsorption capac-
ity was examined in the pH range of 2-8. As illus-
trated in Fig. 4, the adsorption capacity decreases with 
increasing pH value, indicating that the lower pH 
value of solution enhances the adsorption of metho-
myl. MN-100 is a weak base anion resin. Its pHPZC 
(point of zero charge) is 5, as shown in Fig. 5. The ad-
sorption of methomyl on MN-100 may be mainly due 
to dispersion forces and polarization of π electrons 
(electron-rich portion of the adsorbate). As the pH 
value of the solution is lower than pHZPC of MN-100 
of 5, the surface of MN-100 exhibits positive charge 
and possesses highly positive sites, possibly resulting 
in promoting the adsorption capacity of methomyl on 
MN-100.  

 
3. Adsorption Equilibrium 

 
Adsorption isotherms with two adjustable pa- 
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Fig. 4. Effect of pH value on degradation and adsorption 

capacity of methomyl on MN-100.  The units of 
y axis for square (designated as C/C0) and 
cylindrical bars (designated as qpH/qpH = 8, the 
ratio of adsorption capacity at various pH to that 
at pH = 8) are both %.  The experiments were 
conducted applying bottle-point method shaken 
for 24 h.  The initial concentration of methomyl 
(C0) is 13 g m-3, the volume of solution (VL) is 
0.2 L and the mass of MN-100 (mS) is 0.1 g. 
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Fig. 5. Zeta potential of MN-100 as a function of pH 

value.  and ●: Ion strength = 0.01 and 0.1 N 
NaCl. 

 
rameters such as Langmuir and Freundlich equations 
were used to describe the adsorption isotherm data of 
methomyl. The mathematical relationship of Lang-
muir and Freundlich isotherms are expressed as in Eqs. 
2 and 3, respectively. 

eL

eLL
e CK

CKq
q

+
=

1
 (2) 

Fn
eFe Ckq /1=  (3) 

In Eq. 2, qe and Ce are the adsorbate concentra-
tions in solid and liquid phases at equilibrium, respec- 
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Table 2. Values of adsorption isotherm parameters and correlation coefficients (r2)a of adsorption of methomyl on MN-100 

Langmuir isotherm  Freundlich isotherm 
System 

qL (g kg-1) KL (m3 g-1) rL
2b  kF ((g kg-1) (g m-3)-1/n

F) nF rF
2b 

Single-component of methomyl 21.6 1.22 0.966  9.52 2.09 0.988 

a. The units for Ce and qe are g m-3 and g kg-1, respectively. 
b. rL

2and rF
2 are correlation coefficients for linear regression fittings of experimental data via Langmuir and Freundlich isotherms, 

respectively. 
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Fig. 6. Predictions using Freundlich isotherm (---) and 

Langmuir isotherm (─) for adsorption of 
methomyl on MN-100. □: Experimental data. qe 
and Ce: Equilibrium concentrations of methomyl 
in solid and liquid phases. 

 
tively. qL and KL are the Langmuir isotherm constants, 
of which the former expresses the monomolecular 
coverage of the surface of the adsorbent, while the lat-
ter stands for equilibrium constant. In Eq. 3, kF and nF 
are the Freundlich equilibrium constants, which repre-
sent the adsorption capacity and strength of adsorption, 
respectively. For a favorable adsorption, the value of 
nF is greater than 1. 

Both of the constants of adsorption isotherms 
can be determined via applying linear regression of 
the adsorption isotherm data. The results are shown in 
Table 2 and Fig. 6. The values of qL and KL for ad-
sorption of methomyl on MN-100 are 21.6 g kg-1 and 
1.22 m3 g-1, respectively. Judging by the value of nF 
(i.e., 2.09) in the Freundlich isotherm, we note that the 
use of MN-100 to remove methomyl from the aqueous 
solution is favorable. Further, the correlation coeffi-
cients (i.e., rL

2 = 0.966 and rF
2 = 0.988) indicate that 

both Langmuir and Freundlich isotherms can well de-
scribe the adsorption of methomyl on MN-100 in the 
entire experimental range.  

 
4. Adsorption Kinetics 

 
The traditional models of adsorption kinetics 

usually encompass a complicated mathematical com-

putation to acquire the related mass transfer and diffu-
sion coefficients of the models, such as external and 
internal mass transfer coefficients [8,30]. Therefore, 
for the simplicity, the global kinetic expressions based 
on lumped analyses of adsorption kinetic data such as 
Lagergren pseudo-first-order (Eq. 4), pseudo-second-
order (Eq. 5) [31] and Elovich (Eq. 6) [32-33] rate 
equations, are applied to interpret the adsorption 
kinetics in the study. The mathematic expressions of 
various models mentioned above are as follows. 

)q-(qk  
dt

dq
tee1

t =  (4) 

) q - (q k  
dt
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)qexp(-b a  
dt

dq
tEE
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where qt and qe are the adsorbate concentrations in the 
solid at time t and at equilibrium; ke1, ke2 and aE and 
bE are the rate constants of the corresponding rate 
equations.  

By means of using the same initial condition (qt 
= 0 at t = 0), Eqs. 4-6 can be integrated as shown in 
Eqs. 7-9. Equation 9 can be further simplified under 
the condition of aEbEt » 1, as presented in Eq. 10. 
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The parameters of Eqs. 7, 8 and 10 obtained and the 
comparisons of experimental and predicted results are 
presented in Tables 3-4 and Fig. 7, respectively. Fur-
thermore, the determination coefficient (R2) is used to 
evaluate the applicability of the three models for ad-
sorption kinetics of methomyl on MN-100, as given in 
Eq. 11. 
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where ye, yc and ym are the experimental and predicted 
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Table 3. Parameters and determination coefficient (R2) of adsorption of methomyl on MN-100 employing various 
global kinetic models 

Initial concentration Lagergren equation  Pseudo-second-order equation Elovich rate equation 

C0 (g m-3) 
r2 ke1 

(h-1) 
R2  r2 ke2 

(kg g-1 h-1) 
R2 r2 aE 

(g kg-1h-1) 
bE 

(kg g-1) 
R2 

1.2 0.961  0.060 -0.502  0.999  0.093 0.972 0.994  6.87  1.590  0.991  
3.9 0.960  0.063 0.169  0.995  0.027 0.956 0.991  14.69  0.624  0.988  
8.7 0.972  0.049 0.185  0.996  0.012 0.966 0.992  17.83  0.315  0.988  

13.2 0.989  0.059 0.529  0.992  0.008 0.930 0.979  24.03  0.251  0.979  
18.4 0.972  0.055 0.527  0.991  0.007 0.938 0.983  25.48  0.231  0.983  

 
Table 4. Comparison of equilibrium capacities (qe) of adsorption of methomyl on MN-100 

Initial concentration  Experimental data Predicted results of qe (g kg-1) 
C0 (g m-3)  Ce (g m-3) qe (g kg-1) Langmuir Freundlich Langergren Pseudo-second-order 

1.2  0.18  4.07  3.88  4.18  2.49  4.15  
3.9  1.35  10.19  13.45  10.98  7.54  10.53  
8.7  3.85  19.40  17.82  18.16  13.75  19.80  

13.2  6.98  24.82  19.34  24.11  20.30  25.71  
18.4  11.50  27.35  20.17  30.62  22.51  28.01  
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Fig. 7. Adsorption kinetics of methomyl on MN-100 at 

various C0 in CSTR system by (a) pseudo-first-
order, (b) pseudo-second-order, and (c) Elovich 
rate equations. , ＋, ◇, △ and : C0 = 1.2, 3.9, 
8.7, 13.2 and 18.4 g m-3, respectively. (—): 
Predictions. 

data, and the average of the experimental values, 
respectively.  

According to Eqs. 7, 8 and 10 along with their 
corresponding linear regression fittings, the parame-
ters of individual rate equations were obtained with 
high correlation coefficient (r2 of three models > 0.95). 
However, only the fittings of pseudo-second-order and 
Elovich rate equation gave high R2, reflecting that the 
Lagergren pseudo-first-order equation is not suitable 
to describe the adsorption kinetics of methomyl on 
MN-100. Furthermore, comparing with the values of 
qe obtained from the prediction of pseudo-second-
order equation and experimental data also shows good 
agreement and supports its applicability. The value of 
the rate constant ke2 of the pseudo-second-order equa-
tion generally decreases with increasing C0, interpret-
ing that the higher concentration of methomyl results 
in the lower adsorption rate constant. The higher ad-
sorption rate (dqt/dt) at higher C0 is contributed by the 
larger difference of qe and qt at t, which gives a higher 
value of (qe -qt).  

The Elovich rate equation is commonly used to 
represent the rapid sorption rate in the early period 
while the moderate rate in the later period of the sorp-
tion process. The constants aE and the reciprocal (1/bE) 
of constant bE in the Elovich rate equation are related 
to the rate of sorption and surface coverage of adsorb-
ent, respectively. Thus, the values of aE as well as 1/bE 
should increase and decrease with increasing C0, re-
spectively. As shown in Table 3, the sequences of val-
ues of aE and 1/bE clearly reveal that the prediction of 
adsorption kinetics of methomyl on MN-100 with 
Elovich equation satisfies the physical meanings. To-
gether with the results of large values of R2, Elovich 
rate equation obviously possesses high applicability in 
the prediction of adsorption kinetics of methomyl on 
MN-100. 

(a) 

(b) 

(c) 
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CONCLUSIONS 
 
The adsorption behavior of methomyl from 

aqueous solution on MN-100 has been investigated in 
this study. Methomyl is not stable in the basic solution 
(pH > 8). A lower pH value of solution gives a higher 
adsorption capacity of methomyl on MN-100. Both 
Langmuir and Freundlich adsorption isotherms can 
well describe the adsorption equilibrium of methomyl 
on MN-100, while the former possesses greater 
agreement with the experimental data at higher con-
centration range. The applicabilities of simple kinetic 
models (i.e., Lagergren pseudo-first-order, pseudo-
second-order and Elovich rate equations) have been 
tested in this study. Pseudo-second-order and Elovich 
rate equations successfully predict the adsorption ki-
netics of methomyl on MN-100. Both model fittings 
possess satisfactorily large determination coefficients 
with the values of parameters consistent with the 
physical meanings of the models.  
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