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�Mesoporous carbon is an efficient
adsorbent of S-Metolachlor and
Bentazon.
� Mesoporous carbon can be reused

with a small loss of adsorption
capacity.
� Commercial carbon undergoes the

highest loss of material during the
regeneration.
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a b s t r a c t

Two mesoporous materials, i.e., a mesoporous phenolic resin and a mesoporous carbon, were synthesized
following a soft template method to test the removal of two pesticides, Bentazon and S-Metolachlor. The
adsorbents were characterized by X-ray diffraction analysis, nitrogen adsorption–desorption isotherms,
thermogravimetric analysis, transmission electron microscopy, particle size measurement and XPS spec-
troscopy. Bentazon and S-Metolachlor adsorption kinetics and isotherm studies were carried out at pH 2
and 4, respectively, on these mesoporous materials as well as on a reference commercial carbon. Freund-
lich, Langmuir, Dubinin–Raduskevich and Temkin models were applied to describe the adsorption behav-
ior with the Langmuir model showing the best fit. The regeneration of the adsorbents was carried out by
calcination under nitrogen atmosphere and the results indicated that the regeneration of the mesoporous
carbon was more efficient than that of the mesoporous phenolic resin and the commercial carbon after
being reused several times. Another disadvantage of commercial carbon was the great loss of material
that it experienced after several adsorption–desorption cycles.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Currently, the pollution caused by pesticides has greatly
increased due to their widespread use in agriculture. Pesticides
are highly noxious, sometimes non-biodegradable and very mobile
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Table 1
Properties of pesticides Bentazon and S-Metolachlor.
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throughout the environment [1]. Therefore, many researchers are
studying the removal of these toxic pollutants from aqueous solu-
tions. Photocatalysis [2–4], adsorption [5–7] and electrolysis [8–
10] are some processes involved in the removal of these pollutants.
The main advantages of adsorption compared to other techniques
are its low cost, high removal efficiency and easy operation.

Activated carbons and silica gels have been considered as
excellent adsorbents for many years. These materials are not
suitable as adsorbents of large molecules because they are mainly
microporous [11]. Recently, new mesoporous materials that
show promising results for the adsorption of large pollutants have
been developed [12–17]. Ordered mesoporous materials possess
tunable and uniform pore sizes, large surface areas and large pore
volumes.

Among them, the ordered mesoporous polymer resin and mes-
oporous carbon (MPR and MC) are relatively new materials that
combine the high porosity of mesoporous materials with the phys-
icochemical properties of organic polymers and carbons, respec-
tively [18]. MC is an excellent adsorbent and therefore, as carbon
is inert, stable, hydrophobic, light and presents a high affinity
towards organic pollutants. Ordered mesoporous carbons were
firstly synthesized by a hard template method using mesoporous
silica [19–21]. However, this synthesis cannot be used for large
scale production because it is time-consuming and expensive.
Later, a direct synthesis method using phenolic resin as a carbon
precursor was developed [22–24].

S-Metolachlor is a selective herbicide used in several crops. It is
quite mobile and although it is mainly found in surface water, it
can contaminate groundwater. Several authors have investigated
the adsorption of this herbicide on different materials, such as acti-
vated carbon [25], soil [26], organohydrotalcites [5] or periodic
mesoporous organosilicas (PMOs) [6]. Bentazon is a contact post-
emergency herbicide widely used in agriculture, which has a great
mobility in soil and is moderately persistent in water. That is why
previous papers have reported the removal of Bentazon mainly
using activated carbon as adsorbent [1,27,28]. The maximum con-
centration of S-Metolachlor and Bentazon admitted by the World
Health Organization (WHO) in drinking water are 0.01 mg/L and
0.03 mg/L, respectively.

Unlike activated carbons, mesoporous phenolic resins and mes-
oporous carbons have been hardly used as adsorbents of pesticides.
Herein we have synthesized two mesoporous materials (MPR and
MC) to be tested as regenerable adsorbents for removing S-Metola-
chlor and Bentazon. MPR has been prepared by the EISA method
(evaporation induced self-assembly) [29,30], using resorcinol and
formaldehyde in the presence of surfactant F127 (EO106–PO70–
EO106) under acid conditions. MC was synthesized by calcination
of MPR. For comparison, a commercially available activated carbon
(CC) was also used as adsorbent. The adsorbents were character-
ized by several structural and surface techniques. Different exper-
iments have been carried out to study the influence of different
factors, such as pH and contact time, adsorption/desorption behav-
ior and regeneration of the adsorbents. Finally, adsorption experi-
ments at different temperatures have been undertaken in order to
determine thermodynamic parameters.
Pesticide Structure MW (g/mol) S (mg/L) pKa

Bentazon 240.3 570 3.3

S-Metolachlor 283.79 480 –
2. Experimental section

2.1. Chemicals

Pluronic127 (EO106PO70EO106), resorcinol and commercial
activated carbon were purchased from Sigma–Aldrich.

The pesticides used as adsorbates in the experiments, Bentazon
(3-(1-methylethyl)-1H-2,1,3-benzothiadiazin-4(3H)-one 2,2-diox-
ide) and S-Metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-
[(1S)-2-methoxy-1-methylethyl]acetamide) were purchased from
Sigma Aldrich. Some of their properties are included in Table 1.
2.2. Synthesis of adsorbents

The synthesis of phenolic resin and mesoporous carbon was
carried out using a soft-template method [18]. For that, 9 ml of
3 M HCl were added to a solution of 2.2 g of triblock copolymer
Pluronic F127 and 2.2 g of resorcinol in 9 ml of ethanol. After stir-
ring for at least 20 min [31], a formaldehyde solution (2 ml,
36 wt%) was slowly added to it. Then, the mixture was stirred for
20 min. The resultant solution was transferred to a plate to evapo-
rate ethanol. Afterwards, the product was cured in an oven at 60 �C
overnight. Finally, the solid was calcined at 380 �C under inert
atmosphere to remove the template. The resulting material, a mes-
oporous phenolic resin, was designed as MPR. Amorphous meso-
porous carbon, designed as MC, was obtained by calcination of
MPR in a tubular furnace under inert atmosphere at 800 �C.
2.3. Characterization

Mesoporous phenolic resin and mesoporous carbon were char-
acterized by different techniques. Powder X-ray diffraction (XRD)
patterns were recorded with a Thermo Scientific ARL X’TRA Powder
X-ray Diffraction System (radiation Cu Ka generated by 45 kV and
44 mA, with slits of 2, 4, 1.5 and 0.2 for the divergence, scatter,
receiving scatter and receiving slit, respectively, at 0.25� 2h min�1).
Nitrogen adsorption–desorption isotherms were obtained on a Bel-
sorp-mini II gas analyser. Prior to the measurements, the samples
were degassed at 120 �C for 24 h to remove adsorbed water. Ther-
mogravimetric curves were recorded on a Setaram Setsys Evolu-
tion 16/18 apparatus undernitrogen at a heating rate of 5 �C/min.
Microstructural characterization of the materials was carried out
using JEOL 1400 TEM and JEOL 2010 TEM equipments. Particle
sizes were measured in a Mastersizer S analyser (Malvern Instru-
ments) using ethanol as dispersant. The samples were sonicated
for 10 min before the analysis. XPS spectra were recorded with a
SPECS Phoibos HAS 3500 150 MCD. The residual pressure in the
analysis chamber was 5 � 10�9 Pa. The X-ray source was generated
by a Mg anode (hm = 1253.6 eV) powered at 12 kV and with an
emission current of 25 mA. The powdered sample was pressed
and introduced into the spectrometer without previous thermal
treatment. They were outgassed overnight and analyzed at room
temperature. Accurate binding energies (BE) have been determined
with respect to the position of the C 1s peak at 284.9 eV. The sur-
face atomic concentration ratios were calculated using sensitivity
factors from the Casa XPS element library. The potential zeta (f)
has been determined with a Zetasizer Nano ZS (Malvern Instru-
ments), with a laser of 632.8 nm, coupled to a MPT-2 autotitrator.



Fig. 1. Powder X-ray diffraction patterns of mesoporous phenolic resin (MPR) and
mesoporous carbon (MC).
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2.4. Adsorption experiments

All adsorption experiments were carried out in duplicate by
using the batch equilibration technique at 25 ± 1 �C. Adsorption
of Bentazon (25–250 mg/L) and S-Metolachlor (125–400 mg/L)
were conducted by mixing 20 mg of adsorbent with 30 mL of pes-
ticide solution and stirring continuously the mixture for 24 h. The
suspension was centrifuged and the concentration of Bentazon and
S-Metolachlor were determined by UV–Vis spectroscopy at 232 nm
and 265 nm, respectively, on a Perkin Elmer Lambda 11 UV–Vis
spectrophotometer.

The adsorption kinetics were investigated by three models, the
Lagergren pseudo-first-order model [32], the pseudo-second-
order-model [33] and intraparticle diffusion model [34].

logðCs � Cst Þ ¼ log Cs �
k1

2:303
� t ð1Þ

t
Cst

¼ 1

k2 � C2
s

þ 1
Cs
� t ð2Þ

Cst ¼ kp � t1=2 þ C ð3Þ

where k1 is the pseudo first order rate constant for the adsorption
process (h�1), Cs and Cst (mg g�1) are the amounts of adsorbed pes-
ticide at equilibrium and at time t (h), respectively, k2 is the rate
constant of pseudo-second-order adsorption (g mg�1 h�1) and kp

(mg g�1 h�1/2) is the intraparticle diffusion rate constant.
The equilibrium experimental adsorption data were fitted to

Freundlich [35], Langmuir [36], Temkin [37] and Dubinin–
Raduskevich [38] models and the estimated parameters calculated
from the fitting results are reported in Table 4.

The Freundlich model assumes that the adsorption occurs on a
heterogeneous surface. The logarithmic equilibrium expression of
this model is:

log Cs ¼ log Kf þ nf log Ce ð4Þ

where Kf (mg1�nf Lnf g�1) and nf are the Freundlich constants indic-
ative of adsorption capacity and adsorption intensity, respectively.

The Langmuir model describes the adsorbate–adsorbent inter-
actions and is based on the assumption that the adsorption energy
is constant and independent of the surface coverage. Its expression
is:

1
Cs
¼ 1

Cm
þ 1

Cm � L � Ce
ð5Þ

where Cm (mg g�1) is the monolayer capacity of the adsorbent and L
(L mg�1) is the Langmuir adsorption constant.

Temkin model describes the behavior of adsorption on hetero-
geneous surfaces. This model is based on the heat of adsorption
(due to the interactions between adsorbate and adsorbent). The
Temkin isotherm has generally been applied in the following form:

Cs ¼ BT ln KT þ BT ln Ce ð6Þ

where KT and BT are constants related to adsorption capacity and
intensity of adsorption, respectively.

The isotherm of desorption was measured at each equilibrium
point in the adsorption curve by replacing 7.5 mL of supernatant
with an identical volume of distilled water. After shaking for
24 h, the amount of herbicide desorbed was calculated as indicated
above. This procedure is described in detail elsewhere [5].

The isotherms of adsorption were studied at three constant
temperatures: 10, 20 and 30 �C for Bentazon and S-Metolachlor.
To test the reversibility, the adsorbents were subjected to three
adsorption–desorption cycles. The desorption from mesoporous
phenolic resin was carried out by calcination under nitrogen at
380 �C for 4 h; mesoporous carbon and commercial carbon were
treated under nitrogen at 400 �C for 4 h.
3. Results and discussion

3.1. Characterization of the materials

The XRD-patterns of the mesoporous phenolic resin (MPR) and
the mesoporous carbon (MC) exhibited a low angle (100) peak
with d-spacing of 11.6 nm and 10.3 nm, respectively (Fig. 1). Addi-
tional peaks at higher incidence angles were ill-defined [39]. Their
mesoporous structures were confirmed by TEM images (Fig. 2). The
pore channels with hexagonal arrangement suggest an ordered
mesostructure. The size of these channels was around 10 nm (see
insets in Fig. 2b and c). However, no ordering was observed in
the commercial carbon (Fig. 2a). Moreover, the N2 adsorption–
desorption isotherms for MPR and MC were essentially of type IV
(Fig. 3) with a sharp capillary condensation step at P/P0 = 0.45–
0.57, which is typical of mesoporous materials as defined by IUPAC
[40]. Nevertheless, the commercial carbon exhibited a type I iso-
therm, which corresponds to a microporous material. MC had a
slightly higher surface area than MPR. This is probably due the for-
mation of micropores as a consequence of the decomposition of the
phenolic framework of MPR to obtain the mesoporous carbon as
shown in the TGA curve between 500 and 750 �C (Fig. 4). The pore
size for MPR and MC was around 9 nm (inset in Fig. 3), in agree-
ment with TEM. The main physicochemical properties of the two
mesoporous adsorbents (MPR and MC) along with those of the
commercial carbon are listed in Table 2.

The particle size distribution curves of MPR and MC are shown
in Fig. 5. MPR displayed a considerably large particle size with the
main peak centered at about 250 lm. Interestingly, the distribu-
tion of particle size for MC was wider and clearly shifted to lower
values (ca. 50 lm). This revealed the significant reduction of the
particle size upon carbonization of the MPR to MC. The curve for
CC was very broad and centered between 10 and 30 lm, showing
a significantly lower particle size than MPR and MC.

Surface analyses obtained by XPS for the three adsorbents are
depicted in Table 2. MPR possessed a significant amount of oxygen,
as expected from the composition of the polymer. The fraction of
oxygen decreased as a result of the transformation of MPR into
MC, which involves the deoxygenation of the phenolic groups,
among other reactions. CC also presented a considerably amount
of oxygen which was much higher than that of MC. The C 1s and
O 1s XP spectra are represented in Fig. 6. The large FWHM (full



Fig. 2. TEM images for commercial carbon (CC) (a), mesoporous phenolic resin
(MPR) (b), including a TEM image of high resolution (inset), and mesoporous carbon
(MC) (c), including a TEM image of high resolution (inset).

Fig. 3. Nitrogen adsorption–desorption isotherms and the corresponding pore size
distributions (insets) for mesoporous phenolic resin (MPR), mesoporous carbon
(MC) and commercial carbon (CC).

Fig. 4. Thermogravimetric curves for mesoporous phenolic resin (MPR) and
mesoporous carbon (MC).

Table 2
Physicochemical properties of commercial carbon, mesoporous phenolic resin and
mesoporous carbon.

Sample SBET

(m2 g�1)
Smicropores

(m2 g�1)
Vp

a

(cm3 g�1)
d100

(A)
Cb

(at.%)
Ob

(at.%)

CC 688 406 0.41 – 85.93 14.07
MPR 503 160 0.63 116 82.92 14.08
MC 526 294 0.49 103 95.10 4.90

a Single point total adsorption.
b C and O determined by XPS.

R. Otero et al. / Chemical Engineering Journal 251 (2014) 92–101 95
width at half-maximum) values of the peaks (1.4–2.7 eV for C 1s
and 2.9–3.6 eV for O 1s) suggested the existence of different carbon
and oxygen species. Obviously, MPR exhibited various types of car-
bon atoms, namely CAC, C@C and CAO. MC displayed the narrow-
est C 1s peak due to the major presence of aromatic carbon atoms
in its framework whereas CC even showed additional small contri-
butions at high binding energies indicative of the existence of C@O
species. Similarly, the O 1s spectra confirmed the contribution of a
higher variety of species in CC than in MPR and MR.

3.2. Adsorption kinetics of Bentazon and S-Metolachlor

The adsorption of Bentazon and S-Metolachlor on the mesopor-
ous materials and the commercial carbon was studied at different



Fig. 5. Particle size distribution curves for mesoporous phenolic resin (MPR),
mesoporous carbon (MC) and commercial carbon (CC).
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pH values using 30 mL of either 50 mg/L Bentazon or 100 mg/L S-
Metolachlor and 20 mg of adsorbent (Fig. 7). An increase in the
pH caused a decrease in the adsorption of Bentazon probably due
to the enhancement of the electrostatic repulsion between the ion-
ized pesticide and the adsorbent surface [1]. The point of zero
Fig. 6. XPS analysis for mesoporous phenolic resin (MPR), m

Fig. 7. Influence of pH on the adsorption of S-Metolachlor and Bentazon on mesoporo
charge (pzc) was determined for the three materials and revealed
some differences among them (see Supporting information,
Fig. SI1). The pzc value indicates the pH required to give zero net
surface charge. The pHs were 5.3, 3.2 and 2.7 for commercial car-
bon, mesoporous carbon and phenolic resin, respectively. When
the pH is higher than the pzc, the surface is negatively charged.
As pH is increased, the surface is more negatively charged. On
the other hand, Bentazon is a weak acid with pKa of 3.3; and at
pH above the pKa, it exists predominantly in anionic form. As pH
is increased, the extent of dissociation of Bentazon molecules is
increased and so it becomes more negatively charged. As a result,
the equilibrium adsorption of Bentazon decreased with an increase
in the pH of the initial solution. This could be attributed to the
increased electrostatic repulsion between Bentazon ions and the
surface of the three materials [1]. Similar observations were made
for the adsorption of Bentazon onto AC cloth [41].

Given the aromatic structure of Bentazon, dispersion forces
should be expected between the p cloud of the adsorbents and
the aromatic ring of the adsorbate. Also, some specific localized
interactions might arise from the polar groups (i.e., sulfoxide and
carbonyl-type) [28]. The decrease in the amount adsorbed at
higher pH (anionic form predominant in solution) suggests a
weaker interaction of the surfaces with deprotonated (anionic)
Bentazon than with its neutral form, and consequently that the
esoporous carbon (MC) and commercial carbon (CC).

us phenolic resin (MPR), mesoporous carbon (MC) and commercial carbon (CC).



Fig. 8. Adsorption kinetics of S-Metolachlor and Bentazon on mesoporous phenolic
resin (MPR), mesoporous carbon (MC) and commercial carbon (CC).
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adsorption is dominated by dispersive interactions between the
pesticide and the adsorbent surface. Similar results on the pH-
dependence of Bentazon adsorption have been reported by other
authors [42,43]. In addition, the relative drop in the adsorption
was higher when the pH of the point of zero charge was lower
(see Figs. 7 and SI1). Thus, the phenolic resin was the most affected
by changes in the pH.

However, the adsorption of S-Metolachor on both mesoporous
materials, MPR and MC, and the commercial carbon, CC, was not
affected by the pH. This could be associated to the non-ionizable
nature of S-Metolachlor in the pH range under study. Indeed, the
adsorption of S-Metolachlor would occur through p–p interactions
between the aromatic ring of the pesticide and p-electrons of the
adsorbent structure [41].

The effect of the contact time at the pH of maximum adsorption
is depicted in Fig. 8. The adsorption of Bentazon and S-Metolachlor
on commercial carbon was fast, reaching the equilibrium in 2 h,
while their adsorption on the mesoporous materials was slower
(ca. 16 h). These differences in the adsorption kinetics might be
explained by the higher specific surface area (Table 2) and smaller
particle size (Fig. 5) of CC with respect to both mesoporous
materials.

The fitting parameters for the adsorption kinetic of Bentazon
and S-Metolachlor on MPR, MC and CC are listed in Table 3. The
correlation coefficients R2 for the pseudo-second-order kinetics
(0.999) were best fitted than for a pseudo-first-order kinetics
model (0.561–0.995). Similar results were reported by Salman
et al. using an activated carbon as adsorbent for two pesticides,
Bentazon and Carbofuran [1].

Following the Morris–Weber equation for intraparticle diffusion
(Eq. (3)), the plots of Cs versus t1/2 consist of straight lines for the
Table 3
Kinetic parameters for the adsorption of Bentazon and S-Metolachlor onto mesoporous ph

Pesticide Adsorbent Cs exp Pseudo first order model Pseud

K1 (h�1) CS1 (mg g�1) R2 K2 (g m

Bentazon MPR 53.20 0.39 48.97 0.992 0.018
MC 67.82 0.34 43.71 0.991 0.017
CC 71.23 0.23 0.287 0.561 4.9

S-Metolachlor MPR 94.28 0.21 55.40 0.983 8.4 � 1
MC 108.4 0.32 47.28 0.995 0.019
CC 117.9 1.22 18.28 0.941 0.24
pesticide adsorption on the three adsorbents. The extrapolation
of these lines does not pass through the origin, suggesting that
intraparticle diffusion cannot be the rate-determining step and
other factors may have operated simultaneously to govern the
adsorption process [44,45].

Further information about the adsorption mechanism can be
obtained analyzing the adsorption isotherm for the systems under
study. The isotherms for the adsorption of Bentazon and S-Metola-
chlor on mesoporous phenolic resin and mesoporous carbon
(Fig. 9) were compared with that of commercial carbon (Fig. 10).
According to Giles classification [46], the isotherms for Bentazon
adsorption on MPR, MC and CC corresponded to a L2 type. Also,
S-Metolachor on CC exhibited a L2 type isotherm. However, the
adsorption of S-Metolachlor on MPR and MC gave a L4 type iso-
therm. In the case of Bentazon, the plateau was reached at Cs value
of 130.74 mg g�1, 166.72 mg g�1 and 218.04 mg g�1 for MPR, MC
and CC, respectively. By contrast, the second plateau for S-Metola-
chlor on MPR and MC was not reached, indicating that the maxi-
mum adsorption capacity of the adsorbent was not achieved
under these conditions. Similar behavior was observed in the
adsorption of this pesticide on phenylene-bridged and ethylene-
bridged periodic mesoporous organosilicas [6]. The adsorption iso-
therm of S-Metolachlor on CC exhibited an ill-defined plateau with
a value of Cs = 340.17 mg g�1.

The fitted parameters of adsorption were calculated from the
linear regressions of Eqs. (4)–(6). According to the regression coef-
ficient values, the Langmuir model showed a much better fit than
the Freundlich and Temkin models (Table 4).

These models do not give any idea about the mechanism of
adsorption. To understand the adsorption type, experimental data
were fitted to the Dubinin–Radushkevich (D–R) model:

ln Cs ¼ ln qm � Ke2 ð7Þ

where qm is the theoretical adsorption capacity of the adsorbent
(mg g�1), K (mg2 kJ�2) is the constant related to adsorption energy
and e = RT ln(1 + 1/Ce) is the Polanyi potential.

The adsorption energy (E) can be calculated using the D–R
equation and the following relationship has been used.

E ¼ ð2KÞ�0:5 ð8Þ

The adsorption is physical in nature when E is between 0 and
8 kJ mol�1; if it is 8 < E < 16 kJ mol�1 the adsorption is due to
exchange of ions; and if the value of E is between
20 < E < 40 kJ mol�1, a chemisorption occurs. In the case of S-Met-
olachlor, the values found in the present study for the three adsor-
bents were around 8 kJ mol�1 whereas in the case of Bentazon
were between 11 and 13 kJ mol�1. Consequently, the adsorption
of Bentazon could be explained by exchange of ions. In addition,
E values for S-Metolachlor were in the limit between physical
adsorption and exchange of ions and so it was not possible to
explain precisely the nature of the adsorption.

The desorption curves [5] above the adsorption curves evi-
denced the difficulty to remove S-Metolachlor and Bentazon from
enolic resin and mesoporous carbon compared with commercial carbon.

o second order model Intraparticle diffusion

g�1 h�1) CS2 (mg g�1) R2 Kp (mg g�1 h�1/2) C (mg g�1) R2

54.64 0.999 4.05 30.62 0.780
69.44 0.999 5.43 38.29 0.652
71.43 0.999 0.06 70.95 0.617

0�3 97.08 0.999 6.91 54.77 0.829
109.89 0.999 5.82 76.56 0.691
117.65 0.999 0.85 113.36 0.413



Fig. 9. Adsorption and desorption isotherms of S-Metolachlor and Bentazon on mesoporous phenolic resin (MPR) and mesoporous carbon (MC).

Fig. 10. Adsorption and desorption isotherms of S-Metolachlor and Bentazon on commercial carbon (CC).

Table 4
Freundlich, Langmuir, Dubinin–Raduskevich and Temkin model parameters for S-Metolachlor and Bentazon adsorption onto mesoporous phenolic resin and mesoporous carbon
compared with commercial carbon.

Pesticide Adsorbent Freundlich Langmuir Dubinin–Raduskevich Temkin

Kf nf R2 Cm L R2 qm K R2 BT KT R2

Bentazon MPR 15.19–13.31 0.44 ± 0.03 0.980 129.20 0.05 0.994 2.1 � 10�3 3.9 � 10�3 0.986 28.39 0.45 0.984
MC 42.56–33.96 0.32 ± 0.03 0.964 174.82 0.11 0.998 1.8 � 10�3 2.6 � 10�3 0.968 27.56 3.09 0.947
CC 105.86–76.35 0.26 ± 0.06 0.774 219.30 1.04 0.998 2.6 � 10�3 2.0 � 10�3 0.815 30.17 39.84 0.893

S-Metolachlor MPR 4.12–0.81 0.90 ± 0.17 0.900 467.28 3.3 � 10�3 0.922 0.015 9.2 � 10�3 0.884 133.97 0.03 0.748
MC 9.34–4.33 0.74 ± 0.08 0.921 666.67 4.2 � 10�3 0.989 0.012 7.4 � 10�3 0.958 133.04 0.05 0.887
CC 13.83–4.87 0.72 ± 0.12 0.922 1434.7 2.1 � 10�3 0.978 0.014 7.3 � 10�3 0.937 138.02 0.06 0.960
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Table 5
Thermodynamic parameters for S-Metolachlor and Bentazon adsorption onto mesoporous phenolic resin and mesoporous carbon compared with commercial carbon.

Pesticide Adsorbent T (�C) K DS (kJ mol�1 K�1) DH (kJ mol�1) DG (kJ mol�1)

S-Metolachlor MPR 10 979 �0.018 �21.16 �16.20
20 623 �15.67
30 542 �15.86

MC 10 11494 0.056 �6.10 �22.00
20 10042 �22.44
30 9728 �23.13

Bentazon MPR 10 82782 0.054 �11.42 �26.64
20 69192 �27.15
30 60241 �27.72

MC 10 36003 0.31 62.87 �24.68
20 131520 �28.71
30 208029 �30.85

Fig. 11. Adsorption–desorption cycles for S-Metolachlor and Bentazon. Adsorption
after first (1), second (2) and third (3) cycle. Weight lost after three adsorption–
desorption cycles (% loss).
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the adsorbents. The presence of hysteresis (Figs. 9 and 10) indi-
cates the irreversibility of the process in all cases.

3.3. The effect of temperature

In order to determine the thermodynamic parameters of the
adsorption of Bentazon and S-Metolachlor on the three adsorbents,
the effect of the temperature was studied. When the temperature
was increased from 10 to 30 �C the amount of adsorbed Bentazon
slightly increased, unlike S-Metolachlor whose adsorption
behavior was similar in the whole temperature range.

The change in standard free energy (DG�), enthalpy (DH�), and
entropy (DS�) of adsorption was calculated using the following
equations (Eqs. (9) and (10)) [47,48]:

DG� ¼ DH� � TDS� ð9Þ

ln K ¼ DS�=R� DH�=RT ð10Þ

where K is the equilibrium constant, R the molar gas constant and T
the absolute temperature. The values of DH� and DS� were calcu-
lated from the slope and intercept of Van’t Hoff plots (lnKC versus
1/T) and are summarized in Table 5. The values of K have been
obtained from the values of KL from the Langmuir equation because
our isotherms were well fitted to this equation. K has been recalcu-
lated to become dimensionless by multiplying it by 106 [49]. DG�
values were calculated from Eq. (9). The negative DG� values indi-
cate that the process is thermodynamically feasible and spontane-
ous. In the case of Bentazon, the DG� values were slighter higher
as the temperature increased indicating that the process was chem-
ically controlled. By contrast, the behavior of S-Metolachlor showed
two different tendencies (physical and chemical).

3.4. Regeneration of the adsorbents

To test their reusability, the adsorbents were regenerated by
calcination under nitrogen atmosphere at 380 �C for mesoporous
phenolic resin and 400 �C for mesoporous carbon and commercial
carbon. The adsorbents were subjected to three adsorption–
desorption cycles (Fig. 11). The regeneration efficiencies of the
mesoporous materials were compared with the commercial car-
bon. In the third cycle, the adsorption capacity for S-Metolachlor
on MPR, MC and CC were 60.5%; 69.29% and 59.85%, respectively,
while for Bentazon were 77.33% for MPR; 90.22% for MC and
88.82% for CC. For both pesticides, the regeneration was better in
mesoporous carbon than in mesoporous phenolic resin and com-
mercial carbon. The differences between both mesoporous materi-
als can be associated to the presence of more defects in the
mesostructure of the phenolic resin than in that of the mesoporous
carbon after their regeneration (see Fig. SI2 in Supporting
information). In relation to CC, the lower decrease in the adsorp-
tion capacity for MC could be ascribed to its mesoporous character
and its lower fraction of micropores [50,51]. Similar behavior was
described by Suchithra et al. [52], who studied the regeneration
of hybrid mesoporous material compared with commercial carbon
for the removal of dyes and other organic compounds.

A great disadvantage of the commercial carbon compared to the
mesoporous materials in relation to their reusability was its signif-
icant loss of material after several adsorption–desorption cycles.
After three cycles, the losses of the commercial adsorbent were
48.2% and 47.1% for the adsorption of S-Metolachlor and Bentazon,
respectively, while it was less than 5% for the mesoporous materi-
als (Fig. 11). After each adsorption cycle the material was recov-
ered with a filter of 0.45 lm of pore size, which should retain all
particles according to the particle size distribution depicted in
Fig. 5. However, these results suggest that the commercial carbon
undergoes a shear degradation that decreases the particle size,
thus allowing the resulting smallest particles to pass through the
filter. The loss of this material involves serious concerns for its
practical application because it reduces drastically its durability,
unlike both mesoporous materials, which proven to be more resis-
tant to friction.
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4. Conclusions

Mesoporous phenolic resin and mesoporous carbon exhibited
good properties to be used as adsorbents in virtue of their high sur-
face area and narrow mesopore distribution. The N2 adsorption–
desorption isotherms for MPR and MC were essentially of type
IV. The pore size of these materials was around 9–10 nm according
to the N2 adsorption and TEM results. We have examined a poten-
tially practical use of these materials for the adsorption of S-Met-
olachlor and Bentazon. The adsorption of these pollutants varied
with the pH. The adsorption of Bentazon decreased when the pH
increased, probably due to the increase of the electrostatic repul-
sion between the pesticide ion and the adsorbent surface. By con-
trast, the adsorption of S-Metolachor was not affected by the pH.

The adsorption kinetics fitted better to a pseudo-second-order
kinetics model. Intraparticle diffusion was present in the adsorp-
tion process together with other factors. The isotherms for Benta-
zon on MPR, MC and CC and for S-Metolachor on CC were of L2
type while the adsorption of S-Metolachlor on MPR and MC exhib-
ited a L4 type isotherm. In the case of Bentazon, a plateau was
reached for the three adsorbents. By contrast, the second plateau
for S-Metolachlor on MPR and MC was not reached, indicating that
the maximum capacity of these adsorbents was not achieved under
these conditions. In all cases the Langmuir model showed a much
better fit. The adsorption of Bentazon could be explained as
exchange of ions according to the Dubinin–Radushkevich model.
The presence of hysteresis in the desorption curves indicated irre-
versibility of the process in all cases.

The regeneration efficiency was better in mesoporous carbon
than in mesoporous phenolic resin and commercial carbon for both
pesticides. Another disadvantage of the commercial carbon com-
pared to the mesoporous materials for their regeneration was the
great loss of material after successive adsorption–desorption
cycles.
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