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Abstract−Perchlorate anion (ClO4

−) in water has become an environmental issue because it can impair proper func-

tioning of the thyroid gland. For the removal of perchlorate anions from water, adsorption using anion-exchange resins

has been generally used as the most suitable method. We have prepared mesoporous anion-exchange resins via simple

functionalization of amine ligands with different numbers of functional groups, and used them for the removal of per-

chlorate anions from aqueous solutions. The physical and chemical properties of the prepared samples were measured

using nitrogen adsorption-desorption measurement, elemental analyses, X-ray diffraction, and Fourier transform infra-

red spectroscopy. We also investigated equilibrium isotherms for the measurement of adsorption capacities and kinetic

performances of the prepared samples. The prepared materials showed fast adsorption kinetic performances, and M-

3N among the prepared materials exhibited high perchlorate adsorption capacity of 175.4mg/g compared with the results

of the previous reports.
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INTRODUCTION

Recently perchlorate anion (ClO4
−) in water has become an en-

vironmental issue because it can impair proper functioning of the

thyroid gland [1,2]. Perchlorate is very soluble in water, kinetically

inert to reduction, and has little tendency to adsorb to mineral or

organic surfaces. Therefore, the anion persists in water, and the mobil-

ity in surface or groundwater is very high, finally resulting in the

concentration in organisms. Compounds containing perchlorate in-

clude the oxidant in solid rocket fuel or fireworks, military ordi-

nance, flares, airbags, and other applications where an energetic

oxidant is required. Perchlorate contamination is a national prob-

lem with significant concentrations being found in 26 states in the

U.S. and Puerto Rico [2]. A very high concentration of perchlorate

of 2.23 ppm, which was as 91 times as the USEPA’s maximum con-

taminant level (24.5ppb), was also reported in Nakdong river, Korea

[3].

Biological process or physical adsorption process has been gen-

erally adopted to remove the perchlorate anions from aqueous solu-

tions [4]. Among methods used, adsorption using anion-exchange

resins has been one of the most suitable methods for the treatment

of perchlorate anions of low concentrations [4-10]. However, organic

anion-exchange resins, which are used in the adsorption process,

have some drawbacks such as thermal/chemical instability, low sur-

face area, hydrophobicity of polymer matrix, and swelling or defor-

mation in contact with solvents. To overcome these drawbacks, or-

ganic/inorganic hybrid anion-exchange resins have been synthe-

sized and widely used to remove anions from wastewater [11-13].

Since the development of mesoporous materials [14-16], vari-

ous adsorbents based on the mesoporous materials have been used

for the adsorption of metal ions and organic pollutants by the incor-

poration of the functional ligands onto the mesoporous materials

[17]. Some mesoporous silica materials have been used as supports

of the organic/inorganic hybrid anion-exchange resins because they

have high density of silanol groups (0.5-3.0/nm2) [18] and good mass

transfer characteristics due to the uniform pore structures. For in-

stance, amine-functionalized mesoporous materials [18], mesoporous

materials containing metals, metal cations, or metal oxides [19-23],

and mesoporous alumina [24] have been prepared and used for the

separation of arsenate, chromate, phosphate, or cesium from aque-

ous solutions. Mesoporous silicas, organosilica-based mesoporous

materials, and bead-type mesoporous materials, which were func-

tionalized with quaternary ammonium groups, have been also suc-

cessfully synthesized and used to remove perchlorate or perrhenate

anions from aqueous solutions [11,12,25-28].

Among the functionalized mesoporous materials, amine ligand-

incorporated mesoporous materials have been applied for various

purposes including anion adsorption [18], cation adsorption [19,29],

CO2 sorption [30,31], catalyst [32], drug delivery [33], etc. Amine-

functionalized mesoporous materials have been generally used for

the adsorption of cations in water [19,29]. However, the positively

charged surface amino groups, which are obtained via simple acid

treatment of the surface, could interact with arsenate (HAsO4
2−) or

chromate (CrO4
2−) anions, which have two negative charges, in the

aqueous solution [18]. To our knowledge, no systematic investiga-

tions have been carried out using amine ligand-functionalized meso-

porous materials with different numbers of functional groups for

the removal of perchlorate (ClO4
−) anions, which have a negative

charge, from aqueous solutions. We prepared two types of meso-
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porous anion-exchange resins (MCM-41 type and SBA-15 type)

containing different numbers of amine ligands (1N, 2N, and 3N),

and used them for the removal of perchlorate anions from aqueous

solutions.

MATERIALS AND METHODS

1. Reagents

The following were used as received without further purifica-

tion: cetyltrimethylammonium bromide (CTAB, 95%, Aldrich), am-

monium hydroxide solution (NH4OH, 28.0-30.0%, Aldrich), tetra-

ethyl orthosilicate (TEOS, 98%, Aldrich), poly(ethylene glycol)-

block-poly(propylene glycol)-block-poly(ethylene glycol) (Pluronic

P-123, EO20PO70EO20, Aldrich), hydrochloric acid (HCl, 37%, Ald-

rich), 3-aminopropyltrimethoxysilane (1N, 99%, Aldrich), [1-(2-

aminoethyl)-3-amino-propyl]trimethoxysilane (2N, 97%, Aldrich),

(trimethoxysilyl)propyldiethylenetriamine (3N, tech, Acros), toluene

(99.5% Duksan), 2-propanol (99.5%, Daejung), and sodium per-

chlorate (NaClO4, ≥98.0%, Aldrich).

2. Syntheses and Characterizations

MCM-41[32,34]: CTAB of 2.97 g was dissolved in 40ml of dis-

tilled water at 50 oC. Then 8.99ml of NH4OH and 7.28ml of TEOS

was slowly added to the solution, and the mixture was then stirred

for 24h. The final molar composition of reactants was 1 CTAB:500

H2O : 1.8 NH4OH : 7.5 TEOS. The filtered solid was washed with

a large amount of distilled water. The resulting powders were dried

in oven at 120 oC for 3 h and in vacuum at 150 oC for another 5 h,

and then calcined for 3 h at 550 oC to remove the templates.

SBA-15 [32,35]: P-123 of 2 g was dissolved in the mixture of

15ml of water and 50ml of 2M HCl at 45 oC. To this mixture, 4.25

g of TEOS was added, stirred for 20 h at 45 oC, and then aged at

85 oC for 12 h. The filtered silica materials were vacuum-dried over-

night at room temperature, and then calcined for 6 h at 550 oC to

remove the templates. The final molar composition of reactants was

0.017 P-123 : 202.6 H2O : 2.9 HCl : 1 TEOS.

Amine-functionalized mesoporous anion-exchange resin [18]: To

prepare MCM-41 functionalized with mono-amine ligands (M-1N),

MCM-41 materials prepared were first dehydrated for 4 h at 150 oC

in a vacuum to remove water molecules adsorbed on the surface.

The solids of 1 g were then stirred vigorously in 100ml of toluene

containing 0.9ml of 1N ligand. The mixture was heated to 110 oC

in dry nitrogen for 6 h. The filtered powder was washed with 2-

propanol for 2h, and dried at 100 oC for 4h. Then, 0.1g of the pow-

der was stirred in 100mL of 0.1M HCl for 6 h without heating.

This process converted amino groups into ammonium salts, and

then M-1N was obtained. MCM-41 materials functionalized with

di-amine ligands (M-2N) and tri-amine ligands (M-3N) were also

prepared via the similar procedure using 2N and 3N ligands, respec-

tively. SBA-15 materials functionalized with mono-amine ligands

(S-1N), di-amine ligands (S-2N), and tri-amine ligands (S-3N) were

also prepared via similar procedures using SBA-15 as a support

host instead of MCM-41.

Characterizations: N2 adsorption/desorption measurements (ASAP

2010, Micromeritics, USA) were performed at 77K. The surface

areas of the prepared samples were determined by BET method,

and the pore size distribution was obtained from BJH adsorption

data. X-ray diffraction (XRD) patterns were obtained at 40 kV and

25mA using CuK
α
 radiation (wavelength=0.154 nm) on a powder

X-ray diffractometer (X’pert APD, Philips). Fourier transform infra-

red (FTIR, Research2, ATI Mattson, US) spectroscopy was used to

examine the existence of organic groups in the prepared samples.

A CHNS corder (Flash 2000, ThermoFisher) was used to measure

the amount of functional groups in the samples.

3. Anion Adsorption

Adsorption isotherms were obtained via batch equilibrium exper-

iments. Anion-exchange resin of 0.1 g was mixed with 10ml of

aqueous solutions containing perchlorates, of which concentrations

ranged from 25mg/l to 3,600mg/l. The mixtures were sonicated at

45W for 10min using an ultrasonic machine (KODO, JAC-1505),

stirred at room temperature for 6 h, and then filtered using 0.45µm

membrane. The concentration of perchlorate was measured by ion

chromatography (IC, Dionex, DX-120) equipped with an IonPac®

AS16 analytical column. The sample size was 2.0ml, the flow rate

was 1.0ml/min, and the eluent was 35mM sodium hydroxide. The

amount of perchlorate adsorbed onto the anion-exchange resin was

calculated by a mass balance relationship [28]. Langmuir adsorption

isotherm was used to model the perchlorate adsorption behavior:

(1)

where qe is the amount of adsorbed perchlorate on anion-exchange

resin at equilibrium (mg/g), Q
0
 the maximum adsorption capacity

(mg/g), b a constant related to the affinity of the binding sites (l/mg),

and Ce the perchlorate concentration in solution at equilibrium (mg/l).

To measure kinetic uptake of perchlorate onto the prepared mate-

rials, semi-batch adsorption experiments were performed. Sample

powder of 0.1g was mixed with 1 l of 0.1mmol/l perchlorate aque-

ous solution. The suspended samples of 5ml were taken at various

time intervals under vigorous stirring of the solution. The samples

were filtered with a 0.45µm pore filter unit, and the perchlorate

concentration of the filtrate was measured by using an IC system.

Pseudo-second-order equation was used to model the kinetic data

of perchlorate adsorption on the prepared anion-exchange resins

[25,26,28]:

(2)

where k2 is the rate constant of pseudo-second-order adsorption (g/

mg·min) and qt the amount of adsorbed perchlorate on the anion-

exchange resin at time t (mg/g). The integrated form of Eq. (2) is

expressed as:

(3)

RESULTS AND DISCUSSION

1. Characterization

N2 adsorption-desorption isotherms of the prepared materials were

determined at 77K and shown in Fig.1(a) and Fig.2(a) for the MCM-

type materials and SBA-type materials, respectively. All prepared

materials showed type IV isotherm classified by IUPAC, which is

typical of mesoporous materials [36]. In the adsorption-desorption

isotherms of MCM-type materials, adsorption steps were observed in
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Fig. 1. (a) N2 adsorption-desorption isotherms and (b) BJH pore
size distributions of MCM-41 (○), M-1N (△), M-2N (□),
and M-3N (◇).

Fig. 2. (a) N2 adsorption-desorption isotherms and (b) BJH pore
size distributions of SBA-15 (○), S-1N (△), S-2N (□), and
S-3N (◇).

Table 1. Properties of the prepared anion-exchange resins: surface area, pore diameter, pore volume, d spacing, relative intensities, and
number of functional groups

Sample
Surface areaa

[m2/g]

Pore diameterb

[nm]

Pore volumec

[cm3/g]

d100

[nm]

Ligandd

[mmol/g]

Ligande

[/nm2]

Ligandf

[/nm2]

MCM-41 1168 3.0 1.14 03.85 - - -

M-1N 0838 2.2 0.63 03.75 1.74 1.25 0.90

M-2N 0746 2.2 0.53 03.75 0.98 0.79 0.51

M-3N 0550 2.2 0.37 03.69 1.14 1.25 0.59

SBA-15 1029 6.9 1.20 10.14 - - -

S-1N 0350 5.9 0.54 09.91 1.52 2.61 0.89

S-2N 0342 5.9 0.54 09.91 0.79 1.39 0.46

S-3N 0249 5.3 0.39 09.91 1.05 2.54 0.62

aBET surface area
bThe most probable pore diameter in BJH adsorption pore size distribution
cSingle point total pore volume
dConcentration of functional groups in the anion-exchange resins
eNumber density of functional groups based on the surface area of each anion-exchange resin
fNumber density of functional groups based on the bare mesoporous materials
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the range less than 0.5 of relative pressure. The step was reversible

for all the MCM-type materials, and became less marked when the

length of functional groups increased. No hysteresis loop from frame-

work mesopores was observed in the nitrogen desorption curve. This

indicates that the cylindrical mesopore diameter is less than 4 nm,

and that the pore size distribution is uniform [37]. SBA-type materi-

als had adsorption steps in the range larger than 0.5 of P/P0 values

showing hysteresis curves. These isotherm curves show the typical

characteristics of MCM-41 and SBA-15 materials. Both MCM-

type and SBA-type materials had narrow and homogeneous pore

size distributions even after the functionalization of chelating ligands

as shown in Fig. 1(b) and Fig. 2(b).

Table 1 summarizes the textural properties and pore characteris-

tics of the prepared materials. The bare mesoporous silica materi-

als, MCM-41 and SBA-15, showed large surface areas of 1,168

and 1,029m2/g, respectively. After impregnating the amine ligands

(M-1N, M-2N, M-3N, S-1N, S-2N, and S-3N), the surface areas,

pore sizes, and pore volumes decreased logically due to the incor-

Fig. 3. XRD patterns of MCM-41 (a), M-1N (b), M-2N (c), M-3N
(d), SBA-15 (e), S-1N (f), S-2N (g), and S-3N (h).

Fig. 4. FTIR spectra of MCM-41 (a), M-1N (b), M-2N (c), M-3N
(d), SBA-15 (e), S-1N (f), S-2N (g), and S-3N (h): The sprctra
(b), (c), (d), (f), (g), and (h) were shifted vertically 50%, 50%,
80%, 10%, 30%, and 50% up respectively for clarity.

poration of organic groups onto the mesopores. As expected, func-

tionalization induced a clear decrease of the framework mesopore

sizes of the functionalized MCM materials and SBA materials, and

of the corresponding mesoporous volumes. This finding is consis-

tent with the general observation that the surface areas of the meso-

porous silica materials prepared by surface functionalization decrease

with the size and amount of the chelating ligands [12]. However,

all MCM-type and SBA-type materials still exhibited mono-dis-

perse pore size distributions and comparable mesopore accessibili-
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ties even after the surface functionalization procedure.

XRD patterns of the prepared materials were obtained and shown

in Fig. 3. XRD patterns indicate that MCM-41 and SBA-15 have

typical hexagonal structures showing one main reflection and two

additional weak reflections corresponding to the (100), (110), and

(200) diffraction planes respectively [36]. Compared with the XRD

spectrum of MCM-41, amine-functionalized materials showed rather

broad reflections with lower intensities of the corresponding peak

in the order of M-1N>M-2N>M-3N and the weak reflections disap-

peared (inset of Fig. 3A), showing the decrease of the crystallinity

due to the functionalization. The structure orderness decreased with

the length of amine ligands. SBA-15 type anion-exchange resins

also showed decreased intensities of the corresponding peaks in the

order of S-1N>S-2N>S-3N, showing also the decreased structural

orderness with the length of amine ligands. While the weak reflec-

tions disappeared in MCM-41 type anion-exchange resins, S-1N,

S-2N, and S-3N still had the second and third reflections, indicat-

ing that the amine-functionalized SBA-15 materials still had the

clear hexagonal structures. This might be ascribed to the higher wall

thickness value of SBA-15 than that of MCM-41 material, thus re-

sulting in the higher stability for the post-treatment process of the

materials.

Fig. 4 shows the FTIR spectra of the prepared materials. The ab-

sorption band of the surface silanol group of the hydrogen bonded

type is observed at 3,200-3,600 cm−1 in all the prepared materials

[29]. After the functionalization of chelating ligands, the intensity

of the IR bands near 2,900 cm−1 arises from the -CH2- stretching

vibrations of the amine ligands [38]. The bands at 1,080 cm−1 are

attributed to Si-O stretching from the siloxane bonds. Amine-func-

tionalized anion-exchange resins (M-1N, M-2N, M-3N, S-1N, S-

2N, and S-3N) have extra bands at 1,456 cm−1, while MCM-41 and

SBA-15 show no band at the same position. These bands confirm

the presence of amine ligands in the samples, indicating the suc-

cessful impregnation of functional groups [28,39].

The results of elemental analyses are shown in Table 1. In the

bare mesoporous materials (MCM-41 and SBA-15), nitrogen was

not detected indicating that there were no functional groups in MCM-

41 and SBA-15. Considering all functional groups were located on

the surface of the mesoporous silicas, the number of functional groups

on the unit surface area was calculated using the results of elemen-

tal analyses and BET surface areas of each sample (Table 1). In the

previous studies [26,28,40], the surface densities of functional groups,

such as quaternary ammoniums or thiols, ranged from 0.1 to 2.4

nm−2. All the anion-exchange resins prepared in this work had com-

parable surface densities of functional groups ranging from 0.79 to

2.61 nm−2 (7th column of Table 1). SBA-type anion-exchange resins

had relatively larger densities of functional groups, showing approx-

imately twice the values of those of MCM-type materials due to

the smaller surface areas of SBA-type anion-exchange resins. Be-

cause the syntheses of anion-exchange resins were carried out via

impregnation method, the number densities of the functional groups

were also obtained on the basis of the surface area of the bare mesopo-

rous silica. The calculated ligand densities ranged from 0.46 to 0.90

nm−2 (8th column of Table 1). In this case, the number densities of

surface functional groups in MCM-type mesoporous materials showed

similar values with those of SBA-type materials, indicating that the

amine groups were successfully functionalized on the surface of

mesoporous materials.

2. Anion Adsorption

Equilibrium adsorption experiments of perchlorate anions were

carried out in single-solute solutions using the prepared anion-ex-

change resins. MCM-41 and SBA-15 with no functional groups

showed little adsorption capabilities for perchlorate anions with ad-

sorption capacities less than 25mg/g in the experimental concen-

trations. Compared with the bare mesoporous silicas, the prepared

anion-exchange resins showed larger adsorption capacities for per-

chlorate anions, indicating that amine functional groups incorporated

onto the pore surfaces had a strong affinity for perchlorate anions.

As shown in Table 2 and Fig. 5, the equilibrium adsorption iso-

therms were well fitted with the Langmuir isotherm model, showing

the R2 values over 0.94 for all the prepared anion-exchange resins.

Perchlorate adsorption capacities obtained from the Langmuir model

were 120.5, 163.9, 175.4, 142.9, 99.1, and 114.9mg/g for M-1N,

M-2N, M-3N, S-1N, S-2N, and S-3N, respectively. Perchlorate ad-

sorption capacities of M-2N (163.9mg/g) and M-3N (175.4mg/g)

were larger than the maximum adsorption capacity of 142.9mg/g

among the previous researches, showing the excellence of the pre-

pared anion-exchange resins in this work [26-28]. The normalized

adsorption capacities, QNA, of perchlorate per unit surface area and

per unit functional groups were determined using BET surface areas,

concentrations of functional groups, and maximum adsorption capac-

ities obtained from the Langmuir isotherm (Table2). SBA-type anion-

exchange resins had relatively larger QNA values ranging from 0.29

to 0.46mg/m2 due to the smaller surface areas and larger surface

Table 2. Langmuir isotherm parameters in the adsorption of perchlorate on the prepared anion-exchange resins

Sample Q0 [mg/g] b [L/mg] R2 QNA [mg/m
2] QNA [mg/mmol] ClO4

−/ligand

M-1N 120.5 1.49×10−3 0.9568 0.14 069.3 0.70

M-2N 163.9 1.36×10−3 0.9444 0.22 167.2 1.68

M-3N 175.4 1.83×10−3 0.9502 0.32 153.9 1.55

S-1N 142.9 1.48×10−3 0.9775 0.41 094.0 0.95

S-2N 099.1 0.98×10−3 0.9778 0.29 125.4 1.26

S-3N 114.9 1.99×10−3 0.9579 0.46 109.4 1.10

Q0: Maximum adsorption capacity

b: Langmuir constant

R2: Correlation coefficient

QNA: Normalized adsorption capacity per unit surface area or unit amount of ligands
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concentrations of functional groups than those of MCM-type mate-

rials ranging from 0.14 to 0.32mg/m2. For the same reasons, MCM-

type anion-exchange resins showed larger QNA values per unit func-

tional groups, ranging from 69.3 to 167.2mg/mmol than those values

of SBA-type materials ranging from 94.0 to 125.4mg/mmol. The

ratios of the amount of the adsorbed perchlorate anions to the amount

of surface functional groups were also obtained from the equilibrium

isotherm data. The ClO4
−/ligand ratio values of MCM-type anion-

exchange resins were rather higher than those of SBA-type materi-

als, implying that MCM-type anion-exchange resins had higher ad-

sorption efficiencies than SBA-type materials, as shown in the larger

adsorption capacities of MCM-type materials in Table 2. This might

be ascribed to the smaller pore size of MCM-type materials, which

decreased the distance of the functional ligands across the mesopo-

res resulting in the collaborative chelating activities of the functional

groups across the mesopores.

To determine the kinetic adsorption rate, perchlorate anion ad-

sorption experiments were performed using a semi-batch reactor

(Table 3 and Fig. 6). The prepared anion-exchange resins showed

fast adsorption rates for perchlorate. The required contact time to

Fig. 5. Adsorption isotherms of perchlorate on M-1N (a), M-2N
(b), M-3N (c), S-1N (d), S-2N (e), and S-3N (f): Data were
fitted with Langmuir model (solid lines).

Table 3. Adsorption kinetic parameters calculated from pseudo-
second-order kinetic model

Sample qe, exp [mg/g] qe, cal [mg/g] k2 [g/mg·min] R2

M-1N 39.2 39.2 2.06 0.9996

M-2N 49.8 50.0 1.04 0.9984

M-3N 36.9 37.0 0.79 0.9981

S-1N 34.0 33.9 0.64 0.9973

S-2N 42.5 42.5 0.93 0.9982

S-3N 51.2 51.3 0.87 0.9985

qe, exp: Adsorption capacity measured from experiment

qe, cal: Adsorption capacity estimated by the kinetic model

k2: Rate constant of pseudo-second-order equation

Fig. 6. Time-resolved uptake of perchlorate on M-1N (a), M-2N
(b), M-3N (c), S-1N (d), S-2N (e), and S-3N (f), and fitting
plots of the perchlorate adsorption kinetics which were ob-
tained using pseudo-second-order kinetic model (solid lines).
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reach equilibrium was less than 10min for all the anion-exchange

resins used. These results indicate that the contact time of 6 h was

enough for the equilibrium adsorption experiments described in the

above section. Adsorption kinetic data were fitted with a pseudo-

second-order model because it was reported that the pseudo-sec-

ond-order model showed best correlations with the experimental

data in metal adsorption among the kinetic models, including pseudo-

first-order model, pseudo-second-order model, and parabolic diffu-

sion model [26]. The fitting plots and the parameters for the model

were determined and shown in Fig. 6 and Table 3. The R2 values

for this kinetic model were larger than 0.99 for all the anion-ex-

change resins used, showing that the adsorption kinetic for the pre-

pared anion-exchange resins followed well the pseudo-second-order

model. The adsorption capacity estimated by the kinetic model, qe, cal
also coincided well with the experimental data, qe, exp (Table 3). The

qe, cal values were smaller than those of the Q
0 values obtained from

adsorption isotherms, showing the values from 21% to 45% of the

Q0 values. Generally, the adsorption capacity calculated using pseudo-

second-order equation from kinetic data shows smaller value than

the adsorption capacity obtained from Langmuir model, which shows

the maximum adsorption capacity [27].

CONCLUSIONS

We synthesized amine-functionalized mesoporous anion-exchange

resins and used them for the removal of perchlorate anions from

aqueous solutions. The prepared anion-exchange resins showed high

perchlorate adsorption capacity of 175.4mg/g (M-3N). This value

is much larger than those of anion-exchange resins for perchlorate

or perrhenate anions in the previous studies. The large adsorption

capacity might be ascribed to the well developed mesoporous struc-

tures of the prepared materials. Among the prepared materials, MCM-

type adsorbents showed higher adsorption capacities than SBA-

type adsorbents. This might be due to the difference of pore struc-

tures between the two materials used. The prepared anion-exchange

resins also showed fast adsorption kinetic performances. These re-

sults show that the prepared anion-exchange resins can be an effec-

tive alternative for the removal of perchlorate anions from water.
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