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a b s t r a c t

The effects of the crystalline structure and surface functional groups of porous inorganic materials on
the adsorption of dichloroacetic acid (DCAA) were evaluated by using hexagonal mesoporous silicates
(HMS), two surface functional group (3-aminopropyltriethoxy- and 3-mercaptopropyl-) modified HMSs,
faujasite Y zeolite and activated alumina as adsorbents, and compared with powdered activated carbon
(PAC). Selective adsorption of HAA5 group was studied by comparing single and multiple-solute solution,
including effect of common electrolytes in tap water. Adsorption capacities were significantly affected
eywords:
aloacetic acids
exagonal mesoporous silicate
eolite
dsorption

by the crystalline structure. Hydrogen bonding is suggested to be the most important attractive force.
Decreasing the pH lower than the pHzpc increased the DCAA adsorption capacities of these adsorbents due
to electrostatic interaction and hydrogen bonding caused by protonation of the hydronium ion. Adsorp-
tion capacities of HAA5 on HMS did not relate to molecular structure of HAA5. Common electrolytes
did not affect the adsorption capacities and selectivity of HMS for HAA5, while they affected those of

PAC.

. Introduction

Haloacetic acids (HAAs) are common disinfection by-products
DBPs) usually found in chlorinated drinking water. Oxidative reac-
ions involving free chlorine or bromine and natural organic matter
NOM) may form nine common species of HAAs. The types and
mount of compounds formed depends mainly on the composition
f water and on the dose of halogenic chemical oxidants. Several
esearchers have suggested an association between HAAs and the
ncidence of cancers, including bladder, rectal and colon cancer
1,2]. Moreover, some HAAs, like mono- and di-chloroacetic acid,
re not only used as intermediates for the manufacture of drugs,
yes and chemicals, but also as herbicides [3,4]. The US Environ-
ental Protection Agency [5] has regulated the total maximum

ontaminant level (MCL) in drinking water of five HAAs (HAA5),
onochloro-, dichloro-, trichloro-, monobromo- and dibromo-
cetic acid (MCAA, DCAA, TCAA, MBAA and DBAA), to be less than
0 �g/l. The USEPA classified DCAA as a probable human carcinogen
Group B2) and TCAA as a possible human carcinogen (Group C).

∗ Corresponding author. Tel.: +66 8 218 6686; fax: +66 2 218 6666.
E-mail address: patiparn.p@eng.chula.ac.th (P. Punyapalakul).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.06.024
© 2009 Elsevier B.V. All rights reserved.

The control of HAAs is a challenge and a necessity because of
the uncertainty of their generation mechanisms upon halogena-
tion of natural organic matter (NOM) in drinking water, the high
hydrophilicity, high yield at pH < 7 and the health effects that are
putatively associated with them [6]. Tung et al. [7] found that in
general GAC had a much lower adsorption capacity for HAAs (and
especial trichloroacetic acid) than for THMs.

Xie and Zhou [8] reported that biological activated carbon (BAC)
is more efficient for haloacetic acid (HAA) removal than autoclaved
GAC, and this was attributed to the biodegradation of HAAs by
microbes. However, the disadvantages of activated carbon are their
wide pore size distribution, heterogeneous structure and a low
selectivity for adsorption. Hexagonal mesoporous silicate (HMS)
has been studied extensively in the adsorption and catalysis fields
and has a mesoscale pore and silanol as a surface functional group.
The HMS surface can be modified with various groups and methods
to enhance the specific characteristics (e.g., organic ligand modifi-
cation). Punyapalakul and Takizawa [9] studied DCAA adsorption on
HMS and functionalized HMSs at a high concentration (ppm level)

and found that the physical characteristic of synthesized HMSs
did not affect the DCAA adsorption capacity, whilst a higher con-
centration of surface amino-functional groups on the HMS gave a
higher positive charge leading to an enhanced adsorption capacity
for DCAA. In addition, a combination of mercapto- and amino-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:patiparn.p@eng.chula.ac.th
dx.doi.org/10.1016/j.jhazmat.2009.06.024
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unctional groups caused a higher surface complexity, produced
ore active surface sites, and gave a higher DCAA adsorption capac-

ty than amino-functionalized HMS. At low concentration (ppb
evel), effects of hydronium ion and hydroxide ion on both elec-
rostatic interaction and hydrogen bonding are supposed to be
tronger that can make adsorption mechanisms different from high
oncentration level. Moreover, the molecular sieve of the microp-
re scale combined with the positive charge of faujasite Y zeolite
NaY and HY) caused by the positive counter ion on the crystalline
tructure, is suggested to enhance the adsorption capacity of nega-
ive charged HAAs. However, the effect of the crystalline structure
ombined with the surface functional groups of silicate material on
he adsorption capacity at low concentrations (ppb) of HAAs is still
nclear.

The objective of this study was to investigate the effect of surface
nd pore structure, and surface functional groups of synthesized
dsorbents, as well as the effects of pH on the HAA5 adsorption
inetic and isotherms. All of the experiments to investigate the
dsorption efficiencies and mechanisms were conducted at a low
oncentration of DCAA (0–400 ppb), as a model HAA, consistent
ith USEPA standards. Batch adsorption experiments were carried

ut with three types of inorganic materials with different crys-
alline structure (HMS, zeolite and alumina), along with powdered
ctivated carbon (Shirasagi S-10, Japan, EnvironChemicals Ltd.). In
ddition, two methods of organic-ligand grafting onto HMS, with
mino- and mercapto-functional groups, was employed to inves-
igate the effects of different physico-chemical characteristics on
he adsorption capacities for DCAA. The obtained data were used to
escribe and to compare how the DCAA, as a model HAA, adsorption
apacities were affected by the crystalline structures and surface
unctional groups. Moreover, selective adsorption of HAA5 groups

as studied by comparing single and multiple-solute solution,
ncluding effect of common electrolytes in tap water.

. Materials and methods

.1. HMS synthesis

HMS was prepared by the following method. 1.0 mol of
etraethoxysilane (TEOS) (Acros Oganics) was dissolved into a mix-
ure of water (29.6 mol), dodecylamine (Acros Oganics) (0.27 mol)
nd ethanol (Carlo Erba) (9.09 mol) under magnetic stirring at
00 rpm. The reaction mixture was aged at ambient temperature
or 18 h, then filtered and air-dried on a glass plate. The product was
alcined in air under static conditions at 650 ◦C for 4 h to remove
he organic template [10], with a temperature increase rate, up to
50 ◦C, of 1 ◦C/min to preserve the crystalline structure.

.2. Synthesis of functionalized HMSs

Modification of HMS with surface functional groups was pre-
ared by a standard pre-functional groups grafting procedure as

ollows: 1.0 mol of tetraethoxysilane (TEOS) was added to a mixture
f water (50 mol), dodecylamine (0.25 mol) and ethanol (10.25 mol)
nder vigorous stirring. The stirring was continued for 30 min and
hen 0.25 mol of either 3-aminopropyltriethoxysilane (APTES) or
-mercaptopropyltrimethoxysilane (MPTMS) was added to yield
ither A-HMS or M-HMS, respectively. The reaction mixtures were
igorously stirred (200 rpm) for 20 h at ambient temperature, and
hen filtered and air-dried at room temperature on a glass plate
or 24 h. Residual organosilanes and surfactant were removed by
oxhlet extraction for 72 h with ethanol [11].
.3. Activated alumina and NaY zeolite preparation

Activated alumina and NaY zeolite were activated by calcination
n air using a muffle furnace. The temperature was elevated at a
ous Materials 171 (2009) 491–499

rate of 1 ◦C/min up to 400 ◦C and holding at this temperature for
3 h.

2.4. HY zeolite preparation

HY zeolite was prepared by exchanging the sodium ion of NaY
zeolite with ammonium ion by adding 1 M ammonium nitrate at
a ratio of liquid-to-solid of 20 (w/v). The mixture was stirred at
60 ◦C for 2 h, filtered and washed with milli-Q water (18.2 M�).
This exchange procedure was repeated twice. The final retentate
was dried at 100 ◦C for 12 h and calcined at 400 ◦C as described
above.

2.5. Characterization of adsorbents

Powder X-ray diffraction (XRD) patterns of synthesized adsor-
bents were recorded on a powder diffractometer equipped with Cu
K� radiation (Bruker AXS Model D8 Discover). The BET specific sur-
face area was calculated from the nitrogen adsorption isotherms,
as measured at 77 K by a Micromeritic model: ASAP 2020 version
1.04H, at a relative pressure between 0.04 and 0.20. Pore diameter
and mesopore volume were calculated by the D-H method. Surface
functional groups were investigated after drying at 105 ◦C for 4 h
by FT-IR spectrophotometer (Nicolet Impact 410). Surface charges
of all adsorbents were determined by acid–base titration with HCl
and NaOH as described by Punyapalakul and Takizawa [12].

2.6. Adsorption experiments

Evaluation of the adsorption kinetics was performed by vary-
ing the contact time from 0–72 h under batch conditions with a
DCAA concentration of 100 �g/l and 2 g/l of adsorbent. The pH and
ionic strength of the solution were fixed using 0.01 M phosphate
buffer at pH 7. Samples were agitated in a shaking water bath at
150 rpm and 25 ◦C, and then filtered through a glass filter (GF/C,
poresize 0.45 �m). The first 10 ml of filtrate was discarded and the
rest was harvested for analysis following USEPA method 552.2 by
gas chromatography using an electron capture detector (GC/ECD)
Agilent GC6890. To analyze the adsorption rate of the synthesized
adsorbents and PAC, the pseudo-first-order equation of Lagergren
(1) and the pseudo-second-order rate (2) were evaluated based on
the experimental data. The pseudo-first-order and pseudo-second-
order kinetic models are expressed as follows:

ln(qe − qt) = ln qe − k1t (1)

t

qt
= 1

k2q2
e

+ t

qe
(2)

where k1 and k2 are the Lagergren rate constant (h−1) and pseudo-
second-order rate constant (g mg−1 h−1), and qe and qt are the
amounts of DCAA sorbed at equilibrium and at time t (h), respec-
tively. The experimental data were plotted as ln(qe − qt) versus time
for fitting the first-order rate or as t/qt versus time for the second-
order rate.

The adsorption isotherm evaluation was performed by varying
the DCAA concentration from 10 to 400 �g/l under batch condi-
tions using 2 g/l adsorbent. The pH of solution was fixed by 0.01 M
phosphate buffers at either pH 5, 7 or 9. Samples were then shaken,
filtered and harvested for analysis following USEPA method 552.2
as described above. The experimental data was analyzed using the
adsorption isotherm models of Langmuir (3) and Freundlich (4) as:
qe = qmKLCe

1 + KLCe
(3)

qe = KFC1/n
e (4)
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Fig. 1. Representative X-ray powder diffraction p

here KL is the adsorption equilibrium constant, qm is the
aximum adsorption capacity (�g/g), Ce is the equilibrium con-

entration, qe is the adsorption capacity at equilibrium (�g/g), KF
nd n are Freundlich constants.

. Results and discussion

.1. Physical characteristics of adsorbents

Fig. 1 shows representative X-ray powder diffraction patterns
f synthesized HMSs and zeolites. According to the XRD pattern,
ynthesized pristine HMS (pure silica HMS) exhibited a strong sin-
le diffraction peak at 2� = 2.2◦, and a weak peak around 4.3◦ due
o the hexagonal porous structure, although the obtained structure
f the prepared HMS was not likely to be a complete hexagonal
orous structure since, compared with other hexagonal meso-
orous silicates, it should show an XRD pattern consisting of (1 0 0),
1 1 0), (2 0 0) and (2 1 0) diffractions. However, the XRD patterns
f M-HMS and A-HMS exhibited very board peak, indicated that
heir porous structures were lost by the pre-grafting method com-
ared with pristine HMS. It might be caused by protonation of
PTES under acid or neutral condition. Protonated aminopropy-

triethoxysilane (APTES) can cross-link with the surface silanol
roups of silicate species, and it might play a strong influence on
he self-assembly of surfactant, leading to weaker interactions of
he silicate species with the surfactant template [13]. The diffrac-
ion patterns of the microporous zeolites NaY and HY (Fig. 1)
how spectra which are similar to those in the reference database
14], supporting the formation of zeolite frameworks. The sharp
RD peaks indicated that the zeolites have a high degree of crys-

allinity.
Nitrogen adsorption–desorption isotherms of HMS, the two

unctional group modified HMSs (A-HMS and M-HMS), zeolite
NaY and HY) and PAC are shown in Fig. 2. The surface area and
ore size of all applied adsorbents were calculated from nitro-

en adsorption–desorption isotherm data and are summarized in
able 1. PAC had the largest BET specific surface area, followed
losely by M-HMS, and then pristine HMS and NaY zeolite, whilst
Y zeolite, A-HMS and finally activated alumina had a much lower
ET surface area. Moreover, the pore size of synthesized HMSs

able 1
hysical characteristic of HMS, A-HMS, M-HMS, NaY zeolite, HY zeolite, PAC and activated

dsorbents Pore diameter (nm) BET surface area (m2/g) Pore volum

MS 2.60 712 773
-HMS 3.95 262 147
-HMS 2.48 912 433
aY zeolite 0.74 653 326
Y zeolite 0.74 370 201
ctivated alumina – 147 –
AC 1.90 980 276
s of pristine HMS, A-HMS, M-HMS, NaY and HY.

was apparently affected by the functional group grafting method
(Table 1). The larger pore size (diameter) of A-HMS might be caused
by disorder of the hexagonal structure of the silica base. The DCAA’s
molecular size, being 0.69 and 0.46 nm in width and length, respec-
tively, means that the pore size did not affect the accessibility
of DCAA into the mesopore of the adsorbents and PAC. However,
the accessibility of DCAA to the internal surface of NaY and HY
zeolite was suggested to be low compared to other porous adsor-
bents.

SEM micrographs of pristine HMS, A-HMS, M-HMS and PAC
revealed that HMS and the two modified HMSs were in the form of
aggregated spherical particles (Fig. 3), which is consistent with the
report of Gontier and Tuel [15]. Moreover, the modification method
affected the particle size with slightly larger A-HMS and M-HMS
particles, yet the particle sizes of all HMSs are, however, still very
small compared with PAC.

3.2. Zero point of charge

The surface charge density of synthesized adsorbents, acti-
vated alumina and PAC were measured by acid/base titration, and
show distinct characteristics (Fig. 4). Pristine HMS had a zero
point of charge (pHZPC) at a pH range between 4 and 6, whilst
the pHZPC of M-HMS, A-HMS, NaY, HY, activated alumina and
PAC were 6.2, 9.5, 7.8, 4.5, 7.3 and 9.5, respectively, as shown in
Table 1. Grafted organic moieties affected the surface charge of
HMS, with 3-aminopropyltriethoxy-groups (A-HMS) increasing the
surface charge of HMS significantly, yet 3-mercaptopropyl-groups
(M-HMS) only changed the surface charge of HMS a relatively
small amount. The silanol groups and organic functional groups
on the surface of synthesized HMSs, NaY and HY zeolite can be ion-
ized at different pH values as summarized by following equations
[16]:

pH < pHZPC: Si–OH + H+ → Si–OH2
+

pH > pHZPC: Si–OH + OH− → Si–O−

pH < pHZPC: Si–R–NH2 + H+ → Si–R–NH3
+

alumina.

e (mm3/g) Particle size (�m) Surface functional groups pHZPC

0.46 Silanol 4.5–5.5
0.50 Amino, silanol 9.5
0.49 Mercapto, silanol 6.2
2–5 Na+ 7.8
2–5 Brönsted acid 4.5
0.8 Hydroxyl 7.3

≈36 Carboxyl, phenyl and others 9.5
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Fig. 2. N2 adsorption–desorption isotherms of synthesized HMSs, PAC, NaY and HY.

S, A-HMS, M-HMS and PAC at 10,000× magnifications.
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Fig. 3. Representative SEM pictures of pristine HM

H > pHZPC: Si–R–NH2 + OH− → Si–R–NH2OH

H < pHZPC: Si–R–SH + H+ → Si–R–SH2
+

H > pHZPC: Si–R–SH + OH− → Si–R–SHOH

.3. Adsorption kinetic

The evaluation of the DCAA adsorption kinetics is summarized
n Fig. 5, where the DCAA adsorption on PAC attained equilib-
ium faster than on the other adsorbents. DCAA concentration
ecreased dramatically in the first 10 min and reached equilibrium

tage approximately at the sixth hour. For HMS, the two surface
unctionalized HMSs (A-HMS and M-HMS), activated alumina, NaY
nd HY zeolite, the amount of adsorbed DCAA increased signif-
cantly during the first and sixth hour and reached equilibrium
tage approximately at the twentieth hour. In order to analyze
Fig. 4. Surface charges density of synthesized HMSs, PAC, activated alumina NaY
and HY zeolite as a function of pH at ionic strength (IS) 0.01 M.
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Fig. 5. DCAA adsorption kinetics of PAC, HMS, A-HMS, M-H
he adsorption rate of DCAA onto the adsorbents, the pseudo-first-
rder equation of Lagergren (1) and the pseudo-second-order rate
2) were evaluated based on the experimental data and the respec-
ive kinetic constants of each adsorbent were calculated and listed
n Table 2.

able 2
inetics values calculated for DCAA adsorption onto PAC, HMS, A-HMS, M-HMS, activated

dsorbent Pseudo-first-order Pseudo-second-order

R2 k1 (h−1) R2 k2 (g/�g h)

AC 0.721 1.997 1.000 0.094
MS 0.723 0.159 0.986 0.073
-HMS 0.874 1.649 1.000 0.523
-HMS 0.982 0.596 0.996 0.210
aY 0.941 0.286 0.994 0.154
Y 0.931 0.313 0.997 0.254
lumina 0.612 0.115 0.994 0.152

* h = initial adsorption rate (�g/g h) calculated from h = k2q2
e .
aY, HY and activated alumina; all at pH 7and IS of 0.01 M.
A pseudo-second-order model best fitted the adsorption of
DCAA onto every tested adsorbent, indicated by the correlation
coefficients, compared with the pseudo-first-order model. Thus
a pseudo-second-order rate model can be used to describe the
adsorption kinetics for DCAA adsorption, based on the assumption

alumina, NaY and HY zeolite.

Calculated qe (�g/g) Experimental qe (�g/g) h* (�g/g h)

38.760 38.605 141.220
12.438 12.141 11.293

5.924 5.801 18.354
8.418 7.692 14.881

10.406 10.179 16.676
11.655 11.290 34.503
10.299 10.095 16.123
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Fig. 9. Schematic surface structure and functional groups of (a) HMS (silanol groups)
and (b) HY zeolite (Brönsted acid sites).
Fig. 6. Adsorption capacities of HMS, M-HMS and A-HMS; pH 7, IS 0.01 M.

hat the adsorption step may involve chemisorption. Moreover, as
hown in Table 2, the comparison of the experimental qe values and
he calculated qe obtained from the linear plot in Eq. (2) exhibited
very good consistency for all adsorbents

.4. Adsorption isotherm
The adsorption capacity of HMS was plotted against other adsor-
ents, as qe versus Ce. Comparative plots between HMS and M-HMS
nd A-HMS were to compare the effects of surface functional groups
n DCAA adsorption capacities (Fig. 6), whilst those against NaY

Fig. 7. Adsorption capacities of HMS, NaY and HY zeolite; pH 7, IS 0.01 M.

ig. 8. Adsorption capacities of PAC, HMS and activated alumina; pH 7, IS 0.01 M.

Fig. 10. Representative FT-IR spectra of HMS, A-HMS and M-HMS.

Table 3
Parameters of Langmuir and Freundlich isotherm model for DCAA adsorption on
PAC, HMS, the two functionalized HMS, activated alumina, NaY and HY zeolite at pH
5, 7 and 9.

Adsorbents Langmuir Freundlich

pH qm KL R2 KF n R2

PAC
5 322.581 0.0086 0.987 1.102 0.820 0.980
7 294.118 0.0040 0.996 0.991 1.000 0.994
9 7.788 0.0415 0.935 0.928 2.587 0.865

HMS
5 250.000 0.0006 0.994 0.157 1.055 0.987
7 256.410 0.0010 0.986 0.904 1.420 0.886
9 212.766 0.0003 0.987 0.024 0.820 0.950

A-HMS
5 322.581 0.0004 0.991 0.158 1.104 0.983
7 312.500 0.0003 0.980 0.091 0.980 0.976
9 285.714 0.0001 0.993 0.024 0.878 0.922

M-HMS
5 243.902 0.0013 0.997 0.397 1.152 0.988
7 238.095 0.0011 0.994 0.175 0.949 0.994
9 185.185 0.0001 0.984 0.004 0.652 0.976

NaY
5 17.123 0.0008 0.981 0.004 0.638 0.993
7 26.110 0.0038 0.983 0.001 0.585 0.980
9 16.863 0.0002 0.984 0.0003 0.491 0.995

HY
5 23.753 0.0210 0.994 0.636 1.338 0.999
7 15.674 0.0086 0.991 0.159 1.200 0.966
9 13.459 0.0003 0.978 0.0003 0.497 0.999

Alumina
5 24.155 0.0483 0.983 1.435 1.691 0.975
7 16.667 0.0006 0.969 0.003 0.602 0.990
9 15.314 0.0027 0.693 0.002 0.613 0.963
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Fig. 11. Adsorption capacities of (a) PAC, (b) HMS, (c) A-HMS, (d) M-HMS

nd HY were to compare the effects of micro and mesoporous crys-
alline structures (Fig. 7), and finally against PAC and alumina (Fig. 8)

or general structural comparisons. HMS and M-HMS had similar
ut higher DCAA adsorption capacities than A-HMS. However, after
omparing the adsorption capacities per unit surface area (0.11, 0.7
nd 0.04 mg/m2 for A-HMS, HMS and M-HMS respectively), it can
e suggested that the combination of hydrogen bonding and attrac-
aY, (f) HY and (g) activated alumina, at a pH of 5, 7 or 9; and IS of 0.01 M.

tive electrostatic force (at pH 7) of the amino functional groups
enhanced the adsorption capacities per unit surface area.
Pristine HMS also had a significantly higher DCAA adsorption
capacity than NaY and HY zeolites both of which have relatively
low surface area and small amount of silanol groups [17], being con-
sidered as the major functional group for the DCAA adsorption over
HMS. An isomorphous substitution of aluminum for tetrahedral sil-
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con in the zeolite framework results in the formation of bridging
ydroxyl group, so-called Brönsted acid site (Fig. 9(b)). The positive
harge of hydrogen of this site suggested that the DCAA adsorption
ccurred via an electrostatic force, which can be interfered by the
resence of large amount of water, especially in our case with the

ow concentration of DCAA. Moreover, the microporous structures
f zeolite may hamper the accessibility of hydrated DCAA molecules
o the adsorption sites.

PAC showed a much higher adsorption capacity than HMS and
ctivated alumina, which might be caused by the surface complex-
ty of PAC inducing many interaction forces, such as electrostatic
nd van der Waals forces and covalent bonding. Activated alumina
howed the lowest DCAA adsorption capacity than HMS, consis-
ence with its lowest surface area compare to each other. Thus, it is
lear that the crystalline structure of the adsorbent can significantly
ffect the adsorption capacity of DCAA.

Adsorption mechanisms due to hydrogen bonding, which is
ne of the dipole–dipole interactions, can be interfered with by
ater, especially at a low concentration. Thus, at low concentra-

ions of DCAA (or high concentrations of water) any polar surface
an undergo hydrogen bonding with water rather than attract the
olar DCAA molecule dissolved in water. Therefore, removal of
olar DCAA with ionic functional groups at a low concentration can
e affected by water. This fact makes the adsorption capacities of
-HMS lower than the respective ones of PAC. This result is differ-

nt from that at high DCAA concentrations [9,18]. It was expected
hat A-HMS, which exhibits a positive charge on its surface, could
nhance the adsorption capacity for DCAA by electrostatic attrac-
ion with the negative charge of DCAA. However, it was found that

ig. 12. PAC and HMS Adsorption isotherms of HAA5 groups in single-solute and mixe
sotherms of mixed solute HAAs groups in tap water (�: MCAA, �: DCAA, �: TCAA, ©: MB
ous Materials 171 (2009) 491–499

at low concentrations the electrostatic attraction did not seem to
increase significantly the adsorption capacity of A-HMS. Another
possible reason for the lower than expected adsorption capacity of
A-HMS could be the low surface area of A-HMS, due to the collapse
of the crystalline structure caused by the pre-grafting method.

Unexpectedly, M-HMS, which has a higher hydrophobicity and
an almost neutral charge, exhibited a comparable adsorption capac-
ity to that for HMS. Perhaps, the higher surface area as well as
residual silanol groups (non-grafted silanol) remaining on surface
of M-HMS, as supported by the FT-IR spectra (Fig. 10) can affect the
adsorption of DCAA at low concentrations. In Fig. 9, the FT-IR spectra
gives evidence of Si–O–Si bonds by the adsorption peaks at around
470, 800 and 1070 cm−1. Furthermore, the presence of organic func-
tional groups was also supported by the peaks at 2930–2965 cm−1

which likely corresponded to CH stretching. The sharp peak at
3746 cm−1 of pristine HMS is due to the OH-stretching of non-
hydrogen-bonded Si–OH. Stretching of the residual non-grafted
Si–OH in both M-HMS and A-HMS had a peak at 3668 cm−1.

The parameters and correlation coefficients of the Langmuir
and Fruendlich isotherm models, calculated by using experimental
data through linear regression, are listed in Table 3. The corre-
lation coefficients of Langmuir and Freundlich isotherms were
not different significantly (except for PAC at pH 9, HMS at pH
7 and especially alumina at pH 9 which is drastically different
as presented in the table). The data were also plotted by non-

linear estimation of STATISTICA version 6.0 which revealed no
strong relationship with the Langmuir isotherm, but in contrast
the Freundlich isotherm fitted the data with very high correlation
coefficients.

d-solute (milli-Q water) at pH 7, 25 ◦C and IS 0.01 M, comparing with adsorption
AA, ×: DBAA).
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An increase of temperature from 25 to 60 ◦C did not effect to
CAA adsorption capacity of pristine HMS significantly. However,
CAA adsorption capacity of PAC slightly decreased with increasing

emperature (data not shown).

.5. Effect of pH

The electrostatic interaction between ionic species and ionic sur-
ace functional groups is known to be highly dependent on pH. The
dsorption capacities of all adsorbents within a pH range from 5 to
was evaluated and is summarized in Fig. 11, where the adsorp-

ion capacity of all adsorbents at pH 9 was lower than that at
H 7 and 5, presumably because of the repulsion force between
he negative charge of the adsorbent surface and that of DCAA.

oreover, at a pH higher than the respective pHzpc the surface
unctional groups can be ionized, as discussed in Section 3.2, and
hat can strongly affect the hydrogen bonding between DCAA and
urfaces.

The surfaces of PAC, activated alumina, HY and NaY zeolite at
H 5 have a higher positive charge leading to a higher adsorption
apacity than that at pH 7 or 9. DCAA adsorption was significantly
ffected by the pH, but the adsorption capacities of A-HMS and M-
MS were not significantly affected by increasing the pH from 5 to

, since the effect of the positive surface charge at pH 5 and 7 did
ot change significantly due to very high pHzpc at 9.5 of A-HMS,
nd the lower effect of hydrogen bonding of mercapto-functional
roups of M-HMS, compared to the silanol and amino groups. In
ddition, no effect of pH on the adsorption capacities of pristine
MS was evident from pH 5 to 7, being observed only when the pH
as increased up to 9, since the neutral charge of the HMS surface
oes not change significantly within pH 4–6.

.6. Selective adsorption of HAA5 groups and effect of electrolytes
n tap water

Fig. 12(a) and (d) shows the results of batch adsorption in
ingle-solute solution of each HAA5 on HMS and PAC, respectively.
CAA which had lowest molecular weight exhibited the highest

dsorption capacities on both HMS and PAC. However, adsorp-
ion capacities of HAA5 on HMS did not clearly relate to the type
nd amount of halogen atom in the molecule, but for PAC mono-
aloacetic acids (MCAA and DBAA) had slightly higher adsorption
apacities, compared with di and tri-haloacetic acids. Moreover,
he results of competitive adsorption of multiple-solute on HMS
nd PAC surfaces are shown in Fig. 12(b) and (e). It was found
hat order of adsorption capacities of HAA5 on HMS and PAC was
otally different from single-solute solution results. It can be seen
hat adsorption capacities of HMS for HAA5 clearly related to pKa

alue and halogen atom of HAA5, such as MCAA > DCAA > TCAA for
hloroacetic acid and MBAA > DBAA for bromoacetic acid. Low pKa

AA5 (TCAA and DBAA) are supposed high potential to interact with
ydronium ion in the water, which can reduce charge density of
olecule and accessibility to active site of HMS surface. However,

ffect of surface interaction between complex surface functional
roups of PAC and HAA5 on capacities and selective adsorption is
till unclear. Common electrolytes in tap water such as Na+, Mg2+,
a2+, Cl−, F−, NO3

−, SO3
2− and HCO3

−, measured by ion chro-
atography (19.2, 5.2, 19.3, 21.13, 0.32, 0.79, 22.8 and 20.0 mg/L,
espectively.), did not affect the adsorption capacities and selectiv-
ty of HMS for HAA5 in the multiple-solute solution, significantly
Fig. 12(c) and (f)). However, a slightly increase of the adsorption
apacities and selectivity of PAC for DBAA, MBAA and MCAA was
etected.

[

[
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4. Conclusions

The adsorption kinetics for DCAA adsorption on all adsor-
bents followed the pseudo-second-order model. DCAA adsorption
capacity at a low concentration is strongly affected by physical char-
acteristics (e.g. surface area and silicate structure) caused by their
own crystalline structure. The interaction between DCAA and adsor-
bents involves hydrogen bonding and electrostatic forces related to
pHzpc of adsorbents, caused by surface functional groups. Decreas-
ing the pH to less than the pHzpc can increase the DCAA adsorption
capacity. Adsorption of HAA5 on HMS did not relate to molecular
structure of HAA5. Unlike PAC, common electrolytes did not affect
to HAA5 adsorption capacity and selectivity of HMS.
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