
P
a

J
S

a

A
R
R
A
A

K
M
P
D
A
Z

1

a
c
t
p
c
d
e
c

b
c
e
a
F
l
a
t
c
c
l

0
d

Journal of Hazardous Materials 168 (2009) 102–107

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

reparation of polyelectrolyte-functionalized mesoporous silicas for the selective
dsorption of anionic dye in an aqueous solution

i Bong Joo, Jongchul Park, Jongheop Yi ∗

chool of Chemical and Biological Engineering, Institute of Chemical Process, Seoul National University, San 56-1, Shillim, Kwanak, Seoul 151-742, Republic of Korea

r t i c l e i n f o

rticle history:
eceived 30 January 2008
eceived in revised form 4 September 2008
ccepted 3 February 2009
vailable online 12 February 2009

a b s t r a c t

Polyelectrolytes (PDDA, poly (diallydimethylammonium chloride)) functionalized mesoporous sil-
ica adsorbent (PDDA/MS) was prepared and characterized by N2 adsorption, transmission electron
microscopy (TEM) and zeta potential. The PDDA/MS showed ordered pore structure and the surface charge
was successfully converted from negative to positive by PDDA functionalization. The adsorption capabil-
ity of the prepared adsorbents was evaluated using nine different dye solutions with positive, neutral
eywords:
esoporous silicas

olyelectrolytes
ye
dsorption
eta potential

and negative charges. For the comparison purpose, commercial silica (CS, Davisil) and granular activated
carbon (GAC), which are conventionally used as adsorbents, were also treated by PDDA impregnation.
The batch adsorption experiments showed that the PDDA/MS exhibited the highest selective adsorption
capacity of negative acid dye dissolved in an aqueous solution. Taken together, the results of this work
indicate that polyelectrolyte functionalization of the inorganic surface could be a simple and suitable
method for the surface modified adsorbent and the PDDA/MS suggested in this study could be used for

cid d
the effective removal of a

. Introduction

Textile processes are known to be major producers of wastew-
ter, and wastewater from textile industries is highly colored and
ontains many toxic and refractory organic compounds [1]. Among
hese organic compounds, dye can cause severe environmental
roblems because it colors the water stream even at extremely low
oncentrations, which in turn inhibits light penetration resulting in
estruction of the aquatic ecosystem. In addition, dyes are consid-
rably refractory to conventional biological treatment due to their
omplex structure and xenobiotic properties [2].

Many techniques for the purification of textile wastewater have
een evaluated in fundamental and practical studies. Physico-
hemical, catalytic and biological treatment methods are currently
mployed for the removal of dyes from wastewaters. They include
dsorption using organic or inorganic adsorbents, photocatalysis,
enton oxidation, advanced oxidation processes, and microbio-
ogical or enzymatic decomposition [3]. Among the methods,
dsorption is considered to be one of the most suitable method for

he removal of dyes from wastewaters. Adsorption using activated
arbon is a common and popular method, because this method has
onsiderable potential for the purification of wastewater due to its
ow process costs and relatively efficient dye removal [4–6]. How-

∗ Corresponding author. Tel.: +82 2 880 7417/880 7438; fax: +82 2 885 6670.
E-mail address: jyi@snu.ac.kr (J. Yi).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.02.015
ye from aqueous solutions.
© 2009 Elsevier B.V. All rights reserved.

ever, adsorption of dye using activated carbon has some drawbacks
such as slow adsorption kinetics and low adsorption capacity of
bulky adsorbates due to the microporous nature of activated car-
bon (blockage of micropores). Therefore, adsorbents should have
a high surface area with large pore as well as selective adsorption
sites.

Mesoporous materials, such as M41s, HMS-x, SBA-x and CMK-x
have well-ordered pore structures with high surface areas [7–9].
Therefore, they have been used for various applications [10–12].
In particular, adsorption properties of mesoporous materials have
been studied and shown to be considerable performance [12–16].

In the past decade, many researches have been conducted to
synthesize new adsorbents using mesoporous materials, such as
mesoporous silica (MS), mesoporous alumina (MA) and meso-
porous carbon (MC) [13,17–19]. In addition, various functional
groups, which have selective adsorption affinity to targeted adsor-
bates, have been introduced to mesoporous materials by surface
modifications such as silane grafting [12,15,19]. The adsorption
properties of surface-functionalized mesoporous adsorbents have
been successfully examined and shown to have remarkable adsorp-
tion capacity. Consequently, the surface-fuctionalized adsorbents
have selective adsorption affinity to targeted adsorbate molecules.

However, the preparation procedures of functionalized adsorbents
are much complex, and the costs of functional materials are
expensive. Therefore, it is necessary to design a functionalized
mesoporous adsorbent for the selective adsorption by a simple and
cost-effective process.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jyi@snu.ac.kr
dx.doi.org/10.1016/j.jhazmat.2009.02.015
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Scheme 1. Preparation and dye adso

In this study, ordered MS was prepared and the sur-
ace of the MS was modified with polyelectrolyte PDDA
poly(diallyldimethylammonium chloride)). The PDDA function-
lized mesoporous silica (PDDA/MS) was characterized by N2
dsorption, transmission electron microscopy (TEM), and zeta
otential, and it was used as an adsorbent for the adsorption of
arious dyes in aqeuous solutions. Compared to the conventional
urface modification methods, the method employed in this study
re simple and cost-effective for the preparation of positively func-
ionalized adsorbents.

. Materials and methods

.1. Reagent

Nine different commercially available dyes classified as nega-
ively, positively and neutrally charged (from Rifa Co., Korea) were
sed in this study (Table 1). Low molecular weight PDDA MW
00,000–200,000 on average (Aldrich Co.), 20 wt.% in water was
sed after being diluted with de-ionized water.

.2. Synthesis of mesoporous silica and
olyelectrolyte-functionalized mesoporous silica

MS was synthesized using previously described method [8,15].
riefly, a Pluronic surfactant P123 (poly(alkylene) oxide tri-block
opolymer, EO20–PO70–EO20 (BASF Co.)) was used as a template
nd TEOS (tetraethylorthosilicate, Aldrich Co.) was used as a silica

recursor. In a typical synthesis, 5.0 g of P123 was dissolved in an
queous HCl (Sigma Co.) solution (1.6 M, 188 ml) and 11.4 ml of TEOS
as then added. Then, the above mixture was stirred vigorously at

5 ◦C for 24 h, after which the temperature was increased to 100 ◦C

able 1
haracteristics of the nine different dyes used in the adsorption study.

bb. Dye chemical name Charges �max (nm)a

1 Rifazol Yellow GR Negative 415
2 Rifazol Red BB 150 Negative 417
3 Rifafix Yellow 3RN 150H Negative 417
1 Rifa Cationic Pink FG Positive 525
2 Rifa Cationic Red 4G Positive 511
3 Rifa Cationic G/Yellow GL 200L Positive 438
1 Rifalon Black BNF 300 (R) Neutral 573
2 Rifalon Red E-FBL 200 Neutral 538
3 Rifalon Blue 2BLN Neutral 560

a Wave number of characteristic peak of each dyes on UV–vis spectroscopy.
scheme of the PDDA/MS adsorbent.

for aging and maintained for an additional 24 h with stirring. The
resulting precipitates were then filtered off and dried under ambi-
ent conditions. The surfactant was removed by calcinations with air
at 500 ◦C for 3 h to obtain MS.

Three different materials (MS, commercial silica (CS) and granu-
lar activated carbon (GAC)) were pretreated with 0.1 M HCl solution
to remove any contaminants and increase the hydroxyl group con-
tent of the supports. The pretreated materials were then dried
under ambient conditions, and the PDDA treatment was then
carried out using a dilute PDDA solution. Scheme 1 shows the
preparation and dye adsorption scheme of the PDDA/MS adsor-
bent. The detailed procedure is as follows: The MS was suspended
(1.0 g in 100 ml solution) in different concentrations of PDDA solu-
tions, ranging from 0.1 to 10.0 wt.%. The mixture was stirred for
3 h and the PDDA impregnated adsorbent (PDDA/MS) was then
recovered by filtration. The prepared PDDA/MS was washed with
100 ml de-ionized water. The CS and GAC supports were also
impregnated with PDDA using the same procedures, however, only
5.0 wt.% PDDA solution was used for the impregnation of these sup-
ports (PDDA/CS and PDDA/GAC). The amount of PDDA was then
determined using an elemental analyzer (CHNS-932, RECO Co.)
and changes in the pore characteristics were determined by N2
adsorption using a sorptometer (ASAP 2010, Micromeritics Co.). In
addition, the zeta potential changes were measured using a zeta-
meter (DELSA 440SX, Coulter Co.).

2.3. Batch adsorption experiments

Batch adsorption experiments were conducted by suspending
known amounts of adsorbents (typically 0.1 g) in 50 ml of a dye
solution at different known concentrations (ranging from 0.05 to
0.20 mmol/L). The contact time varied from 3 h for PDDA/SBA-
15 and PDDA/CS to 24 h for PDDA/GAC. After equilibrium was
achieved, the concentration of the dye in the remaining solution
was determined by UV–vis spectrophotometry (HP 8453, Hewlett
Packard Co.), followed by the calculation of the maximum adsorp-
tion capacity. All sorption experiments were carried out at room
temperature.

3. Results and discussion

3.1. Stability of the impregnated PDDA molecules on mesoporous

silica and amount of loading

In order to control the amount of PDDA loading onto the MS, the
stability of the impregnated PDDA on the MS was evaluated by mea-
suring the amount of PDDA loading after each washing step during
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Table 2
Changes in pore properties of the supports by PDDA impregnation.

Materials Stotal
a (m2/g) Vtotal

b (cm3/g) Dave
c (nm) Smicro

d (m2/g) Smeso-macro
e (m2/g) Smicro/Stotal Smeso-macro/Stotal

MS 738 0.78 4.2 127 611 0.173 0.827
CS 305 1.11 14.5 5 301 <0.02 >0.98
GAC 1101 0.52 1.9 1014 87 0.921 0.079
PDDA/MS 420 0.75 7.1 0 420 0 >0.99
PDDA/CS 270 1.01 15.0 0 270 0 >0.99
PDDA/GAC 920 0.43 1.9 845 75 0.917 0.083

a BET surface area.
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Total pore volume.
c Average pore diameter.
d Micropore surface area.
e Mesomacro pore surface area.

he PDDA/MS preparation. The amount of PDDA loading was calcu-
ated based on the nitrogen contents using elemental analyses. As
hown in Fig. 1, the amount of PDDA loading on the MS increased
ith increase in the PDDA concentration of the aqueous impreg-
ating solution. When the washing processes were conducted, the
mount of PDDA loading was decreased to a certain value. It indi-
ates that some of the PDDA molecules were overloaded both in the
ore and on the surface of MS, but they were removed during the
ashing process. However, PDDA molecules, which strongly inter-

cted with surface of the MS, showed sufficient stability during the
ashing steps. Binding forces between the supports and the PDDA

re thought to be electrostatic interactions. It is well known that the
ilanol groups of the silica surface can attract the positive charges
f the polyelectrolyte molecules [20]. The resulting electrostatic
nteractions between the silica surface and PDDA molecules could
hen be well established resulting in alternating layers of oppo-
itely charged molecules by the electrostatic self assembly during
he PDDA impregnation.

In Fig. 1, 10 wt.% PDDA solution induced the largest amount
f PDDA loading on MS support. However, the loading amount of
DDA dramatically decreased after washing step. It indicated that
xcess PDDA was loaded both in the pore and on the surface of MS
y physical interaction. When 5 wt.% PDDA solution was impreg-
ated to MS support, ca. 1.5 mmol PDDA/g loading was obtained
fter three washing steps (Fig. 1). It is similar value when 10 wt.%

DDA solution loaded on MS support. It indicates that the maxi-
um amount of PDDA loading and good stability between PDDA
olecules and silica surface were obtained using 5 wt.% PDDA

olution for PDDA/MS adsorbent. Based on these results, we pre-

ig. 1. The amount of PDDA loading on the MS support with different PDDA concen-
rations in the impregnating solutions and the number of washing steps (Symbols
re PDDA concentrations of impregnating solution).
pared the PDDA/MS adsorbent using the 5 wt.% PDDA solution. The
prepared PDDA/MS was used for the additional characterization
and adsorption experiments. For the purpose of comparison, the
PDDA/GAC and PDDA/CS were also prepared using 5 wt.% PDDA
solution.

3.2. Pore structures of the PDDA functionalized adsorbents

Fig. 2 shows the N2 adsorption isotherms of the prepared mate-
rials. MS showed typical type IV irreversible box-type isotherms
with a H1 hysteresis loop, as defined by IUPAC. It demonstrates the
mesoporous characteristics of the prepared materials. However, the
GAC showed a sharp uptake of adsorption at a low relative pressure,
indicating that it possessed highly microporous characteristics. The
CS showed irreversible box-type isotherms with a hysteresis loop at
a high relative pressure, indicating the existence of relatively larger
pores. The physical properties of the MS, GAC and CS are compared
as listed in Table 2. The GAC primarily consisted of micropores with
a high Smicro value, whereas the MS and CS have high Smeso-macro

values. As PDDA was impregnated onto the three samples, the sur-
face area and pore volume decreased, indicating that the PDDA
molecules were impregnated in the pore surface of the prepared
sample, as shown in Fig. 3.

The pore size distributions of the prepared samples are shown
in Fig. 3. GAC and PDDA/GAC are primarily composed of micropores
less than 2 nm, whereas CS and PDDA/CS showed larger pore diam-

eters with a broad distribution from 5 to 20 nm (Fig. 3 insert). The
MS and PDDA/MS showed narrow pore size distributions centered
at ca. 5.4 and 4.8 nm, respectively. In addition, the pore size distri-
bution of the PDDA/MS was slightly decreased, compared to that of

Fig. 2. N2 adsorption/desorption isotherms of the supports and PDDA impregnated
adsorbents.
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Fig. 5. Zeta potentials of the silica supports and their PDDA impregnated adsorbents.
ig. 3. Pore size distributions of the supports and PDDA impregnated adsorbents.

ure MS. It indicates that PDDA molecules were impregnated into
he pores of the MS.

The morphologies of the prepared samples were observed by
EM (Fig. 4). The PDDA/GAC had micropores all over the bulk of
arbon surface while the PDDA/CS had relatively large spherical
ores. Importantly, the PDDA/MS had the well ordered cylindrical
ores with a uniform size. The pore sizes of the prepared samples
een on the TEM images were in good agreement with results of
he N2 adsorption experiment.

.3. Surface charge conversion by the PDDA fuctionalization

In order to evaluate the surface charge of the prepared samples,
he zeta potentials of the pure MS and PDDA/MS were measured at
arious pHs. Fig. 5 shows the zeta potential of the CS, PDDA/CS,
S and PDDA/MS in aqueous solutions with different pHs. The

S and MS showed a negative potential which is consistent with
he results of previously conducted studies [21]. In addition, the
H value (pHIEP) at the IEP (isoelectric point) of silica materials is
nown to be around pH 1.5. Therefore, the zeta potential of MS and
S showed negative values under experimental conditions. On the
ther hand, the PDDA impregnated PDDA/MS and PDDA/CS showed
ositive zeta potentials under all of the pH conditions due to the
resence of amino functional groups of PDDA molecules [22]. Based

n these results, it can be concluded that the negative surface of
he MS and CS was successfully converted to a positive charge,
hich indicates that PDDA impregnation could be used as a sim-
le method for the preparation of adsorbents with positive surface
harges carrying amino functional groups.

Fig. 4. TEM images of (a) PDDA/GAC,
Fig. 6. Adsorption capacities for nine different dyes for the supports and the PDDA
impregnated adsorbents.

3.4. Dye adsorption capacities

The batch adsorptions for nine different dyes were examined

using the prepared supports and PDDA-functionalized adsorbents
(Fig. 6). Among the materials tested, the GAC support showed
the lowest adsorption capacities. GAC showed adsorption capac-
ities of approximately 50 mg/g for positive dyes and a maximum
adsorption for A1 (29.6 mg/g) among the negative dyes and N3

(b) PDDA/CS and (c) PDDA/MS.
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structure with large pore diameters and a high surface area. In addi-
tion, the surface change of PDDA/MS was converted to a positive
charge as a result of PDDA impregnation, which is more favorable
for adsorption of negative molecules. Therefore, it can be concluded

Table 3
Langmuir-fita parameters and maximum adsorption capacities of PDDA/MS on neg-
ative dyes.

Adsorbates Qmax (mg/g) b (L/mg) R2

A1 364.96 0.392 0.9997
A2 287.36 1.52 0.9998
06 J.B. Joo et al. / Journal of Hazar

13.0 mg/g) among the neutral dyes. After PDDA functionalization
PDDA/GAC), the adsorption capacities for the positive dyes slightly
ecreased, and those for negative dyes decreased by approximately
0%, which was greater than the decrease observed for the neu-
ral dyes. The CS support showed high adsorption capacities for
2 (40.8 mg/g), C1 (23.9 mg/g) and C3 (14.1 mg/g), but the capaci-
ies for the other six dyes were less than 10 mg/g. However, after
DDA functionalization, the adsorption capacities of the PDDA/CS
dsorbents increased in cases of negative dyes, with the maximum
ncrease being observed when A1 was used (137.1 mg/g) and values
f 79.5 mg/g and 26.8 mg/g being observed when A2 and A3 were
valuated, respectively. Interestingly, the adsorption capacities for
ositive dyes were decreased after PDDA functionalization and that
f neutral dyes remained essentially unchanged. The MS support
howed high adsorption capacities for positive dyes of 309 mg/g
or C1, 253 mg/g for C2 and 111 mg/g for C3, whereas the adsorp-
ion capacities of the MS for negative and neutral dyes were much
ower than for positive dyes, with exception of N2, which had an
dsorption capacity of 101.5 mg/g. After PDDA functionalization,
he PDDA/MS showed superior adsorption capacities when nega-
ive dyes were evaluated. The adsorption capacities of PDDA/MS for
egative dyes were greatly enhanced by over 10 times with values
f 360 mg/g for A1, 281 mg/g for A2 and 138 mg/g for A3. How-
ver, the adsorption capacities for positive dyes decreased. Taken
ogether, the above results show that MS has larger adsorption
apacities than either CS or GAC due to its relatively large sur-
ace area and pore diameters in the mesopore range. After PDDA
unctionalization, the PDDA/MS also showed superior adsorption
apacities for acidic dyes, when compared to the PDDA/CS and
DDA/GAC.

GAC is primarily composed of micropores, which is disadvanta-
eous for the impregnation of PDDA. Pore blocking could occur due
o random nature of micropore with high mass diffusion resistance
f the dye molecules during the adsorption. CS has an irregular
ore structure and broad pore size distribution and CS has a rela-
ively small surface area when compared to MS, which would not
e suitable for dye adsorption due to an insufficient amount of
dsorption sites. Irregular pore structure is also known to be disad-
antageous for adsorption. However, the MS and PDDA/MS have a
ell-developed the pore structure with uniform and relatively large
esopores. In addition, the high surface area is also beneficial for

ye molecule adsorption.

.5. Adsorption isotherms of PDDA/MS on acid dye adsorption

The adsorption isotherms of PDDA/MS on negative acid dyes
ere measured and the maximum adsorption capacities for each
ye were calculated using the Langmuir adsorption model. The
angmuir adsorption isotherm model assumes monolayer adsorp-
ion on the surface of the adsorbent that can be summarized by the
ollowing equation [23,24]:

Ce

qe
= 1

Qmaxb
+ Ce

Qmax

here Ce is the amount of dye in solution at equilibrium (mg/L)
nd qe is the amount of dye adsorbed at equilibrium (mg/g). Qmax

s a constant that reflects the maximum adsorption capacity (mg/g)
nd b is a direct measure of the intensity of the adsorption process
hat is related to the heat of adsorption (L/mg).

The adsorption isotherms of PDDA/MS on each negative acid
yes and the parameters calculated from the Langmuir equation

re shown in Fig. 7 and Table 3. The adsorption isotherms were well
tted by the Langmuir equation, which indicates that the adsorp-
ion occurred as a result of an electrostatic attraction mechanism
etween the acid dye anions and the positively charged surface
f the PDDA/MS adsorbent [22]. Adsorption experiments showed
Fig. 7. Adsorption isotherms of PDDA/MS on negative dyes.

that PDDA/MS had the superior adsorption capacity to acid dye
compared to others. In addition, PDDA/MS showed the high R2
values (>0.999) on Langmuir adsorption isotherms to acidic dyes.
It indicates that the monolayer adsorption is occurred by elec-
trostatic interaction between PDDA/MS and acidic dye [17,22–24].
However, PDDA/MS has low adsorption capacity to other posi-
tively charged and neutrally charged dyes. The adsorption is mainly
related to physical interactions between PDDA/MS and positively
and neutrally charged dyes. Thus, it is concluded that PDDA/MS
have selective adsorption characteristics to acid dye molecules.
Practically, PDDA/MS would show selective adsorption behavior in
wastewater streams, which contained various dyes.

The experimental results of this study showed that PDDA/MS
has a larger adsorption capacity than PDDA/CS or PDDA/GAC, and
that this occurred due to its relatively large surface area and pore
diameters in the mesopore range. It could be concluded that the
pore structures and the superior properties of the MS affect the
impregnation of the PDDA which results in high PDDA loading and
adsorption performance.

In the practical adsorption process, the relatively large pore, high
surface area and selective adsorption sites are more desirable for
the adsorption of both bulky and targeted adsorbate molecules.
In previous works, novel adsorbents have been synthesized using
mesoporous materials and they showed considerable performance
in adsorption [25,26]. Especially, functionalized mesoporous adsor-
bents have showed high performance for selective adsorption
to targeted adsorbate, e.g. precious metal or charged molecules
[12,13,22].

In this study, PDDA/MS was found to have well-ordered pore
A3 138.89 2.069 0.9999

a Ce
qe

= 1
Qmaxb

+ Ce
Qmax

, where Ce is the amount of dye in solution at equilibrium
(mg/L) and qe is the amount of dye adsorbed at equilibrium (mg/g). Qmax is a constant
that reflects the maximum adsorption capacity (mg/g) and b is a direct measure of
the intensity of the adsorption process.
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hat PDDA/MS is one of the most suitable adsorbents for the selec-
ive acid dye adsorption.

. Conclusions

Functionalized PDDA/MS was prepared by a simple impregna-
ion of polyelectrolyte on MS, followed by a washing step. The
urface charges of the MS were easily converted from a negative
o a positive by a simple method. The prepared PDDA/MS showed
well-ordered pore structure with a high surface area. In addition,

he PDDA impregnated silica adsorbent could adsorb negatively
harged dye because of the electrostatic attractions between the
cid dye molecules and the positively charged surface of the adsor-
ent. Furthermore, the superior pore properties, high surface area
nd positively converted surface of the PDDA/MS resulted in the
ighest capacity for selective acid dye adsorption among the adsor-
ents evaluated in this study.

cknowledgements

This work was supported by grant no. (R01-2006-000-10239-0)
rom the Basic Research Program of the Korea Science & Engineer-
ng Foundation, and conducted in Engineering Research Institute,
eoul National University. Authors thank for valuable comments
rom unknown reviewers.

eferences

[1] V.K. Garg, R. Kumar, R. Gupta, Removal of malachite green dye from aque-
ous solution by adsorption using agro-industry waste: a case study of Prosopis
cineraria, Dyes Pigments 62 (2004) 1–10.

[2] T. Robinson, b. Chandran, P. Nigam, Removal of dyes from a synthetic textile
dye effluent by biosorption on apple pomace and wheat straw, Water Res. 36
(2002) 2824–2830.

[3] E. Forgacs, T. Cserháti, G. Oros, Removal of synthetic dyes from wastewaters: a
review, Environ. Int. 30 (2004) 953–971.

[4] K. Nakagawa, A. Namba, S.R. Mukai, H. Tamon, P. Ariyadejwanich, W. Tantha-
panichakoon, Adsorption of phenol and reactive dye from aqueous solution
on activated carbons derived from solid wastes, Water Res. 38 (2004) 1791–
1798.

[5] W. Tanthapanichakoon, P. Ariyadejwanich, P. Japthong, K. Nakarawa, S.R. Mukai,

H. Tamon, Adsorption–desorption characteristics of phenol and reactive dyes
from aqueous solution on mesoporous activated carbon prepared from waste
tires, Water Res. 39 (2005) 1347–1353.

[6] M. Valix, W.H. Cheung, G. McKay, Preparation of activated carbon using low
temperature carbonization and physical activation of high ash raw bagasse for
acid dye adsorption, Chemosphere 56 (2004) 493–501.

[

aterials 168 (2009) 102–107 107

[7] C.T. Kresge, M.E. Leonowicz, W.J. Roth, J.C. Vartuli, J.S. Beck, Ordered mesoporous
molecular sieves synthesized by liquid-crystal template mechanism, Nature
359 (1992) 710–712.

[8] D. Zhao, J. Feng, Q. Huo, N. Melosh, G.H. Fredrickson, B.F. Chmelka, G.D. Stucky,
Triblock copolymer syntheses of mesoporous silica with periodic 50 to 300
angstrom pores, Science 279 (1998), pp. 548–522.

[9] S.H. Joo, S.J. Choi, I. Oh, J. Kwak, Z. Liu, O. Terasaki, R. Ryoo, Ordered nanoporous
arrays of carbon supporting high dispersion of platinum nanoparticles, Nature
412 (2001) 169–172.

10] J. Lee, J. Kim, T. Hyeon, Recent progress in the synthesis of porous carbon mate-
rials, Adv. Mater. 18 (2006) 2073–2094.

[11] Y. Kim, P. Kim, J. Yi, A novel method for synthesis of a Ni/Al2O3 catalyst with
a mesoporous structure using stearic acid salts, J. Mater. Chem. 13 (2003)
2353–2358.

12] T. Kang, Y. Park, K. Choi, J.S. Lee, J. Yi, Ordered mesoporous silica (SBA-15)
derivatized with imidazole-containing functionalities as a selective adsorbent
of precious metal ions, J. Mater. Chem. 14 (2004) 1043–1049.

13] T. Kang, Y. Park, J. Yi, Highly selective adsorption of Pt2+ and Pd2+ using thiol-
functionalized mesoporous silica, Ind. Eng. Chem. Res. 43 (2004) 1478–1484.

14] J. Jung, J. Kim, J. Suh, J. Lee, S. Ryu, Microscopic and macroscopic approaches of
Cu(II) removal by FSM-16, Water. Res. 35 (2001) 937–942.

15] B. Lee, Y. Kim, H. Lee, J. Yi, Synthesis of functionalized porous silicas via tem-
plating method as heavy metal ion adsorbents: the introduction of surface
hydrophilicity onto the surface of adsorbents, Microporous Mesoporous Mater.
50 (2001) 77–90.

16] Y. Kim, C. Kim, I. Choi, S. Rengaraj, J. Yi, Arsenic removal using mesoporous
alumina prepared via a templating method, Environ. Sci. Technol. 38 (2004)
924–931.

[17] Y. Kim, C. Kim, J. Yi, Sytnehsis of tailored porous alumina with a bimodal pore
size distribution, Mater. Res. Bull. 39 (2004) 2103–2112.

18] S. Han, S. Kim, W. Choi, H. Park, J. Yoon, T. Hyeon, New nanoporous carbon mate-
rials with high adsorption capacity and rapid adsorption kinetics for removing
humic acids, Microporous Mesoporous Mater. 58 (2003) 131–135.

19] D. P’erez-Quintanilla, I. Hierro, M. Fajardo, I. Sierra, 2-Mercaptothiazoline mod-
ified mesoporous silica for mercury removal from aqueous media, J. Hazard.
Mater. 134 (2006) 245–256.

20] I. Popa, B.C. Cahill, P. Maroni, G. Papastavron, M. Borkovec, Thin adsorbed films
of a strong cationic polyelectrolyte on silica substrates, J. Colloid Interf. Sci. 309
(2007) 28–35.

21] R.K. Iler, The Chemistry of Silica: Solubility, Polymerisation, Colloid and Surface
Properties and Biochemistry, John Wiley & Sons, 1979.

22] J.C. Park, J.B. Joo, J. Yi, Adsorption of acid dyes using polyelectrolytes impreg-
nated mesoporous silica, Korean J. Chem. Eng. 22 (2005) 276–280.

23] S. Rengaraj, J.-W. Yeon, Y. Kim, Y. Jung, Y.-K. Ha, W.-H. Kim, Adsorption behavior
of Cu (II) onto ion exchange resins 252H and 1500H: kinetics, isotherms and
error analysis, J. Hazard. Mater. 143 (2007) 469–477.

24] S. Rengaraj, C. Joo, Y. Kim, J. Yi, Kinetics of removal of chromium from water
and electronic process wastewater by ion exchange resins: 1200H, 1500H and
IRN97H, J. Hazard. Mater. 102 (2003) 257–275.

25] C. Lee, S. Liu, L. Juang, C. Wang, K. Lin, M. Lyu, Application of MCM-41 for dyes

removal from wastewater, J. Hazard. Mater. 147 (2007) 997–1005.

26] A.R. Cestari, E.F.S. Vieira, G.S. Vieira, L.P. Costa, A.M.G. Tavares, W. Loh, C. Airoldi,
The removal of reactive dyes from aqueous solutions using chemically modi-
fied mesoporous silica in the presence of anionic surfactant—the temperature
dependence and a thermodynamic multivariate analysis, J. Hazard. Mater. 161
(2008) 307–316.


	Preparation of polyelectrolyte-functionalized mesoporous silicas for the selective adsorption of anionic dye in an aqueous solution
	Introduction
	Materials and methods
	Reagent
	Synthesis of mesoporous silica and polyelectrolyte-functionalized mesoporous silica
	Batch adsorption experiments

	Results and discussion
	Stability of the impregnated PDDA molecules on mesoporous silica and amount of loading
	Pore structures of the PDDA functionalized adsorbents
	Surface charge conversion by the PDDA fuctionalization
	Dye adsorption capacities
	Adsorption isotherms of PDDA/MS on acid dye adsorption

	Conclusions
	Acknowledgements
	References


