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a  b  s  t  r  a  c  t

Adsorptive  removal  of naproxen  and  clofibric  acid,  two  typical  PPCPs  (pharmaceuticals  and  personal
care  products),  has  been  studied  using  metal-organic  frameworks  (MOFs)  for the  first  time.  The  removal
efficiency  decreases  in  the order  of  MIL-101  >  MIL-100-Fe  > activated  carbon  both  in adsorption  rate  and
adsorption  capacity.  The  adsorption  kinetics  and  capacity  of PPCPs  generally  depend  on the  average  pore
size and  surface  area  (or  pore  volume),  respectively,  of  the adsorbents.  The  adsorption  mechanism  may
be explained  with  a  simple  electrostatic  interaction  between  PPCPs  and  the  adsorbent.  Finally,  it can  be
eywords:
etal organic framework (MOF)

PCPs
aproxen
lofibric acid
dsorption

suggested  that MOFs  having  high  porosity  and  large  pore  size  can  be  potential  adsorbents  to  remove
harmful  PPCPs  in  contaminated  water.

© 2012 Elsevier B.V. All rights reserved.
emoval

. Introduction

Pharmaceuticals and personal care products (PPCPs) have
ecome an essential and indispensible element for life. PPCPs as
ollutants generally include a class of chemical contaminants that
an arise from the use of prescription medicines, cosmetics, fra-
rances, veterinary drugs, fungicides, disinfectants and agricultural
ractices [1,2]. In 1980s, the existence of PPCPs in the environment
as confirmed for the first time [3,4]. Several research works have
emonstrated the presence of these kinds of pharmaceuticals in
he effluent of wastewater treatment plants, rivers, lakes and occa-
ionally, in groundwater [5].  The demand of PPCPs is increasing day
y day due to the rapid increase of population in the world. More-
ver, PPCPs are produced with long shelf-life to meet the customers’
emand which makes PPCPs to be persistent in the environment
ven after these products have been used up [4,6,7].  Although the
dverse impact of PPCPs on human health or environment is still not
ully understood, it is reported that these contaminants may  cause
ndocrine disruptions that may  change hormonal actions [8,9]. Still
ow, PPCPs in the environment or drinking water are not regulated

9]. However, the removal of these so called emerging contami-
ants from our potable water and aquatic systems is an important

ssue for worldwide researchers [4,7,10].

∗ Corresponding author. Tel.: +82 53 950 5341; fax: +82 53 950 6330.
E-mail address: sung@knu.ac.kr (S.H. Jhung).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.01.005
Up to now, various methods have been adopted to remove PPCPs
from the drinking or wastewater. Coagulation–flocculation [11],
biodegradation [12,13],  photodegradation [14], biofiltration [15],
ozonation [16], chlorination [17] and adsorption [2,4,10] are some
of the methods studied so far. However, it is reported that conven-
tional treatments such as coagulation, sedimentation and filtration
cannot remove more than 25% of PPCPs [18]. The removal of PPCPs
by adsorption is gaining much interest as this process is simple and
cost effective. So far, activated carbon is the widely used adsorbent
for the removal of PPCPs. Some other adsorbents such as MCM-41
[4],  SBA-15 [10], amberlite XAD-7 [19] and bentonite [20] have also
been investigated. Moreover, with the invention of several novel
adsorbents such as mesoporous carbon and mesoporous alumi-
nosilicates, the applicability of adsorption is exploring to various
field [21–24].

Metal organic frameworks (MOFs) are crystalline porous mate-
rials which are well known for their various potential applications
[25–31]. The particular interest in the MOF  materials is due to the
easy tunability of their pore size and shape from a microporous to
a mesoporous scale by changing the connectivity of the inorganic
moiety and the nature of organic linkers [25–27].  MOFs are espe-
cially interesting in the field of adsorption, separation and storage
of gases and vapors. Removal of hazardous materials such as sulfur-

containing compounds [32–34],  dyes [35,36] and benzene [37] has
also been studied.

Among the numerous MOFs reported so far, two of the most
topical solids are the porous chromium-benzenedicarboxylate

dx.doi.org/10.1016/j.jhazmat.2012.01.005
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sung@knu.ac.kr
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Cr-BDC called MIL-101) [38,39] (MIL stands for Material of
nstitute Lavoisier) and the iron-benzenetricarboxylate (Fe-BTC
amed MIL-100-Fe) [40,41], which are largely studied for their
otential applications. MIL-101 with a chemical formula of
r3O(F/OH)(H2O)2[C6H4(CO2)2], has a cubic structure and huge
ore volume of 1.9 cm3/g[38,39].  MIL-101 has been studied for
dsorptive removal of dyes [35] and benzene [37]. MIL-100-Fe,
ith a chemical formula Fe3

(III)O(H2O)2(F){C6H3(CO2)3}2·nH2O
n ∼ 14.5), is a reusable oxidative catalyst for the aerobic oxida-
ion of thiols to disulfides [41]. MIL-100-Fe is also used for the
dsorption of hydrocarbons such as propane, propene and propyne
42].

However, so far, there has been no report to use the MOFs includ-
ng MIL-101 and MIL-100-Fe in the removal of PPCPs. In this work,

e report, for the first time, the results of the adsorption of the
ypical PPCPs over the MOFs, especially well-studied MIL-101 and

IL-100-Fe, to understand the characteristics of adsorption and
ossibility of using MOFs as adsorbents for the removal of PPCPs
rom contaminated water.

As representative PPCPs, a common drug named naproxen
as selected for this study. Naproxen is a nonsteroidal anti-

nflammatory drug (NSAID) that is widely used for the reduction
f pain, fever, inflammation and stiffness. The adsorption of
ther common PPCPs named clofibric acid was also investigated.
lofibric acid is bioactive metabolite of various lipid regulating
ro-drugs. The chemical structures of the two PPCPs are shown
elow.

. Experimental

.1. Materials and reagents

All solvents and reactants are commercially available and
ere used without further purification. For synthesis of MIL-

01, chromium nitrate nonahydrate (Cr(NO3)3·9H2O, 99%) and
erephthalic acid (TPA, 99%) were purchased from Samchun and
unsei chemicals, respectively. Again, 1,3,5-benzenetricarboxylic
cid (H3BTC, 99%), nitric acid (HNO3, 60%) were obtained
rom Aldrich and OCI chemicals, respectively. Metallic iron and
ydrofluoric acid (HF, 40%) were purchased from DC Chemical. N,N-
imethylformamide (99%) and ethanol (99.5%) was  obtained from
CI chemical which was used for purification of MOFs. Activated
arbon (granule, size: 2–3 mm)  was purchased from the Duksan
ure chemical. Naproxen and clofibric acid (97%) were received
rom Aldrich.

MIL-101 was synthesized from Cr(NO3)3·9H2O, TPA and deion-
zed water similar to a reported method [43]. The reactants
omposition was 1.0 Cr(NO3)3·9H2O:1.0 TPA:300 H2O. The pre-
ursor of 30 g was loaded in a Teflon-lined autoclave and put
n a preheated electric oven at 210 ◦C for 8 h. After the reac-
ion, the autoclave was cooled to room temperature and solid
reen-colored products were recovered by filtration. To remove
he unreacted TPA, the as-synthesized MIL-101 was further
urified by treatment with N,N-dimethylformamide following a
eported method [44]. The purified MIL-101 was dried overnight
t 100 ◦C and stored in a desiccator after cooling to room
emperature.

MIL-100-Fe was synthesized from metallic iron, H3BTC, HF,
NO3 and deionized water similar to a reported method [40] under
utogenous pressure at 180 ◦C. The reactant composition for the
yntheses was 1.0 Fe0:0.66 H3BTC:2.0 HF:1.2 HNO3:280 H2O. A
eaction mixture of 30 g was loaded into a 100 mL  Teflon autoclave,

hich was sealed and placed in a microwave oven (MARS-5, CEM,
aximum power of 1200 W)  in order to take advantage of rapid

ynthesis under microwave irradiation [45,46].  The autoclave in
he microwave oven was heated to the reaction temperature in
aterials 209– 210 (2012) 151– 157

2 min  and maintained for 2 h. The microwave power was 400 W
throughout all the synthesis steps including the heating-up stage.
After the crystallization for 2 h, the autoclave was cooled to room
temperature and light orange solid product was recovered by fil-
tration. The purification of the as-synthesized MIL-100-Fe was
performed in two  steps using hot water (stirring 1 g of MIL-100-Fe
in 350 mL  of water at 80 ◦C for 5 h) and hot ethanol (stirring 1 g of
MIL-100-Fe in 200 mL  of ethanol at 60 ◦C for 3 h). The purified MIL-
100-Fe, after filtration, was dried overnight in air and stored in a
desiccator.

2.2. Adsorption experiments

Naproxen (Aldrich) and clofibric acid (Aldrich) solutions with
desired concentrations were prepared using deionized water.
The naproxen and clofibric acid concentrations were determined
using the absorbance (at 230 nm and 227 nm,  respectively) of
the solutions after getting the UV spectra of the solution with a
spectrophotometer (Shimadzu UV spectrophotometer, UV-1800).
A calibration curve for naproxen was obtained from the spec-
tra of the standard solutions (1–10 ppm, due to low solubility of
naproxen in water) at a specific pH 4.5. A calibration curve was also
obtained for clofibric acid from the spectra of the standard solutions
(10–50 ppm) at a specific pH 4.0. The pH of 4.0 or 4.5 was selected
based on the fact that the PPCPs aqueous solution is weak acidic
(due to COOH group of naproxen and clofibric acid and dissolved
carbon dioxide).

Before adsorption, the adsorbents were dried overnight under
vacuum at 100 ◦C and were kept in a desiccator. An exact amount of
the adsorbents (∼5.0 mg)  was put in the aqueous naproxen solution
(50 mL)  having a fixed concentration. The naproxen solution (pH:
∼4.5) containing the adsorbents were mixed well with magnetic
stirring and maintained for a fixed time (10 min  to 12 h) at 25 ◦C.
After adsorption for a pre-determined time, the solution was sepa-
rated from the adsorbents with a syringe filter (PTFE, hydrophobic,
0.5 �m),  and the naproxen concentration was  calculated by using
the absorbance of the UV spectra. If necessary, the PPCP solutions
were diluted for UV measurement.

The amount of naproxen adsorbed onto different adsorbents
was calculated by mass-balance relationship Eq. (1):

qt = (C0 − Ct)
V

W
(1)

where C0 and Ct (mg/L) are the liquid-phase concentrations of
the naproxen at time = 0 and t, respectively. V (L) and W (g) are
the volume of the solution and the weight (g) of the adsorbents,
respectively. To determine the adsorption capacity at various con-
ditions of acidity, the pH of the naproxen solution was adjusted with
0.1 M HCl or 0.1–0.2 M NaOH aqueous solution (volume < 0.2 mL).
The very similar procedure was applied to study the adsorption of
clofibric acid. However, the initial concentrations of clofibric acid
were 50–150 ppm due to high solubility in water.

3. Results and discussion

3.1. Characterization and properties of adsorbents

The crystal structure of the synthesized materials was confirmed
to be MIL-101 and MIL-100-Fe as determined by the XRD patterns
in Supporting Fig. 1(a) and (b) [38,40]. The nitrogen adsorption
isotherms of activated carbon, MIL-100-Fe and MIL-101 are shown

in Supporting Fig. 2. The summarized textural properties are shown
in Supporting Table 1 which shows that the BET or Langmuir surface
area and total pore volume of the three adsorbents are in the order
of activated carbon < MIL-100-Fe < MIL-101. Similarly, as shown in
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ig. 1. Effect of contact time on the adsorption of naproxen over the three adsorb
i = 15 ppm. The solid lines show the calculated results derived from pseudo-second

upporting Fig. 3, the pore sizes increases in the order of activated
arbon < MIL-100-Fe < MIL-101.

.2. Adsorption kinetics

The effect of contact time on the naproxen adsorption over dif-
erent adsorbents at different initial concentrations (10–15 ppm)
s depicted in Fig. 1. The naproxen adsorption over activated car-
on, MIL-100-Fe and MIL-100 was rapid at the initial stages of
he contact period, and thereafter it approached to equilibrium.
his may  be due to the presence of huge number of available
acant surface sites for adsorption during the initial stages of the
dsorption [47]. As time passes, number of available vacant sites
ecreases and the adsorption sites become saturated. As shown

n Fig. 1, the adsorbed quantity of naproxen is in the order of
ctivated carbon < MIL-100-Fe < MIL-101 for the whole adsorption
ime from any initial naproxen concentration. The adsorption time
eeded for saturation is in the order of activated carbon > MIL-
00-Fe > MIL-101. The adsorption over MIL-101 and MIL-100-Fe

s practically completed in 2 h; however, the adsorbed naproxen
ncreases steadily with time (up to 12 h) over the activated

arbon.

To design a proper adsorption technology, it is important to have
rofound knowledge and clear idea about the kinetics of the partic-
lar process. Dynamics of naproxen adsorption can be interpreted
at different initial naproxen concentrations of (a) Ci = 10 ppm; (b) Ci = 13 ppm; (c)
r non-linear method.

by the pseudo-second-order model [48,49], which is expressed by
the following equation.

qt = q2
ek2t

1 + qek2t
(2)

where, qe (mg/g) is amount adsorbed at equilibrium; qt (mg/g)
is amount adsorbed at time t; t (min) is adsorption time; k2
(g mg−1 min−1) is the pseudo-second-order rate constant.

A trial-and-error procedure [48] was  adapted to calculate the
pseudo-second order kinetic parameters in the case of non-linear
method by using the solver add-in with Microsoft’s spreadsheet,
Microsoft Excel. The coefficient of determination, r2 was calculated
by following Eq. (3)

r2 =
∑

(qm − q̄t)
2

∑
(qm − q̄t)

2 +
∑

(qm − qt)
2

(3)

where, qm (mg/g) is amount of naproxen on the surface of adsor-
bents at any time t, obtained from the second order kinetic model;
qt (mg/g) is amount of naproxen on the surface of adsorbents at any
time t, obtained from experiments; and q̄t (mg/g) is average of qt.

Fig. 1 also shows the non-linear plot of the pseudo-second-

order rate equation, and Table 1 describes the pseudo-second-order
kinetic parameters for different initial concentrations of naproxen
obtained utilizing the non-linear curve fitting analysis method.
From Table 1, it can be said that the pseudo-second-order model
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Table 1
The pseudo-second-order kinetic parameters with coefficient of determination (r2) for the adsorption of naproxen over the three adsorbents at various initial concentrations
obtained from non-linear regression method.

Initial Conc.
Ci (ppm)

MIL-101 MIL-100-Fe Activated carbon

qe,exp

(mg/g)
qe,cal

(mg/g)
k2

(g mg−1 min−1)
r2 qe,exp

(mg/g)
qe,cal

(mg/g)
k2

(g mg−1 min−1)
r2 qe,exp

(mg/g)
qe,cal

(mg/g)
k2

(g mg−1 min−1)
r2

−3 .6 1.31 × 10−3 0.967 44.9 45.3 2.30 × 10−4 0.997
.7 1.33 × 10−3 0.976 51.4 52.6 2.40 × 10−4 0.996
.6 1.34 × 10−3 0.997 54.5 55.7 2.50 × 10−4 0.997
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Fig. 2. (a) Adsorption isotherms for naproxen over the three adsorbents; and (b)
Langmuir plots of the isotherms.

Table 2
Langmuir isotherm parameters for the naproxen adsorption over activated carbon,
MIL-100-Fe and MIL-101.

Adsorbents Langmuir parameters

b (L/mg) Q0 (mg/g) R2
10 92.1 94.7 1.45 × 10 0.984 88.0 85
13  111.0 113.3 1.47 × 10−3 0.985 96.9 96
15  119.1 121.8 1.55 × 10−3 0.996 104. 105

ts the experimental results to a high degree of accuracy for all
aproxen concentrations similar to a previous report [50]. It also
onfirms a good agreement between the experimental and the cal-
ulated qe values (see Table 1). This indicates that the adsorption
f naproxen over the three adsorbents can be interpreted with the
seudo-second order kinetic model.

Moreover, as shown in Table 1, for all three adsorbents, amount
dsorbed at equilibrium (qe) increase steadily with increasing ini-
ial naproxen concentrations. This may  be attributed to the fact
hat higher initial concentration provides a higher driving force
o overcome all mass transfer resistances of solutes between the
queous and solid phases [51]. Again, the rate constant, k2 for
aproxen adsorption is in the order of activated carbon < MIL-Fe-
00 < MIL-101 (see Table 1). This tendency agrees with the pore
ize distributions of the adsorbents (see Supporting Fig. 3). It has
lso been reported that a kinetic constant of adsorption generally
ncreases with increasing the pore size of a porous material for both
iquid-phase and gas-phase adsorptions [37,52–54].  Therefore, this
esult shows the importance of pore size and suggests potential
pplications of MOFs with large pore size (like MIL-101) in PPCPs
emoval.

.3. The adsorption isotherms

The adsorption isotherms were obtained after adsorption for
ufficient time of 12 h, and the results are compared in Fig. 2(a). The
mount of adsorbed naproxen over MOF-101 is higher than that of
IL-100-Fe and activated carbon for the experimental conditions,

uggesting the efficiency of the MIL-101 in the adsorption.
Langmuir isotherm is used in this study to describe the adsorp-

ion isotherms. Langmuir model assumes monolayer adsorption
nto a surface which consists of finite number of active sites hav-
ng a uniform energy [51,55].  The linear form of Langmuir isotherm
quation is given as:

Ce

qe
= Ce

Q0
+ 1

Q0b
(4)

here, Ce (mg/L) is equilibrium concentration of adsorbate; qe

mg/g) is the amount of adsorbate adsorbed; Q0 (mg/g) is Lang-
uir constant (maximum adsorption capacity); b (L/mg or L/mol)

s Langmuir constant. Therefore, the Q0 can be obtained from the
eciprocal of the slope of a plot of Ce/qe against Ce. Fig. 2(b) shows
he linear Langmuir plots for the adsorption of naproxen over the
hree adsorbents, and the Q0 values that are determined from
ig. 2(b) are summarized in Table 2. The result shows that the Q0
alues of naproxen over MIL-101 are 132 mg/g, which is 1.15 times
nd 1.63 times higher than that of MIL-100-Fe and activated car-
on, respectively, confirming the potential application of MIL-101

n the adsorptive removal. It is reported that Q0 has a noteworthy
elation to the surface area or pore volume of adsorbents [54,56].

n other words, adsorbents having larger pore volume or surface
rea can accumulate more solute which results in the increase of
0. In this study, we have also found that the Q0 values of naproxen
dsorption increase with increase of surface area or pore volume

Activated carbon 0.22 81 0.999
MIL-100-Fe 1.78 115 0.999
MIL-101 2.92 132 0.999
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see Supporting Table 1) which is in good agreement with previ-
us reports [54,56,57].  As shown in Table 2, the Langmuir constant

 decreases in the order of MIL-101 > MIL-100-Fe > activated car-
on, showing the more favorable adsorption [58] over MIL-101
han the adsorption over MIL-100-Fe or activated carbon. This is
n accordance with the adsorption capacities Q0 of the adsorbents.

A dimensionless constant called separation factor or equilibrium
arameter, RL was suggested to describe an adsorption process [55].

L = 1
1 + bC0

(5)

Fig. 3 describes the calculated RL values versus the initial con-
entration of naproxen at the adsorption condition. All the RL values
ere from 0 to 1, indicating the favorable adsorption of naproxen

ver the three adsorbents [50] at the conditions being studied.
oreover, it is observed that the RL values decreases as the initial

oncentration increases from 10 to 18 ppm, showing the adsorp-

ion is more favorable at higher initial concentrations in accordance
ith the adsorption kinetics (see above). Moreover, it can be under-

tood that the adsorption is most favorable over MIL-101 among
hree catalysts at the same initial concentration as the separation
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aproxen concentration Ci is 13 ppm and adsorption time is 12 h.
Fig. 5. (a) Adsorption isotherms for clofibric acid over MIL-101 and activated car-
bon; and (b) Langmuir plots of the isotherms.

factor RL [59,60] is in the order of MIL-101 < MIL-100-Fe < activated
carbon. This is also in accordance with the adsorption capacities Q0
of the adsorbents (MIL-101 > MIL-100-Fe > activated carbon).

3.4. Effect of pH

The adsorption of PPCPs usually highly depends on the pH of the
solution [5,10,61]. Naproxen adsorption over MIL-101 was  studied
for a fixed time of 12 h at various pH values. As shown in Fig. 4,
the amounts of adsorbed naproxen decrease with increasing the
pH of the naproxen solution, which is quite similar to previous
reports [5,10,61]. Generally, at pH value higher than pKa, a polar
compound is mostly in ionic form in a solution due to deproto-
nation. As the pKa of naproxen is ∼4, it exists in ionic form in
the whole range of the experimental condition [10]. On  the other
hand, it is reported that the density of positive charge on MIL-101
is decreased with increasing pH [35]. Hence, adsorption at higher
pH leads to a comparatively weaker interaction between naproxen
anion and the adsorbent MIL-101 (less positive) which resulted in

the decrease of naproxen adsorption. Therefore, the mechanism of
naproxen adsorption on MIL-101 may  be explained with a simple
electrostatic interaction between naproxen and the adsorbent. The
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Table 3
Langmuir isotherm parameters for the adsorption of clofibric acid over activated
carbon and MIL-101.

Adsorbents Langmuir parameters

b (L/mg) Q0 (mg/g) R2

a
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Activated carbon 0.029 244 0.995
MIL-101 0.025 312 0.992

dsorption of naproxen at lower pH was not studied because of the
ow solubility of the naproxen in lower pH [5].

.5. Adsorption of clofibric acid

From the above discussion, it is clear that MIL-101 is very
fficient in removing naproxen from contaminated water via
dsorption. To check the usability of MIL-101 for adsorptive
emoval of other PPCPs, we extended our works for the adsorption
f clofibric acid where activated carbon was taken as a refer-
nce adsorbent. Here, MIL-101 also shows better performance than
ctivated carbon not only in kinetics but also in adsorption capac-
ty. The non-linear plot of the pseudo-second-order rate equation
nd the obtained pseudo-second-order kinetic parameters (for dif-
erent initial concentrations of clofibric acid) are summarized in
upporting Fig. 4 and Table 2, respectively. Fig. 5(a) and (b) show
dsorption isotherms and corresponding linear Langmuir plots for
he adsorption of clofibric acid, respectively. It should also be noted
hat the MIL-101 shows the highest adsorption capacity for clofibric
cid (312 mg/g, see Table 3) among any other adsorbents reported
o far in open literatures [61,62]. Similar to the adsorption of
aproxen, adsorption of clofibric acid is also preferred at low pH
hich is described in Supporting Fig. 5. This may  be due to the very

imilar functional group ( COOH) of the two PPCPs. Once again, the
IL-101 shows the potential applications in removing PPCPs in the

iewpoint of kinetics and adsorption capacity.

. Conclusion

The liquid-phase adsorption of naproxen and clofibric acid (two
epresentative PPCPs) has been studied for the first time using
OFs such as MIL-100-Fe and MIL-101. The adsorption kinetics

ollows the pseudo-second-order kinetic model (with a non-linear
egression method) with high coefficient of determination (r2).
IL-101, compared with activated carbon, shows fast adsorption

ates for both naproxen and clofibric acid probably due to the large
ore size of MIL-101. The equilibrium data can be interpreted with
angmuir isotherm and the high adsorption capacity of MIL-101 for
he PPCPs shows the importance of the porosity of an adsorbent.
ower solution pH is proved to be more favorable for the adsorp-
ion of the PPCPs over MIL-101 which shows the importance of
imple electrostatic interaction between the PPCPs and MIL-101
or the adsorption. From this study, it can be suggested that MOF-
ype materials can be applied in the adsorptive removal of PPCPs
n contaminated water.
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28] L.J. Murray, M.  Dincǎ, J.R. Long, Hydrogen storage in metal-organic frameworks,

Chem. Soc. Rev. 38 (2009) 1294–1314.

29] D. Farrusseng, S. Aguado, C. Pinel, Metal-organic frameworks, opportunities for
catalysis, Angew. Chem. Int. Ed. 48 (2009) 7502–7513.

30] J. Lee, O.K. Farha, J. Roberts, K.A. Scheidt, S.T. Nguyen, J.T. Hupp, Metal-organic
framework materials as catalysts, Chem. Soc. Rev. 38 (2009) 1450–1459.

http://dx.doi.org/10.1016/j.jhazmat.2012.01.005


ous M

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

Z. Hasan et al. / Journal of Hazard

31]  J.-R. Li, R.J. Kuppler, H.-C. Zhou, Selective gas adsorption and separation in
metal-organic frameworks, Chem. Soc. Rev. 38 (2009) 1477–1504.

32] K.A. Cychosz, A.G. Wong-Foy, A.J. Matzger, Liquid phase adsorption by micro-
porous coordination polymers: removal of organosulfur compounds, J. Am.
Chem. Soc. 130 (2008) 6938–6939.

33] L. Hamon, C. Serre, T. Devic, T. Loiseau, F. Millange, G. Férey, G.D. Weireld,
Comparative study of hydrogen sulfide adsorption in the MIL-53(Al, Cr, Fe),
MIL-47(V), MIL-100(Cr), and MIL-101(Cr) metal-organic frameworks at room
temperature, J. Am.  Chem. Soc. 131 (2009) 8775–8777.

34] N.A. Khan, J.W. Jun, J.H. Jeong, S.H. Jhung, Remarkable adsorptive performance
of  a metal-organic framework, vanadium-benzenedicarboxylate (MIL-47), for
benzothiophene, Chem. Commun. 47 (2011) 1306–1308.

35] E. Haque, J.E. Lee, I.T. Jang, Y.K. Hwang, J.-S. Chang, J. Jegal, S.H. Jhung, Adsorptive
removal of methyl orange from aqueous solution with metal-organic frame-
works, porous chromium-benzenedicarboxylates, J. Hazard. Mater. 181 (2010)
535–542.

36] E. Haque, J.W. Jun, S.H. Jhung, Adsorptive removal of methyl orange and methy-
lene blue from aqueous solution with a metal-organic framework material, iron
terephthalate (MOF-235), J. Hazard. Mater. 185 (2011) 507–511.

37] S.H. Jhung, J.-H. Lee, J.W. Yoon, C. Serre, G. Férey, J.-S. Chang, Microwave synthe-
sis of chromium terephthalate MIL-101 and its benzene sorption ability, Adv.
Mater. 19 (2007) 121–124.

38] G. Férey, C. Mellot-Draznieks, C. Serre, F. Millange, J. Dutour, S. Surble, I. Mirgio-
laki,  A chromium terephthalate-based solid with unusually large pore volumes
and  surface area, Science 309 (2005) 2040–2042.

39] D.-Y. Hong, Y.K. Hwang, C. Serre, G. Férey, J.-S. Chang, Porous chromium
terephthalate MIL-101 with coordinatively unsaturated sites: surface function-
alization, encapsulation, sorption and catalysis, Adv. Funct. Mater. 19 (2009)
1537–1552.

40] P. Horcajada, S. Surblé, C. Serre, D.-Y. Hong, Y.-K. Seo, J.-S. Chang, J.-M. Grenèche,
I.  Margiolakid, G. Férey, Synthesis and catalytic properties of MIL-100(Fe), an
iron(III)carboxylate with large pores, Chem. Commun. 27 (2007) 2820–2822.

41] A. Dhakshinamoorthy, M.  Alvaro, H. Garcia, Aerobic oxidation of thiols to disul-
fides using iron metal-organic frameworks as solid redox catalysts, Chem.
Commun. 46 (2010) 6476–6478.

42] H. Leclerc, A. Vimont, J.-C. Lavalley, M.  Daturi, A.D. Wiersum, P.L. Llwellyn, P.
Horcajada, G. Férey, C. Serre, Infrared study of the influence of reducible iron(III)
metal sites on the adsorption of CO, CO2, propane, propene and propyne in the
mesoporous metal-organic framework MIL-100, Phys. Chem. Chem. Phys. 13
(2011) 11748–11756.

43] Y.K. Hwang, D.-Y. Hong, J.-S. Chang, S.H. Jhung, Y.-K. Seo, J. Kim, A. Vimont, M.
Daturi, C. Serre, G. Férey, Amine-grafting on coordinatively unsaturated metal
centers of MOFs: catalytic and metal incorporation consequences, Angew.
Chem. Int. Ed. 47 (2008) 4144–4148.
44] E. Haque, N.A. Khan, J.E. Lee, S.H. Jhung, Facile purification of porous metal
terephthalates with ultrasonic treatment in the presence of amides, Chem. Eur.
J.  15 (2009) 11730–11736.

45] N.A. Khan, S.H. Jhung, Phase-transition and phase-selective synthesis of porous
chromium-benzenedicarboxylates, Cryst. Growth Des. 10 (2010) 1860–1865.

[

[

aterials 209– 210 (2012) 151– 157 157

46] N.A. Khan, E. Haque, S.H. Jhung, Rapid syntheses of a metal-organic frame-
work material Cu3(BTC)2(H2O)3 under microwave: a quantitative analysis of
accelerated syntheses, Phys. Chem. Chem. Phys. 12 (2010) 2625–2631.

47] A.H. Al-Muhtaseb, K.A. Ibrahim, A.B. Albadarin, O. Ali-khashman, G.M. Walker,
Md  N.M. Ahmad, Remediation of phenol-contaminated water by adsorp-
tion using poly(methyl methacrylate) (PMMA), Chem. Eng. J. 168 (2011)
691–699.

48] Y.-S. Ho, Second-order kinetic model for the sorption of cadmium onto tree
fern:  a comparison of linear and non-linear methods, Water Res. 40 (2006)
119–125.

49] L. Nouri, I. Ghodbane, O. Hamdaoui, M.  Chiha, Batch sorption dynamics and
equilibrium for the removal of cadmium ions from aqueous phase using wheat
bran, J. Hazard. Mater. 149 (2007) 115–125.

50] Y. Önal, C. Akmil-Basar, C. Sarıcı-Özdemir, Elucidation of the naproxen sodium
adsorption onto activated carbon prepared from waste apricot: kinetic, equi-
librium and thermodynamic characterization, J. Hazard. Mater. 148 (2007)
727–734.

51] I.A.W. Tan, A.L. Ahmad, B.H. Hameed, Adsorption isotherms, kinetics, ther-
modynamics and desorption studies of 2,4,6-trichlorophenol on oil palm
empty fruit bunch-based activated carbon, J. Hazard. Mater. 164 (2009)
473–482.

52] D.P. Xu, S.-H. Yoon, I. Mochida, W.M.  Qiao, Y.G. Wang, L.C. Ling, Synthesis of
mesoporous carbon and its adsorption property to biomolecules, Microporous
Mesoporous Mater. 115 (2008) 461–468.

53] S.H. Jhung, H.-K. Kim, J.W. Yoon, J.-S. Chang, Low-temperature adsorption of
hydrogen on nanoporous aluminophosphates: effect of pore size, J. Phys. Chem.
B  110 (2006) 9371–9374.

54] E. Haque, N.A. Khan, S.N. Talapaneni, A. Vinu, J. Jegal, S.H. Jhung, Adsorption of
phenol on mesoporous carbon CMK-3: effect of textural properties, Bull. Korean
Chem. Soc. 31 (2010) 1638–1642.

55] T.W. Weber, R.K. Chakkravorti, Pore and solid diffusion models for fixed-bed
adsorbers, AlChE J. 20 (1974) 228–238.

56] V. Fierro, V. Torné-Fernández, D. Montané, A. Celzard, Adsorption of phenol
onto activated carbons having different textural and surface properties, Micro-
porous Mesoporous Mater. 111 (2008) 276–284.

57] T. Kopac, K. Bozgeyik, Effect of surface area enhancement on the adsorption of
bovine serum albuminonto titanium dioxide, Colloids Surf. B: Biointerfaces 76
(2010) 265–271.
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