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ABSTRACT

Contamination of natural water with organic pollutants is a problem of major concern and the demand
for effective adsorbents for the removal of toxic compounds is increasing. Present work deals with the
adsorption of 2-chlorpphenol (2-CP) and 2,4,6-trichlorophenol (2,4,6-TCP) from aqueous solutions on
a new nano sorbent; amino-modified ordered mesoporous silica (APS-MCM-41) material. It was found
that APS-MCM-41 shows significant adsorption for 2-CP and 2,4,6-TCP. This might be due to the acid and
alkaline interactions among the amino functional groups and chlorophenols. Batch adsorption studies
were carried out to study the effect of various parameters like adsorbent dose, pH, initial concentration
and contact time. It was found that adsorption of 2-CP and 2,4,6-TCP depends upon the solution pH. From
the sorption studies it was observed that the uptake of 2,4,6-TCP was higher than that of 2-CP. Freundlich
and Langmuir adsorption isotherms were used to model the equilibrium adsorption data for 2-CP and

Amine-modified MCM-41 2,4,6-TCP.

© 2009 Published by Elsevier B.V.

1. Introduction

Chlorophenols are a widespread class of water pollutants that
are known to cause serious human health problems; hence these
chemicals are found in the list of priority pollutants of the Envi-
ronmental Protection Agency (EPA) [1] and in the European Union
(EU) [2]. They are widely used in industry as intermediates in the
production of dyes, plastics and pharmaceuticals. Chlorophenol are
commonly found in the wastewater of pulp and paper industry,
which pollute the groundwater resources [3]. In addition, the chlori-
nation process of tap water leads to the generation of chlorophenols
from phenols, which are responsible for the unfavorable smell.

Several methods such as adsorption [4,5], chemical oxidation
[6,7], photodegradation [8,9], coagulation flocculation [10], etc.
are being used for the removal of chlorophenols from wastewa-
ter streams. Adsorption technology, in particular, has been used
for the removal of phenolic compounds from wastewaters [11].
Intensive research work has been done on the removal of phenolic
compounds using activated carbon as the adsorbent [2,12-15]. The
regeneration of activated carbon is normally by means of thermal
procedure and there is significant cost and capacity loss associated
with this process. Alternative adsorbents studied include naturally
occurring materials such as biosorbents [16,17], clays [18], zeolites
[11,19] and resins [20,21]. Zeolites, in particular, comprise a regular
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aluminosilicate cage-like microporous structure with exchangeable
counter cations. Although it was believed that the micropores pro-
vide adsorptive sites but at the same time, it was found that the
surface area of micropores cannot be fully utilized in adsorption.
The extent to which a particular adsorbate molecule is adsorbed
on these zeolite materials is limited by a number of physical fac-
tors which include the size of the adsorbing molecules, the pore
diameter of the zeolite and the length of the diffusion path [22].
As an alternative to the microporosity and size selectivity of
zeolites, the use of a mesoporous silicate as an adsorbent for the
removal of phenolic compounds from aqueous solution seems to
be promising. Mesoporous silicates offer a number of potential
advantages as adsorbents including larger pore volume and diam-
eter, high surface area and regular channel type structures. It is
also possible to manipulate these properties so as to suit those
of the adsorbate [23]. MCM-41 is a member of family of silicate
mesoporous materials, designated as M41S. Hexagonally ordered
mesoporous silicate materials extended as molecular sieves show
broad range of (13-100 A) pore size. These materials are synthesized
via a liquid crystal templating mechanism by subsequent removal
of the organic template through calcination or acid dissolution. The
structures are defined by ordered arrays of templating surfactant
molecules and the pore size is adjusted by changing the hydro-
carbon chain length of the surfactant. Varying surfactant/Si ratio
and synthesis conditions produce solids with uniform hexagonally
ordered cylindrical pores (MCM-41), layered materials (MCM-50),
and materials with a three-dimensional pore system and cubic sym-
metry (MCM-48) as well as other structures [24]. These materials
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are potentially useful for catalytic, electronic, optical, magnetic and
separation applications [25-29]. Their modification by function-
alized molecules can lead to adsorbents with specific properties
[30-32]. Removal of harmful organics by mesoporous materials
grafted with organic or metal complexes has drawn much attention
[33-36].

In this project, MCM-41 was prepared and functionalized with
aminopropyl (AP) ligands by post-synthesis treatment. Generally,
silanol groups and amino groups are effective for the adsorption of
organic compounds due to their high adsorption energy or poten-
tial charge association. In addition, presence of free electron pairs
on amine group within mesopores of MCM-41 materials should
lead to sorptive properties for weak acidic organic compounds in
water. The structural order and textural properties of the meso-
porous materials were studied by XRD and nitrogen adsorption.
The presence of amino functional groups on the surface of meso-
porous silica was confirmed by means of FTIR analysis. The objective
of this study was to evaluate the effectiveness of mesoporous APS-
MCM-41 material for the sorption of 2-CP and 2,4,6-TCP. The effects
of various operating parameters such as effect of adsorbent dose,
initial concentration, pH of the solution and contact time were thor-
oughly studied. The Freundlich and Langmuir adsorption isotherms
were used to model the equilibrium adsorption data.

2. Experimental
2.1. Materials

All the reagents used for experimental studies were of analyti-
cal grade and were purchased from Merck (Darmstadt, Germany).
Aqueous solutions were prepared using doubly distilled water.
Tetraethoxysilane (TEOS,98%) and cetyltrimethyl ammonium bro-
mide (CTAB), were used to prepare MCM-41, 3-aminopropyl
trimethoxy silane (APS) and dry Toluene were used to prepare mod-
ified MCM-41. 2-Chlorophenol (2-CP) and 2,4,6-trichlorophenol
(2,4,6-TCP) were used as adsorbate.

2.2. Synthesis of MCM-41 mesoporous silica

MCM-41 silica was prepared using low surfactant concentra-
tion at room temperature. The source of silicon was TEOS and
the structure directing agent was CTAB. MCM-41 was prepared
by adding 5.78 g of TEOS (27.7 mmol) into a solution containing
1.01 g of CTAB (2.8 mmol) and 0.34 g of NaOH (8.5 mmol) in 30 ml
of de-ionized water [37]. After stirring for 1 h at room temperature,
the resulting homogeneous mixture was crystallized under static
hydrothermal condition at 110°C in a Teflon container for 96 h.The
molar composition of the initial gel mixture was 1.0:0.1:0.3:60
TEOS/CTAB/NaOH/H;0. The solid product was obtained by filtra-
tion, washed with de-ionized water, ethanol and dichloromethane.
The product was then dried in air at 80 °C and calcined.

2.3. Synthesis of amino-modified MCM-41 (APS-MCM-41)

Modification of the prepared MCM-41 was performed as fol-
lows: MCM-41 (2.0g) was suspended in dry toluene (70 ml) and
3-aminopropyl trimethoxysilane (APS) (1.0g) was added under
dry nitrogen atmosphere. The mixture was then refluxed for 12 h.
The solid product was filtered, washed with dichloromethane and
ethanol, and was dried. It was then soxhlet extracted with a mix-
ture of ethanol and dichloromethane (1:1), in order to remove the
silylating reagent residue, and was vacuum dried at 70°C.

2.4. Characterization

The X-ray powder diffraction patterns were recorded on a Philips
1830 diffractometer using Cu Ko radiation. The diffractograms were

recorded in the 20 range of 0.8-10 with a 260 step size of 0.01° and
a step time of 1s. Adsorption-desorption isotherms of the synthe-
sized samples were measured at 77 K on micromeritics model ASAP
2010 sorptometer to determine an average pore diameter. Pore-
size distributions were calculated by the Barrett-Joyner-Halenda
(BJH) method, while surface area of the sample was measured
by Brunaure-Emmet-Teller (BET) method. The Fourier transform
infrared spectra for the unmodified and modified samples were
measured on a DIGILAB FTS 7000 instrument under attenuated total
reflection (ATR) mode using a diamond module.

2.5. Adsorption studies

In order to study the effect of various operating parameters such
as pH, initial concentration, adsorbent dose and contact time on the
adsorption capacity of 2-CP and 2,4,6-TCP, batch sorption experi-
ments were conducted. For single solute adsorption studies, model
solutions of 2-CP and 2,4,6-TCP were prepared by dissolving pure
samples of the solutes in double distilled water. A known quantity
of the adsorbent (0.1-0.4 g/1) was taken in a 100 ml stoppered con-
ical flask and 10 ml of aqueous solution of 2-CP and 2,4,6-TCP was
added to it. The conical flasks were then kept on a rotary shaker
at ambient temperature (2542 °C) for 6 h to attain equilibrium. At
the end of the adsorption process, the adsorbent was filtered out
and the concentration of 2-CP and 2,4,6-TCP in the residual solu-
tion was analyzed by UV-spectrophotometer (MPC-2200, UV 2550)
at wavelengths of 274 and 296 nm, respectively [38].

In order to reduce the measurement errors, the UV absorption
intensity for each equilibrium solution was measured in tripli-
cates and the average value was used to calculate the equilibrium
concentration; based on a standard calibration curve whose corre-
lation coefficient square (r2) was 0.99. The experimental error was
observed to be within +2%. The specific amount of solute (2-CP and
2,4,6-TCP) adsorbed was calculated using Eq. (1):

(CO —Ce )V

qE:T (1)

where ge is the adsorption capacity (mg/g) of the adsorbent at equi-
librium; C and Ce are the initial and equilibrium concentrations of
solute (mg/1), respectively; V is the volume of the aqueous solution
(L) and W the mass (g) of adsorbent used in the experiments.

2.6. Adsorption kinetics of chlorophenols

To measure the adsorption kinetics of chlorophenols onto adsor-
bents, 10 ml of chlorophenol solution with an initial concentration
of 50 ppm was introduced into the flask and mixed with 0.002 g
of APS-MCM-41. The solution was stirred continuously at 20°C.
Samples were taken from the solution by fast filtration at different
time intervals. The concentration of chlorophenols in the residual
solution was determined and the amount of adsorption (g;) was
calculated according to Eq. (2).

_ (G -GV
B w

where ¢; is the amount of adsorption at time t, Cg is the initial con-
centration of chlorophenols in the solution, C; is the concentration
of chlorophenols in the solution at time t, V is the volume of the
solution, and m is the mass of APS-MCM-41.

qe (2)

3. Results and discussions
3.1. Characterization of APS-MCM-41

The X-ray diffraction (XRD) patterns in the range of 1.0-10.0
20 of ordered mesoporous material, MCM-41, and the functional-



M. Anbia, M. Lashgari / Chemical Engineering Journal 150 (2009) 555-560 557

100
=
&
£
wn
= 110 200
g (A)
|
(B)
¥ e Ty
1 2 3 4 5 6 7 8
2-Theta

Fig. 1. XRD patterns of MCM-41 (A) and APS-MCM-41 (B).
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Fig. 2. The FT-IR spectra of MCM-41 (curve A) and APS-MCM-41 (curve B).

ized sample, APS-MCM-41, are shown in Fig. 1. The XRD patterns
of the MCM-41 show strong (100) peak and proportional (11 0)
and (2 00) peak intensities. In the X-ray diffraction pattern of the
prepared material, the peak (1 00) of the parent MCM-41 was pre-
served while the other peaks were disappeared. The latter was
attributed to the incorporation of organic groups inside the chan-
nels of MCM-41. This pattern is confirming the presence of the
hexagonal structure of the pores and suggesting that the modifica-
tion process does not affect the framework integrity of the ordered
mesoporous MCM-41 [39-41].

The functional groups contained by the samples were also
identified using FT-IR. Fig. 2 shows the FT-IR spectra of the mod-
ified sample along with the unmodified mesoporous MCM-41.
The O—H stretching bonds of silanol groups were observed at
3200-3800cm~!. Silanol groups on the silica surface of MCM-
41 exist as several types, such as isolated, hydrogen bonded, and
geminal types of silanol [42]. The IR absorption bands of these
silanol groups correspond to the peaks at 3740, 3200-3600, and
3715 cm™!, respectively. The results showed that the surface silanol
group was mainly of the isolated type, IR absorption bands for
which were observed at 3746cm~!. Si—O bond stretching was
detected at 976 cm~!. In general, the functionalized silicas with

Table 1
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Fig. 3. Nitrogen adsorption-desorption isotherms of MCM-41 (A) and APS-MCM-41
(B).

3-aminopropyl trimethoxysilane show an IR peak for the CH, rock-
ing vibration of Si—CH;R at around 700 cm~!. Broad NHj, stretching
at3250-3450 cm~!, an N—H deformation peak at 1640-1560 cm™!,
C—H stretching of methyl groups at 3000-2840 and 1450 cm~! [43].
The efficiency of the grafting process is demonstrated by a signif-
icant decrease in the silanol bands at around 3746 cm~!, with an
association increase of new bands characteristic of the immobilized
aminopropyl groups.

Fig. 3 shows the nitrogen adsorption-desorption isotherms per-
formed at 77K for the MCM-41 silica before and after grafting
with 3-aminopropyl trimethoxysilane. The textural properties of
these materials are summarized in Table 1. Both the surface area
and the total pore volume of the modified sample dropped signifi-
cantly compared with the non-functionalized sample, MCM-41. The
decrease in the pore volume of the material after silanization is
the direct consequence of the silanization process which fills the
mesopores.

3.2. Adsorption studies

3.2.1. Effect of chemical modification

In order to evaluate the efficiency of the prepared adsorbents,
the equilibrium adsorption of the chlorophenols was studied as a
function of equilibrium concentration. The adsorption isotherms
of 2-CP and 2,4,6-TCP on APS-MCM-41 and MCM-41 are shown in
Figs. 4 and 6. It is seen that the order of adsorption in terms of
the amount adsorbed (mg/g) at different conditions is: APS-MCM-
41>MCM-41.

APS-MCM-41 registers higher adsorption capacity (338.84
and 275.42mg/g for 2,4,6-TCP and 2-CP, respectively) than the
untreated mesoporous MCM-41 (103 and 97 mg/g for 2,4,6-TCP and
2-CP, respectively).

The higher adsorption capacity of APS-MCM-41 can be explained
by several facts. This may be because of the hydrophobicity cre-
ated by propyl amine group. It is also surmised that the presence
of a free electron pair causes more interaction between chlorophe-
nols and adsorbent in APS-MCM-41. In other words, chlorophenols
are weak acids and there are acid and alkaline interactions among
amine groups and chlorophenols.

Textural properties determined from nitrogen adsorption-desorption experiments at 77 K and powder XRD measurements.

Sample Specific surface area (m?/g) Total pore volume (cm?/g) Average pore size (A) dioo (A) Wall thickness (A)
MCM-41 1183 1.24 51.1 62.4 219
APS-MCM-41 1049 0.91 313 55.9 232
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Fig.5. Effectofinitial concentration onremoval of 2,4,6-TCP on APS-MCM-41 (adsor-
bent dosage=0.2 g/, contact time =6 h, room temperature=25=+2°C).

3.2.2. Effect of contact time and concentration

In order to establish an equilibration time for the maximum
uptake and to evaluate the kinetics of the adsorption process, the
adsorption of chlorophenols on APS-MCM-41 was studied as a func-
tion of contact time. The results are shown in Figs. 5 and 6. It is seen
that the rate of uptake of the chlorophenols is rapid at the begin-
ning and 50% of adsorption is completed within 1h. Figs. 5 and 6
also indicate that the time required for equilibrium is 4 h. Thus,
for all equilibrium adsorption studies, the contact period was kept
6 h. The effect of concentration on the equilibration time was also
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Fig. 6. Effect ofinitial concentration on removal of 2-CP on APS-MCM-41 (adsorbent
dosage=0.2 g/l, contact time =6 h, room temperature =25 +2°C).
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Fig. 7. Effect of adsorbent dose on removal of 2,4,6-TCP and 2-CP on APS- MCM-41
[initial concentration =50 mg/l, contact time =6 h, room temperature=254+1°C.

investigated as a function of initial concentration of chlorophenols.
It was found that the time of equilibrium as well as time required to
achieve a definite fraction of equilibrium adsorption is independent
of initial concentration.

3.2.3. Effect of adsorbent dose

The effect of adsorbent dose on the uptake of 2-CP and 2,4,6-TCP
on APS-MCM-41 was studied. The results are shown in Fig. 7. The
present study shows that the APS-MCM-41 is an effective adsor-
bent for the removal of 2-CP and 2,4,6-TCP from aqueous solution.
It can be seen from Fig. 7 that the amount of adsorption for 2-CP
and 2,4,6-TCP was increased with the increase in adsorbent dose.
This increase in loading capacity is due to the availability of greater
amount of active sites of the adsorbent. The adsorption capac-
ity for 2,4,6-TCP is higher than that for 2-CP due to the stronger
interactions of the former with APS-MCM-41. It is notable that
chlorophenols are weak acids. Therefore, their interactions with
adsorbent species depend on their acidity strength. As such, TCP
with higher acidity strength in comparison with CP is expected to
be adsorbed more efficiently.

3.2.4. Effect of pH

The pH of the aqueous medium is an important factor that may
influence the uptake of the adsorbate. The chemical characteris-
tics of both the adsorbent and the adsorbate vary with pH. The
pH of the solution affects the degree of ionization and speciation
of various pollutants which subsequently leads to a change in the
reaction kinetics and equilibrium of the adsorption process. The
effect of initial pH on the adsorption of 2-CP and 2,4,6-TCP by APS-
MCM-41 was studied. NaOH and HCl solutions were used to adjust
the pH of the solution. The experimental results for the uptake of
2-CP and 2,4,6-TCP on APS-MCM-41, in the pH range of 1-11, are
shown in Fig. 8. It was observed that the relative uptake of 2-CP and
2,4,6-TCP was significantly affected by pH. The adsorption capac-
ity of chlorophenols remains nearly constant at 7 < pH < 11, while at
acidic region the adsorption capacity for both of 2-CP and 2,4,6-TCP
decreases. This observation is due to the interactions of the pro-
tons with APS-MCM-41. There are acid-alkaline interactions among
adsorbates and APS-MCM-41. Therefore, the amount of adsorption
depends on the acidic strength of the species. At low pH values,
adsorption capacity decreases due to the presence of protons in
solution which compete with the chlorophenols to be adsorbed on
APS-MCM-41 species.

3.3. Adsorption modeling

Equilibrium studies were carried out to determine the adsorp-
tion capacity and equilibrium constant for 2-CP and 2,4,6-TCP on
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Fig. 8. Effect of pH on removal of 2-CP and 2,4,6-TCP on APS-MCM-41 [initial con-
centration =50 mg/l, adsorbent dose 0.2 g/1, contact time=6h].

APS-MCM-41. The distribution of solute between the liquid and
solid phases is a measure of the distribution coefficient in the
adsorption process and can be expressed by the Freundlich and
Langmuir equations.

Adsorption equilibrium data, expressed by the mass of adsor-
bate adsorbed per unit weight of adsorbent, and liquid phase
equilibrium concentration of adsorbate, are usually represented
by adsorption isotherms, which is of importance in the design of
adsorption systems. Two important isotherms, i.e. Freundlich (Eq.
(3)) and Langmuir (Eq. (4)) isotherms, are selected in this study.

Lnqe = InK¢+ (%) InCe 3)

Ce 1 1

qe _(me>+(Qm)Ce )
where ge (mg/g) is the amount of chlorophenols adsorbed per gram
of APS- MCM-41 at equilibrium; Ce (mg/l) the equilibrium con-
centration of chlorophenols in solution; K;, a Freundlich isotherm
constant for the system and the slope 1/n, ranging between 0
and 1, indicative of the degree of nonlinearity between solution
concentration and adsorption. qm(mg/g) the maximum monolayer
adsorption capacity; b(1/mg) the constant related to the free energy
of adsorption. The isotherm data has linearized using the Freundlich
and Langmuir equations. The data of these isotherms which are not
shown Figures for the sake of briefness are provided in Table 2.
It is clear that the adsorption isotherms can be fitted well using
two isotherm models (evidenced from the correlation coefficients,
>0.990). The value of Langmuier and Freundlich for 2-CP and 2,4,6-
TCP are shown in Table 2. The values of constants for 2,4,6-TCP are
higher than those for 2-CP, which indicate the higher adsorption
capacity towards 2,4,6-TCP. As it was explained earlier, chlorophe-
nols are weak acids and there are acid-alkaline interactions among
chlorophenols and APS-MCM-41 species. Therefore the amount of
adsorption depends on the acidic strength of the chlorophenols.
TCP with greater K, has higher interactions with APS-MCM-41, and
is adsorbed more than CP. Meanwhile, the adsorption capacities
of APS-MCM-41 for the adsorption of chlorophenols were com-
parable to those of some other adsorbent materials reported in

Table 2
Longmuir and Freundlich constants for adsorption of 2-CP and 2,4,6-TCP on APS-
MCM-41.

Analyte Langmuir Freundlich

gm (mg/g)  b(l/mg) R? Ke(mg/g) n(l/mg) R?
2-CP 400 0.033 0.992 38.19 1.09 0.9983
2,4,6-TCP 500 0.040 0.992 46.95 1.95 0.9963

literature at the same conditions [44,45]. This fact would prove the
potential of the produced adsorbents to be used in a commercial
scale.

4. Conclusions

The present study shows that the APS-MCM-41 is an effective
adsorbent for the removal of 2-CP and 2,4,6-TCP from aque-
ous solution. This may be due to the hydrophobicity created by
propyl amine group, and acid and alkaline interactions among
amine group and chlorophenols. The sorption of 2,4,6-TCP on APS-
MCM-41 was more as compared with that of 2-CP. This could
be attributed to greater acidity of 2,4,6-TCP as compared with 2-
CP which leads to stronger interactions between the specie and
sorbent. The value of adsorption capacities of APS-MCM-41 were
comparable to the adsorption capacities of other adsorbent mate-
rials for the adsorption of chlorophenols at the same conditions.
It was observed that the adsorptions of 2-CP and 2,4,6-TCP were
highly dependent on the pH of the aqueous solution. Adsorption
isotherms were well predicted by Freundlich equilibrium adsorp-
tion model.
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