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bstract

With cetyltrimethylammonium (CTAB) and tetramethylammonium hydroxide (TMAOH) as hybrid surfactant templates, a mesoporous adsorbent
adsorbent C) was synthesized in ethanol via the integration of “One-step” procedure and “Evaporation-Induced Self-Assembly” procedure. During
he synthesis, TMAOH served as the subsidiary structure-directing agent. Adsorbent C exhibited higher pore diameter (centered at 6.1 nm), BET
urface area (421.9 m2/g) and pore volume (0.556 cm3/g) than the other two adsorbents only using P123 (adsorbent A) or CTAB (adsorbent B)

s the surfactant. The adsorbents were also characterized by XRD and FTIR spectroscopy. The adsorption of copper, zinc, lead, iron, silver and
anganese ions on adsorbent C was investigated by contrast tests with adsorbent A and B. The experimental data showed that adsorbent C possessed

etter adsorption properties than the counterparts. The order of adsorption capacity for six metal ions was Mn2+ < Zn2+ < Cu2+ < Fe2+ < Pb2+ < Ag+.
he kinetic and thermodynamic properties and the regeneration capacity of adsorbent C were also discussed.
2007 Elsevier B.V. All rights reserved.
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. Introduction

A large variety of heavy metals are discharged to the environ-
ent, causing serious environmental pollution and threatening

eople’s health, even at low concentrations. At the same time,
any of them (e.g. silver, lead and copper) are precious and can

e recycled and reused for extensive applications. Therefore,
he removal and recovery of the heavy metals from wastewater
re attracting more and more attention from the public for both
cological and economic benefits. The adsorption technology
s one of the most popular methods to control such pollutants.
umerous adsorbents have been surging in recent years, such

s mesoporous materials functionalized with various organic
roups [1–3].

Many mesoporous materials possess excellent adsorption

apacity, due to their large surface area, ordered pore arrange-
ent, uniform pore sizes and controllable modifying ratio of

unctional groups. Although the expense for mesoporous adsor-

∗ Corresponding author. Tel.: +86 21 65983302; fax: +86 21 65983121.
E-mail address: fengting@mail.tongji.edu.cn (F. Li).
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ium hydroxide; Evaporation-induced self-assembly

ents per unit is relatively high, some of them have been proved
o be economical by regeneration experiments, in which the
dsorbents maintained the great adsorption capacity for heavy
etals after multiple repeated uses [4,5].
“Hydrothermal-synthesis” process is a common method

o prepare mesoporous materials [6,7]. This method requires
rganic and inorganic reactants combining in the water phase,
hich easily results in faster hydrolysis of organosilane and

educes the cross-linking degree of organosilane and silica
ramework as well as intake of functional groups. “Evaporation-
nduced Self-Assembly” (EISA) procedure is based on sol–gel
hemistry and mainly used for preparation of mesoporous films
8–12]. “EISA” chooses organic solvent as reaction media,
hich can make up the deficiency of traditional “hydrothermal-

ynthesis” process. Under the condition of acid catalysis, silica
ource is pre-hydrolyzed with added water in organic solvents.
imultaneously, the surfactant is dispersed in the solvent to form
upramolecular structure. Then the above solutions are mixed

o guarantee the interactivity between surfactants and silica.
ue to the evaporation of the organic solvent, the concentration
f surfactant gradually increases. When it exceeds the critical
icelle concentration (CMC), micelles will form in the solution.

mailto:fengting@mail.tongji.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.07.060
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ubsequently, the co-self-assembly of micelles and silica leads
o the formation of mesophase and the achievement of meso-
orous, crystalline materials [13–16]. “EISA” helps to efficiently
ontrol the hydrolysis and cross-linking rates of organosilanes.
esostructure is induced during the solvent evaporation, as
result, higher modifying ratio of functional groups can be

btained, which easily leads to the comparatively smaller pore
ize [17]. The common solvents used in synthesis of mesoporous
aterials are toluene [18], methanol [19] and tetrahydrofuran

20]. However, all these solvents have high toxicity and are harm-
ul to the environment. It is necessary to reduce the toxicity of
olvents even choose nontoxic ones.

Meanwhile, “Two-step” procedure (namely post-synthesis
reatment), is to graft organic groups onto the performed

esopore channel surface [21–23], which easily leads to the
orphology destruction [24] and low ratio of modified func-

ional groups [25]. In comparison, “One-step” procedure is to
irectly incorporate organic groups into silica frame by co-
ondensation [26], which can result in an uniform distribution
f functional groups inside the mesopore channels but leads to
maller pore size [27–29].

According to the synthesis methods of mesoporous materials
eported, TMAOH is a common component used for not only
roviding an alkali environment for the synthesis of mesoporous
aterials, but also serving as an auxiliary template. J. Perez-
ariente et al. [30] reported the thiol-MCM-41 samples obtained
y TMAOH and surfactants possessed a surface area higher than
ynthesized by the standard preparation. Li and coworkers [31]
ynthesized the Ti-MCM-41 from gel using TMAOH as the aux-
liary template. The XRD pattern indicated the molecular sieve
ad higher crystallinity using TMAOH than NH3·H2O. Proper
MAOH/SiO2 ratio (0.27) availed the formation of the long-

ange-ordered structure, which meant a wormhole framework
ith an increased length of mesopore channels [32]. In addition,
MAOH played an important role in the pore size expansion
rocess [33,34]. Therefore, the utilization of TMAOH in the
ynthesis of the mesoporous materials can solve the problem
f small pore size produced in both “One-step” and “EISA”
rocedure.

A new approach for preparing mesoporous adsorbents was
rovided in this study, which was using TMAOH as the sub-
idiary structure-directing agent and nontoxic ethanol as the
rganic solvent, and combining “One-step” and “EISA” pro-
edure to fabricate the mesoporous adsorbent. The adsorption
f copper, zinc, lead, iron, silver and manganese ions on the
btained adsorbent was investigated by contrast tests with two
dsorbents synthesized using a conventional procedure [35]. In
ddition, its kinetic and thermodynamic properties were dis-
ussed.

. Experimental

.1. Reagents and materials
3-Aminopropyltriethoxysilane (APTES, 99%) and a tri-
lock copolymer (Pluronic P123, EO20PO70EO20, Mav = 5800)
ere purchased from Aldrich. Tetraethyl orthosilicate (TEOS),

e
T
s

Materials 152 (2008) 690–698 691

etyltrimethylammonium (CTAB), absolute ethyl alcohol,
aHCO3 and HCl (36 wt.%) were purchased from Shanghai
hemical Co. and tetramethylammonium hydroxide (TMAOH,
5 wt.%) was provided by Zhenfeng Chemical Co. All the above
aterials were used without further purification. Nitrates of cop-

er, zinc, lead, iron, silver and manganese were used to prepare
etal ion solution. No further pH adjustment of these solutions
as made since hydrolysis of metals prevented the precipitation
f the corresponding metal hydroxides. Deionized water was
sed throughout this work.

.2. Instruments

FTIR spectra were obtained from a Spectrum 2000 FTIR
pectrometer (Perkin-Elmer) with the usual KBr pellet method.
-ray diffraction (XRD) test were performed on a Rigaku
/max-RB diffractometer with CuKα radiation. Nitrogen

dsorption tests were performed at 77 K using a Coulter
mnisorp 100 gas analyzer. The concentrations of Cu2+, Zn2+,
b2+, Fe2+, Ag+ and Mn2+ remaining in the solutions were ana-

yzed by an Inductively Coupled Plasma Spectrometer (ICP,
ptima 2100 DV, America) after appropriate dilution. The pH
alues were measured by a pH-meter (PHS-3C, China).

.3. Synthesis of mesoporous adsorbents

.3.1. Synthesis of adsorbent A using P123 as surfactant
A typical synthetic procedure used APTES, TEOS,

123, HCl, H2O and ethanol in relative molar ratios of
.25:1:0.022:0.025:6.25:40.76. Four grams of P123 was dis-
olved in 40 g dry ethanol and vigorously stirred for 2 h.

eanwhile, 1.76 g APTES, 0.4 g HCl (2 mol/L), 3.6 g H2O and
0 g dry ethanol were mixed and also stirred for 2 h. Then 6.64 g
EOS was slowly added into the mixture of the above two solu-

ions. The mixture was stirred for further 1 h. After reaction, the
roduct was transferred into a Petri dish for solvent evaporation
t room temperature. The resulting solid was aged in deionized
ater at 90 ◦C for 3 d. After recovered by filtration, the solid
roduct was refluxed in ethanol/HCl for 1 d at 70 ◦C to extract
he surfactant templates. Then it was filtered, stirred in 1 mol/L
aHCO3 solution overnight and washed with deionized water

or neutralization. Finally, it was dried under vacuum at 60 ◦C
or 1 d to obtain powder adsorbent.

.3.2. Synthesis of adsorbent B using CTAB as surfactant
A procedure similar to which described above was fol-

owed, except that 2.19 g CTAB replaced 4 g P123 as surfactant.
he molar composition of the reaction mixture, APTES:TEOS:
TAB:HCl:H2O:ethanol, was 0.25:1:0.188:0.025:6.25:40.76.

.3.3. Synthesis of adsorbent C using CTAB as surfactant
nd TMAOH as subsidiary structure-directing agent
A procedure similar to which described above was followed,
xcept that 2.19 g CTAB replaced 4 g P123 as surfactant, 3.6 g
MAOH solution (25 wt%) replaced 3.6 g H2O as subsidiary
tructure-directing agent. The molar composition of the reaction
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ixture, APTES:TEOS:CTAB:HCl:TMAOH:H2O:ethanol,
as 0.25:1:0.188:0.025:0.309:4.69:40.76.

.4. Adsorption test

Metal nitrates were dissolved in deionized water to prepare
nitial metal ion solutions with different concentrations. In a
ypical run, 0.05 g of adsorbent and 10 mL of metal ion solu-
ion were placed in stoppered vials and sonicated for 20 min at
oom temperature. The resulting mixture was filtered through
0.45 �m Uniflo filter unit and the filtrate was analyzed via

CP/OES spectroscopy. The loading capacity for a given metal
on was then calculated by the change in concentration between
he filtrate and the initial metal ion solution.

.5. Adsorption kinetics test

Fifty milligrams of adsorbent C and 10 mL of 1 mmol/L Cu2+

olution were placed in stoppered vials and sonicated for 1, 2, 3,
, 5, 10, 15, 20 min at room temperature. The resulting mixture
as filtered through a 0.45 �m Uniflo filter unit and the filtrate
as analyzed via ICP/OES spectroscopy.

.6. Cycle use of adsorbent C

The samples loading Cu2+ were used to verify the regenera-
ion capacity. In a typical run, 0.1 g of adsorbent C and 20 mL of
mmol/L Cu2+ solution were placed in stoppered vials and soni-
ated for 20 min at room temperature. The resulting mixture was
ltered through a 0.45 �m Uniflo filter unit and the filtrate was
nalyzed via ICP/OES spectroscopy. Then the copper-loaded
dsorbent was placed in 100 mL of 1 mol/L HCl, stirred for 4 h
o elute metal ions at room temperature. After filtration, the
dsorbent was neutralized with 1 mol/L NaHCO3 solution for
2 h, washed with deionized water and used again. Following
nother filtration, adsorbent C was dried in a vacuum oven at
0 ◦C before another use.

.7. Adsorption isotherm test

Metal nitrates were dissolved in deionized water to prepare
nitial metal ion solutions with concentrations of 0.5 mmol/L,
mmol/L, 2 mmol/L and 4 mmol/L. Fifty milligrams of adsor-
ent C and 10 mL of metal ion solution were placed in stoppered
ials and sonicated for 20 min at room temperature. The result-
ng mixture was filtered through a 0.45 �m Uniflo filter unit and
he filtrate was analyzed via ICP/OES spectroscopy.

. Results and discussion

.1. Preparation and characterization

TEOS and APTES were used as silica sources and

EOS/APTES ratio of 4 was used to promote the formation of
etter morphologic structures and the increase of modified func-
ional ligands [36]. The synthesis procedure is shown in Fig. 1.
sing nontoxic ethanol as the only organic solvent, APTES

7
s
s
i

Fig. 1. The schematic synthesis route of three mesoporous adsorbents.

as slowly hydrolyzed and pre-polymerized with the surfac-
ant micelle. Then pre-polymeric APTES and the hydrolyzate
f added TEOS were partically co-condensed by Si OH. Dur-
ng the evaporation of ethanol, the silica were further hydrolyzed
nd cross-linked to form ordered mesostructures.

Three adsorbents were characterized by FTIR to ascertain
he modification of NH2. The FTIR patterns present sim-
lar location and appearance of the major bands in Fig. 2.
he vibrations of H2O are at around 1633 cm−1. The fea-

ures around 1081 cm−1 and 959 cm−1 indicate Si O Si and
i O H stretching vibrations, respectively. The bands around

97 cm−1 and 466 cm−1 result from Si O Si vibrations. The
pectra of samples show characteristic bands for methene
tretching vibrations around 3000–2800 cm−1. The character-
stic peaks at around 1550, 1590 and 3435 cm−1 for NH2 are
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Fig. 2. FTIR spectra of adsorbents A, B and C.
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enhanced the pore size, surface area and pore volume of adsor-
bent C.
Fig. 3. XRD patterns of adsorbents A, B and C.

lso the strong evidence for successful grafting of functional
roups [37,38].

The XRD patterns of all the three adsorbents, A, B and C,
how a single diffraction peak (1 0 0) at 2.18◦, 2.1◦and 2.32◦of
θ, respectively (Fig. 3). Although three additional high order
eaks (1 1 0, 2 0 0 and 2 1 0) for the modification of amino are
bsent in Fig. 3, the sharp peak (1 0 0) indicates that the ordered
esostructures of samples has been maintained after fictional-
zation.
The BET measurement was performed for each sample.

able 1 shows the porosity data. Figs. 4 and 5 show the nitro-
en adsorption–desorption isotherms and pore size distributions

able 1
tructure properties of three adsorbents

ample BET surface
area (m2/g)

Pore size
(nm)

Pore volume
(cm3/g)

dsorbent A 336.3 4.6 0.488
dsorbent B 128.4 2.4 0.279
dsorbent C 421.9 6.1 0.556

F

ig. 4. Nitrogen adsorption–desorption isotherms at 77 K for adsorbents A (�),
(×) and C (©).

f three adsorbents, respectively. Fig. 4 reveals that the nitro-
en adsorption–desorption isotherms are all in accordance with
he type-IV curve, which is the characteristic of mesostructures
2,39]. All samples had narrow pore size distributions (Fig. 5).
s expected, adsorbent C, which was synthesized with CTAB

nd TMAOH as hybrid surfactant templates, exhibited highly
nlarged pore, higher BET surface area and pore volume. As
result of the large ionic radius of TMA+, a relatively weak

on pair was produced for the reaction between TMA+ and
ydroxyl group of hydrolyzed silicates. The ion pair diffused
o the surfactant interface and the silicate precursor interacted
ith surfactant headgroups since the interaction of the silicate
recursor with surfactant were stronger than with TMA+, then
he silicates were directed to condensation and polymeriza-
ion surrounding the surfactant micelles. Thus, TMAOH likely

odified the strength of the electrostatic interaction between
ilicates and the cationic surfactant micelles to promote pore
roperties [40]. TMAOH helped to accelerate the condensation
f silicates and strengthen the physical structure of adsorbent
. Adsorbent B synthesized using CTAB had lower pore size,

urface area and pore volume than adsorbent A using P123
ince CTAB has a shorter molecular chain than P123. In com-
arison with adsorbents A and B, the addition of TMAOH
ig. 5. Pore size distribution curves of adsorbents A (�), B (×) and C (©).
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Table 2
Cu 2+ adsorption on three adsorbents

Adsorbent Cu2+ (mmol/L) Removal
(%)

Q (mmol/g) Kd (mL/g) Equilibrium
pH

C0 Ce

A 1 0.082 91.8 0.1836 2239.02 6.52
B 1 0.371 62.9 0.1258 339.08 5.98
C 1 0.007 99.3 0.1986 28371.43 6.74
A 2 0.688 65.6 0.2624 381.40 5.54
C 2 0.435 78.3 0.3130 719.54 6.03
A 4 2.392 40.2 0.3216 134.45 5.33
C 4 2.048 48.8 0.3904 190.63 5.75

Table 3
Pb2+ adsorption on three adsorbents

Adsorbent Pb2+ (mmol/L) Removal (%) Q (mmol/g) Kd (mL/g) Equilibrium pH

C0 Ce

A 1 0.034 96.6 0.1932 5682.35 6.72
B 1 0.309 69.1 0.1382 447.25 6.02
C 1 0.006 99.4 0.1988 33133.33 6.81
A 2 0.585 70.8 0.2830 483.76 6.21
C
A
C

3
i

s
o
b

Q

K

w
K
o
(
c

M

h
o
l
a
b
a
a
a
m
o
b
c

b
c
o

T
Z

A

A
B
C
A
C
A
C

2 0.363 81.9
4 2.292 42.7
4 1.959 51.0

.2. Adsorption characteristics of mesoporous adsorbents
n metal solutions

The ability of adsorbents to remove a metal ion from aqueous
olution can be expressed in terms of the amount of metal ions
n the adsorbents (Q) and the distribution ratio (Kd). They can
e calculated according to Eqs. (1) and (2):

= (C0 − Ce) × V

W
(1)

d = 103Q

Ce
(2)

here Q is the amount of metal ion on the adsorbents (mmol/g),
d is the distribution ratio of the metal (mL/g), V is the volume
f the aqueous solution (L), W is the weight of the adsorbent

g), C0 (mmol/L) and Ce (mmol/L) are the initial and final
oncentrations of the given ion in solution.

Tables 2–7 give the adsorption data of Cu2+, Pb2+, Zn2+,
n2+, Fe2+ and Ag+. It was found that adsorbent C possessed

a
t
t
t

able 4
n2+ adsorption on three adsorbents

dsorbent Zn2+ (mmol/L) Removal (%)

C0 Ce

1 0.127 87.3
1 0.485 51.5
1 0.049 95.1
2 0.796 60.2
2 0.513 74.4
4 2.402 40.0
4 2.192 45.2
0.3274 901.93 6.38
0.3416 149.04 5.91
0.4082 208.37 6.07

igher loading capacity and distribution constant than the other
nes. The performance of three adsorbents decreases in the fol-
owing order: C > A > B. The values of Q and Kd of adsorbent B
re much smaller than those of adsorbent A. In contrast, adsor-
ent C, which used TMAOH as subsidiary structure-directing
gent, remarkably improved the ability of metal ions removal
nd even exceeded adsorbent A. TMAOH was a good miner-
lizer so as to accelerate aeolotropy during the formation of
esostructure and further pore size and uniform distribution

f organic groups. Therefore, the loading capacity of adsor-
ent C modified with APTES was greater than some reported
ounterpart [41,42].

The amino hydrolyzation was promoted due to the chelation
etween amino and metal ions. As a result, at the same ion con-
entration, the values of equilibrium pH rose with the increase
f the ion adsorption quantity. The adsorption approached to

saturation state with the enhancement of the initial concen-

rations. The higher initial concentrations of metals were used,
he lower equilibrium pH values were produced. In addition,
he Kd values of adsorbents A, B and C all decreased in the

Q (mmol/g) Kd (mL/g) Equilibrium pH

0.1746 1374.80 7.04
0.1030 212.37 6.63
0.1902 3881.63 7.15
0.2408 302.51 6.84
0.2974 579.73 6.95
0.3196 133.06 6.56
0.3616 164.96 6.75
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Table 5
Mn2+ adsorption on three adsorbents

Adsorbent Mn2+ (mmol/L) Removal (%) Q (mmol/g) Kd (mL/g) Equilibrium pH

C0 Ce

A 1 0.300 70.0 0.1400 466.67 7.81
B 1 0.587 41.3 0.0826 140.72 7.57
C 1 0.118 88.2 0.1764 1494.92 7.92
A 2 1.209 39.6 0.1582 130.85 7.71
C 2 0.841 58.0 0.2318 275.62 7.79
A 4 3.116 22.1 0.1768 56.74 7.58
C 4 2.689 32.8 0.2622 97.51 7.64

Table 6
Fe2+ adsorption on three adsorbents

Adsorbent Fe2+ (mmol/L) Removal (%) Q (mmol/g) Kd (mL/g) Equilibrium pH

C0 Ce

A 1 0.037 96.3 0.1926 5205.41 6.94
B 1 0.327 67.3 0.1346 411.63 6.42
C 1 0.006 99.4 0.1988 33133.33 7.08
A 2 0.617 69.2 0.2766 448.30 6.10
C 2 0.389 80.6 0.3222 828.28 6.53
A
C

o
a
a

3

t
t
s

m
a
s
(
[

q

q

w
l
a
o
c

o
c
t
i
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T
A

A

A
B
C
A
C
A
C

4 2.379 40.5
4 2.007 49.8

rder: Ag+ > Pb2+ > Fe2+ > Cu2+ > Zn2+ > Mn2+. It reflected the
dsorption selectivity of mesoporous adsorbents modified with
mine for metal ions to a certain extent.

.3. Adsorption kinetics of Cu2+ by adsorbent C

The adsorption rate is an important parameter used to image
he adsorption process. Many applications, such as wastewater
reatment and metal purification, need rapid adsorption rate and
hort contact time.

The pseudo-first-order and pseudo-second-order kinetic
odels are commonly used to estimate the rate constants, initial

dsorption rates and adsorption capacities of an adsorbent for
ome adsorbates [43–45]. Two nonlinear models (Eqs. (3) and

4)) have been proved to be more applicable than the linear ones
46]:

t = qeq(1 − exp−k1t) (3)

p
o
o
8

able 7
g+ adsorption on three adsorbents

dsorbent Ag+ (mmol/L) Removal (%)

C0 Ce

1 0.019 98.1
1 0.233 76.7
1 0.001 99.9
2 0.489 75.6
2 0.293 85.4
4 2.084 47.9
4 1.852 53.7
0.3242 136.28 5.79
0.3986 198.60 6.15

t = k2q
2
eqt

(1 + k2qeqt)
(4)

here t is the contact time (min); qt (mmol/g) is the solid-phase
oading of metal ions at time t; k1 (min−1) and k2 (g/mmol min)
re the rate constants of pseudo-first-order and pseudo-second-
rder adsorption, respectively; qeq (mmol/g) is the adsorption
apacity at equilibrium.

Fig. 6 illustrates the kinetic process of Cu2+ adsorption
nto adsorbent C. During the initial 3 min, the removal effi-
iency of Cu2+ increased to 99.2%, which clearly illuminated
hat the extraction process of adsorbent C was speeded up
n a large scale. By contrasting the values of coefficient of
etermination (r2) in Figs. 6A and B, it was found that the

seudo-second-order kinetic model fitted better with kinetic data
f adsorbent C than pseudo-first-order kinetic model. The values
f qeq, k2 and k2q

2
eq (initial adsorption rate) are 0.19876 mmol/g,

27.05469 g/mmol min and 32.67324 mmol/g min, respectively.

Q (mmol/g) Kd (mL/g) Equilibrium pH

0.1962 10326.32 7.69
0.1534 658.37 7.29
0.1998 199800.00 7.82
0.3022 618.00 7.35
0.3414 1165.19 7.54
0.3832 183.88 6.94
0.4296 231.97 7.06
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ig. 6. Pseudo first-order kinetics (A) and pseudo second-order kinetics (B) by
onlinear method for the adsorption of 1 mmol/L Cu2+ solution onto adsorbent
.

hese data explain the excellent adsorption attribution of adsor-
ent C again.

.4. Regeneration of adsorbent C

2+
The same sample of the adsorbent removed over 90% of Cu
rom solutions after eight stripping cycles. Considering the loss
f the adsorbent during each cycle, the amount of the adsorbent
nd the volume of Cu2+ solution were adjusted to the comparable

able 8
ight stripping cycles of adsorbent C

tripping
ycle

W (g) V (mL) Removal
(%)

Q (mmol/g) Kd (mL/g)

0.100 20 99.5 0.199 39800
0.095 19 96.0 0.192 4800
0.090 18 94.9 0.190 3725.5
0.085 17 93.5 0.187 2876.9
0.080 16 93.0 0.186 2657.1
0.075 15 92.0 0.184 2300
0.070 14 90.0 0.180 1800
0.065 13 90.4 0.181 1885.4

f

l

i

T
L

M

C
P
Z
M
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A
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easure. Table 8 shows the results of the regeneration process.
he adsorption capacity of adsorbent C were maintained at a

evel more than 0.19 mmol/g and with an uptake ratio more than
4% in the first three cycles. During the following three cycles,
he data decreased to 0.184 mmol/g and 92%, respectively. After
ight cycles, the loading capacity of adsorbent C reduced to
0.4%. The data showed the excellent regeneration capacity
f modified mesoporous adsorbents compared to non-modified
nes [47].

.5. Adsorption isotherm of metal ions by adsorbent C

Langmuir and Freundlich equations are two common
sotherm models to describe the behavior of adsorbents and the
orrelation between adsorption parameters. In this work, the two
odels were used to test the adsorption process of adsorbent C.
The Langmuir isotherm is expressed as Eq. (5):

eq = bQmax
Ceq

(1 + bCeq)
(5)

here qeq (mmol/g) is the equilibrium loading capacity of
dsorbent, Qmax (mmol/g) is the maximum adsorption capacity
orresponding to complete monolayer coverage, Ceq (mmol/L)
s the equilibrium concentration of the adsorbate, and b
L/mmol) is the equilibrium constant related to the adsorption
nergy.

It can be represented in a linear expression as Eq. (6) [46]:

Ceq

qeq
= 1

bQmax
+ Ceq

Qmax
(6)

According to Eq. (6), Qmax and b values can be determined
xperimentally by plotting Ceq versus Ceq/qeq.

The Freundlich isotherm assumes that different sites are
nvolved with several adsorption energies, so it can be applied to
onideal adsorption on heterogeneous surfaces as well as multi-
ayer adsorption [48,49]. The Freundlich model is described as
q. (7):

eq = kC1/n
eq (7)

here k is the Freundlich constant and 1/n is the heterogeneity
actor.

The linear form can be represented by:
g qeq = lg k + (1/n) lg Ceq (8)

The constants of the Langmuir isotherm and the Freundlich
sotherm are summarized in Tables 9 and 10, respectively.

able 9
angmuir isotherm constants for Cu2+, Pb2+, Zn2+, Mn2+, Fe2+ and Ag+

etal ions b Qmax r2

u2+ 28.9180 0.3939 0.9971
b2+ 33.7167 0.4119 0.9979
n2+ 18.0332 0.3682 0.9979
n2+ 16.4700 0.2662 0.9986

e2+ 33.2083 0.4020 0.9978
g+ 42.1350 0.4331 0.9982
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Table 10
Freundlich isotherm constants for Cu2+, Pb2+, Zn2+, Mn2+, Fe2+ and Ag+

Metal ions k 1/n r2

Cu2+ 0.3619 0.1483 0.9753
Pb2+ 0.3829 0.1497 0.9844
Zn2+ 0.3281 0.2128 0.9787
Mn2+ 0.2338 0.1762 0.9715
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e2+ 0.3732 0.1461 0.9818
g+ 0.4075 0.1222 0.9799

ompare the r2 values in Tables 9 and 10, all experi-
ental data are demonstrated in less accordance with the
reundlich isotherm model than the Langmuir isotherm model.
hus, the adsorption behavior of adsorbent C for the above
etal ions mostly belonged to monolayer adsorption. The

quilibrium constant (b) and maximum adsorption capac-
ty (Qmax) of adsorbent C increased as the following order:

n2+ < Zn2+ < Cu2+ < Fe2+ < Pb2+ < Ag+.

. Conclusions

In this work, “One-step” and “EISA” procedure (nontoxic
thanol as solvent) were combined together for the synthesis of
esoporous materials. TMAOH and CTAB were used in combi-

ation as hybrid templates to fabricate mesoporous adsorbents. It
as found that the synthesized product exhibited better adsorp-

ion properties than the counterpart only using the copolymer
123 as the surfactant. This adsorbent had a great adsorption
apacity mainly due to the uniform distribution of amine inside
hannels as well as large and well-proportioned pore size. The
rder of adsorption capacity for six metal ions in this study
as Mn2+ < Zn2+ < Cu2+ < Fe2+ < Pb2+ < Ag+. According to the

2 values, experimental data followed the Langmuir model of
onolayer adsorption.
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