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a b s t r a c t

With dimethyldecylamine (DMDA) as the expander, a new kind of pore-expanded amino-functionalized
mesoporous silicas (PEAFMS) was directly synthesized under mild alkali condition. The characteristics
of PEAFMS sample demonstrated that the presence of DMDA markedly augmented the average pore
diameter (19.04 nm) and strongly enhanced its decolorization ability. Subsequently, acid mordant dark
yellow GG (YGG) and reactive red violet X-2R (RVX) were chosen to assess its adsorption capacity for
sulphonated azo dyes. The effect of initial pH was investigated and the decolorization mechanism was
illuminated. Three isotherms were conducted and the goodness of fit increased as the following order:
xpanded pore
esoporous silicas
ecolorization
ulphonated azo dye

Freundlich < Langmuir < Redlich–Peterson. The maximum adsorption capacities of YGG and RVX onto
PEAFMS were 1.967 and 0.957 mmol/g, respectively. Adsorption kinetic processes were better predicted
by the pseudo-second-order rate equation than the pseudo-first-order one. Adsorption thermodynamic
results suggested that the adsorption behavior of both dyes onto PEAFMS was spontaneous with the
chemical nature. In addition, the regeneration of PEAFMS was proved to be feasible using NaOH as the
strippant. After five cycles, PEAFMS still possessed a favorable adsorption capacity for dyes. It is safely

ould
concluded that PEAFMS c

. Introduction

Sulphonated azo dyes, as the most numerous of synthetic azo
yes [1], are extensively used in textile, leather and many other

ndustries. Such dyes easily endanger environment and human
or their good water solubility, poor biodegradability and latent

utagenicity/carcinogenicity [2,3]. Therefore, conventional meth-
ds of municipal sewage disposal are unfit for dye wastewater.
dsorption is an attractive technology in terms of flexibility, water
euse and waste recovery, simplicity of design, ease of operation
nd insensitivity to toxic pollutants. The performance of adsor-

ents is usually the key influence on decolorization. Moreover, the
dsorption capacity of adsorbents mainly depends on various char-
cteristics such as surface area, pore structure, loaded functional
roups, etc.
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atics, China University of Mining and Technology, South 3rd Ring Road, Tongshan
istrict, Xuzhou, Jiangsu 221116, PR China. Tel.: +86 516 83882065;
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be a potential adsorbent for the dye removal from wastewater.
© 2010 Elsevier B.V. All rights reserved.

Activated carbon is the most popular adsorbent [4,5], but its
pores are principally distributed in the micropore (pore size <2 nm)
region and restrict its application to only smaller organic molecules
(C3–C7) [6]. So larger molecules such as dyes cannot easily pen-
etrate into the micropores and efficiently adsorb on them. As a
consequence, activated carbon shows the unsatisfactory adsorp-
tion capacity for dyes [7–9]. And certain factors such as high
cost and regeneration trouble also limit its further applications. In
recent years, alternative adsorbents have been investigated, such
as castor seed shell [10], rice straw [11], sawdust [12], perlite [13],
durian peel [14], coconut-husk [15], kaolinite clay [16], chitosan
[17] and soybean hull [18] etc. Most of these alternative adsor-
bents are easily available and are of low-cost; however, present
obvious deficiencies are poor mechanical and heat resistance, rel-
atively high loss ratio and limited adsorption capacity for dyes. So
researchers are still impelled to novel adsorbents. And mesoporous

silicas modified with various functional groups are attracting more
and more attention.

Recently, different kinds of functionalized mesoporous sil-
icas have been reported to be effective adsorbents for dyes
and the decolorization efficiency of mesoporous silicas is highly

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:caroline_yanghong@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2010.03.116
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ependent on the pore size [19–22]. Due to larger pore channels
nd better pore connectivity of pore-expanded mesoporous sili-
as, specific functional groups modified on the silica surface can
nteract with various adsorbates more efficiently (e.g. amino groups
how excellent adsorption properties for sulphonated azo dyes)
23,24]. Accordingly, there is a great need to expand mesopores for
ye removal, although pore expansion easily led to a decrease of
rdered mesostructure. In fact, long-range ordering of mesopores
nd very narrow pore size distributions (PSDs) are not necessary
or wastewater treatment [25,26].

Many expanders (e.g. alkanes [27], amines [25] and trimethyl-
enzene [28]) have been used for pore expansion of mesoporous
aterials and long-chain amines have revealed the remarkable

ffect on the enlargement of the pore size. It was reported that the
ddition of large amounts of dimethyldecylamine (DMDA), favored
ormation of extra-large mesostructure without functional groups:
he pore volume reached up to 3.3 cm3/g and the pore size was
nlarged from 3.5 to 13.5 nm [29]. The presented experimental data
howed that characteristics of the resultant mesostructure were
losely related to the dosage of DMDA.

At present, most efforts have been focused on two-step syn-
hesis of pore-expanded mesoporous silicas containing functional
roups [23,28], that is, the two processes (pore expansion and
odification of organic groups) are accomplished individually.

ittle work has been carried out on direct synthesis of such meso-
orous adsorbents. Actually, direct synthesis is more convenient
nd practical, owing to the incorporation of “pore expansion” and
functionalization” processes in “one-step” procedure. In addition,
ommon solvents and expanders used in the synthesis process,
uch as trimethylbenzene [28] and xylene [30], are generally harm-
ul to the environment. It is necessary to reduce the toxicity of
olvents and expanders even choose harmless ones in view of green
hemistry.

In this study, harmless reagents were selected and the direct
ynthesis of pore-expanded amino-functionalized mesoporous
ilicas (PEAFMS) was attempted under mild alkali condition
or decolorization of sulphonated azo dyes. To illuminate the
haracterization of PEAFMS and its decolorization ability, amino-
unctionalized mesoporous silicas without DMDA expanded
AFMS) was also synthesized. The synthetic adsorbents were char-
cterized and their decolorization abilities were subsequently
nvestigated using acid mordant dark yellow GG (YGG) and reac-
ive red violet X-2R (RVX) as model dyes. The effects of initial
H value of dye solutions and adsorption temperature on PEAFMS
ere studied. Its isothermal, kinetic and thermodynamic adsorp-

ion properties were also discussed; moreover, its regeneration
erformance was evaluated.

. Materials and methods

.1. Reagents and materials

3-Aminopropyltriethoxysilane (APTES, 99%) and dimethylde-
ylamine (DMDA, 97%) were purchased from Aldrich. Tetraethyl
rthosilicate (TEOS), cetyltrimethylammonium (CTAB), absolute
thyl alcohol, NaHCO3, HCl, HNO3 and NaOH were purchased
rom Shanghai Chemical Co. and tetramethylammonium hydrox-
de (TMAOH, 25 wt%) was provided by Zhenfeng Chemical Co. Two
ulphonated azo dyes, acid mordant dark yellow GG (YGG) and

eactive red violet X-2R (RVX), were of commercial grade and
btained from Taopu Dyestuff Co. in Shanghai; their chemical struc-
ures, molecular weights and wavelengths corresponding to the

aximum adsorbance (�max) are shown in Table 1. All the above
aterials were used without further purification. Deionized water
as used throughout this work.
Materials 180 (2010) 106–114 107

2.2. Direct synthesis of PEAFMS and AFMS

The direct synthesis of PEAFMS with DMDA as expander
was carried out at room temperature, using APTES, TEOS,
TMAOH, CTAB, ethanol and DMDA in relative molar ratios of
1.333:5.333:1.667:1:217.4:1.5. CTAB (2.19 g) was dissolved in 40 g
dry ethanol; then, 1.66 g of DMDA was slowly added under vig-
orous stirring. Meanwhile, 1.76 g of APTES was stirred with 20 g
of dry ethanol; subsequently, 3.6 g of 25% TMAOH aqueous solu-
tion was dropwise added. Two hours later, the above two solutions
were mixed, followed by dropwise adding of TEOS (6.64 g). Then
the mixture was slowly stirred for further 1 h. After reaction, the
product was transferred into a Petri dish for solvent evaporation at
room temperature. The resulting solid was aged in deionized water
at 368 K for 2 d. After recovered by filtration, the solid product was
refluxed in ethanol/HCl for 1 d at 343 K to extract the surfactant
templates. Then it was filtered, stirred in 1 mol/L NaHCO3 solu-
tion overnight and washed with deionized water for neutralization.
Finally, it was dried under vacuum at 333 K for 1 d to obtain the
powder adsorbent. A procedure similar to which described above
was followed, except that 1.66 g DMDA was absent.

2.3. Characterization

Fourier transform infrared (FTIR) spectra were obtained from a
Spectrum 2000 FTIR spectrometer (Perkin-Elmer) with the usual
KBr pellet method to determine the presence of amino groups in
mesoporous silicas. The spectral range was chosen from 4000 to
400 cm−1. Contents of carbon, nitrogen, and hydrogen in the sample
were measured from a CHNS/O 2400 elemental analyzer (Perkin-
Elmer). The nitrogen adsorption tests were performed at 77 K using
ASAP 2010 (Micromeritics, USA) to characterize the surface area
and pore structure of the samples by Brunauer–Emmett–Teller
(BET) method. The transmission electron microscopy (TEM) images
were recorded on a JEM-2010 at an acceleration voltage of 120 kV.

2.4. Adsorption test

Stock solutions (10 mmol/L) of two dyes (YGG and RVX) were
prepared with deionized water and dye solutions for adsorp-
tion tests were diluted at predetermined concentrations. The
batch experiments were conducted at different temperatures. The
required pH was adjusted by HCl (1 mol/L) or NaOH (1 mol/L), and
the pH values were measured by a PH-meter (PHS-3C, China). The
mixture of the synthesized adsorbent and the used dye were shaken
for 1 h at 150 rpm. Then the resulting mixture was filtered through a
0.45 �m Uniflo filter unit and the filtrate was analyzed via a UV–vis
spectrophotometer (UV-160A, Shimadzu, Japan) after appropriate
dilution.

2.4.1. Comparison of adsorption capacities of two synthesized
adsorbents

In a typical run, 100 mg of PEAFMS or AFMS was immersed in
100 mL of dye solution (initial pH 2) at room temperature with
variable dye concentrations of 0.3, 0.5, 1.0, 1.5 and 2.0 mmol/L.

In all experiments, the equilibrium adsorption capacity of a
given dye onto the adsorbent can be calculated by the change in
concentration between the filtrate and the initial dye solution (Eq.
(1)):

V C − C

qe = (C0 − Ce) ×

W
= 0 e

m
(1)

where qe is the equilibrium adsorption capacity (mmol/g); V is the
volume of the aqueous solution (L); W is the dosage of the adsorbent
(g); m is the mass concentration of the adsorbent (g/L); C0 (mmol/L)
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Table 1
Chemical structures, molecular weights and �max of two sulphonated azo dyes.

Dye Chemical structure Molecular weight �max

YGG 366 356

RVX 645 532
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of –NH2 mainly resulted from the use of DMDA. DMDA was located
not only in the center of surfactant (CTA+) micelles for pore expan-
sion, but also at the silica–micelle interface [29]. Therefore, the
co-condensation of silicates, surrounding the surfactant micelles,
was partially weakened by DMDA.
nd Ce (mmol/L) are the initial and equilibrium concentrations of
he given dye in the solution, respectively.

.4.2. Measurement of zeta potential and effect of initial pH
In a typical procedure, 0.005 g of the PEAFMS sample was added

o 100 mL of KNO3 solution (0.1 mol/L) and the pH value of gener-
ted suspension was adjusted from 1 to 10 using HNO3 (0.1 mol/L)
r NaOH (0.1 mol/L). After being ultrasonicated for 20 min, 2–4 mL
f the suspension was transferred into a measuring cell. The zeta
otential was measured at room temperature using a zeta analyzer
Malvern ZS Nano S, Malvern Instrument Inc., London, UK). The pro-
edure was repeated eight times to calculate the mean values of
xperimental data.

One hundred milligrams of the PEAFMS sample and 100 mL of
.3 mmol/L YGG solution (pH 1, 2, 3, 4, 5 and 6) were shaken. The
dsorption capacity of dyes on adsorbents was measured as a func-
ion of initial pH to determine the optimal pH.

.4.3. Adsorption isotherm test
In a typical run, 100 mg of PEAFMS was immersed in 100 mL of

ye solution (pH 2) with variable concentrations of 0.3, 0.5, 1.0, 1.5
nd 2.0; then the mixture was shaken at 298 K. The same proce-
ures were followed at 288 and 308 K, respectively.

.4.4. Adsorption kinetics test
In a typical run, 100 mg of PEAFMS and 100 mL of 2.0 mmol/L

GG solutions (1.0 mmol/L RVX solution) were shaken at 298 K. The
ame procedures were followed at 288 and 308 K, respectively. The
nitial pH value of all dye solutions was adjusted at 2.

.5. Regeneration test of PEAFMS

The YGG-loaded sample was used to verify the regeneration
erformance of PEAFMS. In a typical run, 100 mg of PEAFMS and
00 mL of 1.0 mmol/L YGG solution (pH 2) were shaken at 298 K.
hen the dye-loaded adsorbent was placed in 200 mL of 0.5 mol/L
aOH, stirred for 4 h to elute dye molecules at 323 K. After filtration,

he adsorbent was washed and neutralized with ethanol and deion-
zed water. Following another filtration, the adsorbent was dried in
vacuum oven at 333 K before the next cycle. Five sequential cycles
f adsorption–desorption were carried out.

. Results and discussion
.1. Characterization of the synthetic PEAFMS and AFMS

The synthesized adsorbents were ground and sieved. And the
article size ranged from 120 to 170 BSS mesh size. As Sayari and
co-workers reported [29], the dosage of expander (DMDA) has a
primary effect on the resultant mesostructure. Based on prelim-
inary tests, DMDA/CTAB molar ratio of 1.5 was screened for the
synthesis of PEAFMS. Fig. 1 displays the FTIR spectrum of PEAFMS
and AFMS samples. It is confirmed that not only the absence of
DMDA but also its presence can realize the successful incorporation
of –NH2 in the silicate framework. Take PEAFMS as an example, the
band at 1634 cm−1 is the H2O vibration; the peaks at 1078, 799 and
465 cm−1 indicate Si–O–Si asymmetric stretching vibration, sym-
metric stretching vibration and bending vibration, respectively; the
bands at 2937 and 683 cm−1 are attributed to methane asymmetric
stretching vibration and rocking vibration, respectively; the char-
acteristic peaks at 1550, 1590 and 3435 cm−1 for –NH2 are also
the strong evidence for successful grafting of functional groups
[31–34]. In comparison with the characteristic peaks of PEAFMS,
the slight frequency difference of AFMS possibly results from the
change of the infrared activity with the modification of –NH2 [35].

Elemental analysis demonstrated that the modified –NH2
of PEAFMS and AFMS reached a molar content of 2.143 and
2.582 mmol/g, respectively. So another evidence was provided that
amino-functionalized mesoporous silicas could be directly pre-
pared with DMDA as the expander. The decrease in the loading
Fig. 1. The FTIR spectrum of the synthetic PEAFMS and AFMS samples.
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The nitrogen adsorption tests were performed to observe the
esostructures of the PEAFMS and AFMS samples. Fig. 2a and b

xhibit their nitrogen adsorption–desorption isotherms and PSDs,
espectively. The isotherms are in accordance with the type-IV
urve, which is the characteristic of mesostructures [36]; moreover,
he adsorption–desorption hysteresis loop of PEAFMS shifts to a
igher relative pressure compared with that of AFMS and reported
esoporous materials swelled by some other expanders [37,38].

his implies that the mesopore size was markedly expanded
ith DMDA. The mesopore expansion can be further appeared

rom their PSDs in Fig. 2b. The broader peak on the PSDs of
EAFMS manifested the occurrence of larger mesopores but less
niform mesostructure. The BET surface area, pore volume and pore
ize of PEAFMS (AFMS) were calculated to be 285.6 (516.3) m2/g,
.360 (0.6046) cm3/g and 19.04 (4.684) nm, respectively. The pos-
ible reason of relatively low BET surface area of PEAFMS is partial
tructural collapse because of the extreme pore size enlargement
25].

The TEM images (Fig. 2c) of two samples correspond to the
orosity data determined by the nitrogen adsorption test. The dis-

rdered mesostructure of PEAFMS is clearly exhibited due to the
se of DMDA. The above characteristic results verify that DMDA is
n effective expander and PEAFMS can be directly synthesized with
armless reagents.

Fig. 2. The nitrogen adsorption–desorption isotherms (a), pore size distribution cu
Materials 180 (2010) 106–114 109

3.2. Comparison of adsorption capacities of two synthesized
adsorbents

Two important characteristics of an adsorbent, grafted func-
tional groups and pore structures (e.g. pore size and pore volume),
have a remarkable influence on the adsorption capacity for given
adsorbates. For synthesized adsorbents in this study, the equi-
librium adsorption capacity (qe) was chosen as the evaluating
parameter to compare their adsorption capacities for dyes and
reflect the effect of DMDA on decolorization.

Fig. 3 presents equilibrium adsorption capacities of YGG and
RVX on PEAFMS and AFMS samples, respectively. As a result of
different mole numbers of sulphonated groups in the two dye
molecules, the adsorption capacity of YGG is about one time higher
than that of RVX. The qe values of two dyes on two adsorbents at all
concentrations reveal that PEAFMS has much better decolorization
ability than AFMS. The larger pore size of PEAFMS is more favor-
able to the dye removal, which is similar to the results of some
published investigations [20,39]. The dye removal is essentially a
surface phenomenon and an interaction between active sites of

adsorbents and dye molecules. The adsorption capacity for dyes
is strongly impaired owing to the steric clogging, which concerns
two or more consecutive active sites may be occupied because of
the relatively small pores of AFMS. So properly increasing the pore

rves (b) and the TEM images of (c) the synthetic PEAFMS and AFMS samples.



110 H. Yang, Q. Feng / Journal of Hazardou

F
s

s
t
i
i
m
o

3

t
I
t
p

F
o
m

ig. 3. Equilibrium adsorption capacities of YGG and RVX onto PEAFMS and AFMS
amples (solution volume 100 mL and initial pH 2).

ize of adsorbents is propitious for reducing the steric clogging and
hus enhances their decolorization ability. It is confirmed by exper-
mental data that the appropriate addition of DMDA can greatly
mprove the porous structures and decolorization performance of

esoporous adsorbents. Thereinafter the decolorization behavior
f PEAFMS was investigated.

.3. Effect of initial pH
The initial pH of dye solutions plays an important role in the pro-
onation of amines and ionization of sulphonated dye molecules.
t is essential to investigate the point of zero change (PZC) and
he optimal pH value for decolorization. The relation between zeta
otential and solution pH is given in Fig. 4a and pHPZC of PEAFMS

ig. 4. (a) The relation between zeta potential of PEAFMS and solution pH. (b) Effect
f initial pH on the adsorption of YGG onto PEAFMS (T = 298 K, C0 = 0.3 mmol/L,
= 1 g/L, t = 1 h).
s Materials 180 (2010) 106–114

is estimated to be 6.7. At pH < pHPZC, the surface of PEAFMS is posi-
tively charged (favor the adsorption of anions) while at pH > pHPZC
negatively (favor the adsorption of cations). For the adsorption of
sulphonated dyes onto PEAFMS, at pH < pHPZC, protonated amines
generate positive charge (R–NH3

+); simultaneously, dissociated
sulphonic groups load negative charge (D–SO3

−). The consequen-
tial decolorization of sulphonated azo dyes can be illuminated
according to Eq. (2) [40]:

R–NH3
+ + D–SO3

− → R–NH3
+•−O3S–D (2)

YGG was selected as the representative dye to demonstrate the
effect of initial pH on the decolorization behavior (Fig. 4b). And the
qe values were calculated according to Eq. (1). Due to pHPZC < 7,
comparative tests were performed at six pH values: 1, 2, 3, 4, 5
and 6. Fig. 4b displays that decolorization of sulphonated azo dyes
was gradually enhanced as pH values decreased, which is consis-
tent with the change of zeta potential in Fig. 4a. With the decrease
of pH values, chemical bondings were strengthened and the equi-
librium adsorption capacity of YGG onto PEAFMS increased due to
the stronger protonation of amines. However, amines were fully
protonated so that its decolorization ability could not be further
improved when pH ≤ 2. In addition, adsorption amount of YGG onto
PEAFMS dropped sharply at higher pH (>4), which mainly resulted
from the combined action of Van der Waals force and hydrogen
binding [41,42]. Obviously, the optimal pH value was 2.

3.4. Adsorption isotherms

Langmuir, Freundlich and Redlich–Peterson equations are three
common isotherm models to describe the behavior of adsorbents
and the correlation between adsorption parameters. In this work,
the three models were used to test the adsorption process of
PEAFMS.

The basic assumption of Langmuir model [43,44] is that the
adsorption takes place at specific homogeneous sites within the
adsorbent. Theoretically, maximum adsorption corresponds to a
saturated monolayer of adsorbate molecules on the adsorbent sur-
face. The Langmuir isotherm is given as Eq. (3):

qe = bQmaxCe

1 + bCe
(3)

where qe (mmol/g) is the equilibrium loading capacity of adsorbent;
Ce and C0 (mmol/L) are the equilibrium and initial concentration of
the adsorbate; Qmax (mmol/g) is the maximum adsorption capacity
corresponding to complete monolayer coverage; b (L/mmol) is the
Langmuir adsorption equilibrium constant.

A dimensionless constant separation factor (RL) of Langmuir
isotherm, is used to determine the favorability of the adsorption
process. RL is defined as Eq. (4). The values of RL indicate the type
of isotherm to be irreversible (RL = 0), favorable (0 < RL <1), linear
(RL = 1) or unfavorable (RL > 1).

RL = 1
1 + bC0

(4)

The Freundlich isotherm [45,46] is an empirical isotherm and often
used for nonideal adsorption that involves heterogeneous surface
energy systems. It is expressed by Eq. (5):

qe = KFC1/n
e (5)

where KF is the Freundlich constant; 1/n is the Freundlich expo-
nent. Generally, the adsorption capacity of an adsorbent for a given

adsorbate augments with the increase in KF; the values of 1/n imply
the adsorption intensity and the type of isotherm to be favorable
(0.1 < 1/n < 0.5) or unfavorable (1/n > 2).

The Redlich–Peterson [47] isotherm combines elements from
both the Langmuir and Freundlich models. It can be applied either
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Table 2
Langmuir, Freundlich and Redlich–Peterson isotherm parameters and correlation coefficients for removal of YGG and RVX by PEAFMS at 288, 298 and 308 K (m = 1 g/L, t = 1 h,
initial pH 2).

Isotherm parameters YGG RVX

288 K 298 K 308 K 288 K 298 K 308 K

Langmuir model
b 67.44 135.3 106.9 85.46 127.7 131.7
Q (mmol/g) 1.837 1.967 1.912 0.8368 0.9019 0.9574
RL 0.007360 0.003683 0.004657 0.005816 0.003900 0.003781
R2 0.9988 0.9807 0.9949 0.9832 0.9882 0.9744

Freundlich model
KF 2.725 3.364 3.063 0.8830 0.9708 1.026
1/n 0.2846 0.2783 0.2752 0.1671 0.1636 0.1582
R2 0.8925 0.8444 0.8722 0.9411 0.9378 0.8896

Redlich–Peterson model
205
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K 125.3 266.5
˛ 67.79 135.3
ˇ 0.9958 0.9993
R2 0.9988 0.9807

n homogenous or heterogeneous systems. This model can be rep-
esented as following:

e = KCe

1 + ˛Cˇ
e

(6)

here K and ˛ are the Redlich–Peterson constants; ˇ is the expo-
ent which has a value between 0 and 1. For high concentrations,
q. (6) reduces to the Freundlich isotherm (Eq. (5)); for ˇ = 1, Eq. (6)
educes to the Langmuir isotherm (Eq. (3)).

The experimental data for the equilibrium adsorption of both
yes on PEAFMS have been fitted to the Langmuir, Freundlich and
edlich–Peterson isotherms. The calculated isotherm constants
nd correlation coefficients are listed in Table 2. It is clear that
EAFMS has the obviously greater decolorization performance than
ome reported counterparts [19–22] for the pore expansion of
MDA. As a result of different mole numbers of sulphonated groups

n the two dye molecules, the adsorption capacity of YGG is about
ne time higher than that of RVX.

As shown in Table 2, the values of RL and 1/n all indi-
ate that PEAFMS is a favorable adsorbent for removal of
ulphonated azo dyes from effluents. Simultaneously, the R2

alues of three isotherm models increase as the following
rder: Freundlich < Langmuir < Redlich–Peterson. The best fit of
edlich–Peterson model is reasonable due to its incorporation of
angmuir and Freundlich models. And the higher R2 values of Lang-
uir model demonstrate that the adsorption behavior of PEAFMS

or the above dyes (especially for YGG) mostly belonged to mono-
ayer adsorption.

The presented values of Qmax in Table 2 illuminate that most
rafted amines of PEAFMS reacted with sulphonic groups of dyes;
he maximum adsorption capacities of YGG and RVX onto PEAFMS
ave reached 1.967 mmol/g (298 K) and 0.957 mmol/g (308 K),
espectively. This is full proof that enlarged pores of PEAFMS can
nhance the diffusion of dye molecules across the external and
n the internal surface of adsorbent particles [21]. Therefore, the
ore expansion by DMDA undoubtedly redounds to the adsorption
apacity of given dyes. Furthermore, in the range of test tem-
erature (from 288 to 308 K), Qmax values of YGG and RVX have
ifferent trends with increasing temperature: for RVX, the adsorp-
ion amount always increased; however, for YGG, the adsorption
mount increased and then decreased. The possible reason is that

he acceleration in the rates of adsorption and desorption vary with
emperature rise for the complexity of dye molecules [48,49]. Gen-
rally, simple dye molecules (e.g. YGG) are desorbed easier than
omplex ones (e.g. RVX); thus the adsorption amount of YGG earlier
ecreased than that of RVX.
.2 103.6 153.5 129.0

.0 120.4 164.8 134.2

.9985 0.9361 0.9450 0.9939

.9949 0.9982 0.9998 0.9746

3.5. Adsorption kinetics

The adsorption rate is an important parameter used to image the
adsorption process. Many applications, such as wastewater treat-
ment and dye removal, need rapid adsorption rate and short contact
time.

The pseudo-first-order and pseudo-second-order kinetic mod-
els are commonly used to estimate the rate constants, initial
adsorption rates and adsorption capacities of an adsorbent for some
adsorbates. Two nonlinear models can be expressed as Eqs. (7) and
(8) [50–52]:

qt = qe(1 − exp−k1t) (7)

qt = k2q2
e t

1 + k2qet
(8)

where t is the contact time (min); qt (mmol/g) and qe (mmol/g)
are the amount of adsorbate adsorbed at equilibrium and time t,
respectively; k1 (min−1) and k2 (g/mmol min) are the rate con-
stants of pseudo-first-order and pseudo-second-order adsorption,
respectively.

Results of experimental qe (qe,exp), calculated qe (qe,cal) and other
parameters are shown in Table 3. The kinetic processes of dye
adsorption onto PEAFMS sample are illustrated at 288, 298 and
308 K. Despite slight difference between qe,exp and qe,cal values,
the calculated data explain the excellent adsorption attribution of
PEAFMS sample again. By contrasting R2 values, it is found that
the pseudo-second-order kinetic model fitted better with kinetic
data of PEAFMS than pseudo-first-order kinetic model. This demon-
strates that the adsorption behavior over the whole range agrees
with the chemisorption mechanism [15].

3.6. Adsorption thermodynamics

The relation between the equilibrium constant (K0) and Gibbs
free energy change (�G0, kJ/mol) of the adsorption process can be
obtained from Eq. (9) [52]:

�G0 = −RT ln K0 (9)

where R is the universal gas constant (8.314 J/mol K) and T is the
absolute temperature (K). Values of K0 can be calculated according
to Eq. (10) at different temperatures [53]:
K0 = qe

Ce
(10)

where qe (mmol/g) and Ce (mmol/L) are the equilibrium amount of
dyes adsorbed on the adsorbent and equilibrium concentration of
dyes in the solution, respectively.
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Table 3
Pseudo-first-order and pseudo-second-order kinetic parameters for removal of YGG and RVX by PEAFMS at 288, 298 and 308 K (m = 1 g/L, t = 1 h, initial pH 2).

Kinetic parameters YGG (C0 = 2 mmol/L) RVX (C0 = 1 mmol/L)

288 K 298 K 308 K 288 K 298 K 308 K

qe,exp (mmol/g) 1.634 1.727 1.692 0.7767 0.8237 0.8504

Pseudo-first-order model
qe,cal (mmol/g) 1.600 1.694 1.662 0.7529 0.8024 0.8315
k1 0.1242 0.1363 0.1348 0.1122 0.1252 0.1450
R2 0.9879 0.9884 0.9904 0.9850 0.9853 0.9898

Pseudo-second-order model
qe,cal (mmol/g) 1.706 1.798 1.768 0.8078 0.8566 0.8811
k2 0.1232 0.1323 0.1298 0.2269 0.2451 0.2891
R2 0.9980 0.9980 0.9972 0.9987 0.9990 0.9977

Table 4
Thermodynamic parameters for removal of YGG and RVX by PEAFMS.

Dye �H0 (kJ/mol) �S0 (J/mol K) �G0 (kJ/mol)

288 K 298 K 308 K

J

�

T
s
a
c
v
o
t
h
i
e
w
c
2
a
w
p
p
l

YGG 24.87 98.79
−10.77 −20.80

RVX 18.15 73.48

The enthalpy change (�H0, kJ/mol) and entropy change (�S0,
/mol K) for adsorption are related to �G0 by Eq. (11) [52]:

G0 = �H0 − T�S0 (11)

he estimated adsorption thermodynamic parameters are pre-
ented in Table 4. The negative values of �G0 indicate that the
dsorption of two dyes on PEAFMS was spontaneous with the
hemical nature in the range of test temperature; however, the
alues of �H0 and �S0 confirm the different adsorption feature
f given dyes. For RVX, the positive value of �H0 illuminates
he endothermic adsorption, so raising temperature leads to a
igher adsorption capacity; the positive value of �S0 shows the

ncreased disorder at solid–solution interface, so the enhanced
ntropy motivates the replacement of hydrated dye molecules for
ater molecules around PEAFMS particles [15,21]. For YGG, the

hange of �H0 and �S0 (288–298 K) is identical to that of RVX. From
98 to 308 K, the negative value of �H0 reveals the exothermic
dsorption and results in the slight decrease of adsorption capacity

ith increased temperature; although the negative value of �S0

resents the decreased randomness, the spontaneous adsorption
rocess is still formed because the enthalpy contribution is much

arger than that of the entropy [15,21].

Fig. 5. Adsorption–desorption cycles of the YGG-loaded PEAFMS.
−3.582 −4.570 –
– −4.364

−3.012 −3.747 −4.482

3.7. Regeneration test of PEAFMS

To evaluate the regeneration performance of PEAFMS, sequen-
tial adsorption–desorption tests were conducted over five cycles.
According to the decolorization mechanism of PEAFMS, it is reason-
able that the dye-loaded sample could be recovered under reverse
basic condition. Fig. 5 shows the values of qe and removal effi-
ciencies in every cycle. The regeneration of PEAFMS was proved
to be feasible using NaOH as the strippant. The adsorbent removed
over 85% of YGG from solutions after five stripping cycles. After
five cycles, the nitrogen content of regenerated PEAFMS was
determined by elemental analysis. The modification of –NH2 still
retained 2.127 mmol/g and the tiny reduction of amino groups
(0.016 mmol/g) fully indicated the good stability of its mesostruc-
ture. In the first cycle, the PEAFMS sample presented high removal
efficiency; however, the reduced adsorption capacity could be
attributed to the loss of the adsorbent during each cycle (about
5–8% per cycle). The data demonstrate the relatively excellent
regeneration performance of PEAFMS compared to some reported
adsorbents [17,50,54].

4. Conclusions

The present work demonstrates that it is possible to use
DMDA as the expander to directly synthesize pore-expanded
amino-functionalized mesoporous silicas (PEAFMS) with harm-
less reagents. The DMDA dosage (nDMDA:nCTAB = 1.5) markedly
expanded the mesopore size (19.04 nm), and imparted a con-
siderable decolorization ability to the synthesized sample in
consequence. The adsorption of two sulphonated azo dyes, YGG
and RVX, from aqueous solution onto PEAFMS was studied. Com-
pared to AFMS, PEAFMS has much better adsorption capacity for
dyes. The decolorization behavior of PEAFMS was subsequently
investigated. Removal of sulphonated dyes was pH dependant
and the satisfactory decolorization was attained at initial pH
2. The analysis of R2 values for adsorption isotherm models
showed that the goodness of fit increased as the following

order: Freundlich < Langmuir < Redlich–Peterson; and the maxi-
mum adsorption capacities of YGG and RVX onto PEAFMS were
1.967 and 0.957 mmol/g, respectively. Adsorption kinetic data
exhibited the relatively short equilibrium time (1 h) and the adsorp-
tion processes could well be described by the pseudo-second-order
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ate equation. Adsorption thermodynamic results suggested that
he adsorption behavior of two dyes onto PEAFMS was spontaneous
ith the chemical nature. The adsorption–desorption tests indi-

ated that the regeneration of PEAFMS was feasible using NaOH as
he strippant. After five cycles, PEAFMS still possessed a favorable
dsorption capacity of dyes. On the basis of observed experimen-
al data, it is safely concluded that PEAFMS could be a potential
dsorbent for the dye removal from wastewater.
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