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ABSTRACT

Two typical highly porous metal-organic framework (MOF) materials based on chromium-
benzenedicarboxylates (Cr-BDC) obtained from Material of Institute Lavoisier with special structure of
MIL-101 and MIL-53 have been used for the adsorptive removal of methyl orange (MO), a harmful anionic
dye, from aqueous solutions. The adsorption capacity and adsorption kinetic constant of MIL-101 are
greater than those of MIL-53, showing the importance of porosity and pore size for the adsorption. The
performance of MIL-101 improves with modification: the adsorption capacity and kinetic constant are in
the order of MIL-101 < ethylenediamine-grafted MIL-101 < protonated ethylenediamine-grafted MIL-101
(even though the porosity and pore size are slightly decreased with grafting and further protonation).
The adsorption capacity of protonated ethylenediamine-grafted MIL-101 decreases with increasing the
pH of an aqueous MO solution. These results suggest that the adsorption of MO on the MOF is at least
partly due to the electrostatic interaction between anionic MO and a cationic adsorbent. Adsorption of
MO at various temperatures shows that the adsorption is a spontaneous and endothermic process and
that the entropy increases (the driving force of the adsorption) with MO adsorption. The adsorbent MIL-
101s are re-usable after sonification in water. Based on this study, MOFs can be suggested as potential
re-usable adsorbents to remove anionic dyes because of their high porosity, facile modification and ready

re-activation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Recently, considerable amount of waste water having color has
been generated from many industries including textile, leather,
paper, printing, dyestuff, plasticand so on [1]. Removal of dye mate-
rials from water is very important because water quality is greatly
influenced by color [1] and even small amount of dyes is highly
visible and undesirable. Moreover, many dyes are considered to be
toxic and even carcinogenic [1-3].

It is difficult to degrade dye materials because they are very sta-
ble to light and oxidation [3]. For the removal of dye materials from
contaminated water, several methods such as physical, chemical
and biological methods have been investigated [1,3]. Among the
proposed methods, removal of dyes by adsorption technologies is
regarded as one of the competitive methods because adsorption
does not need a high operation temperature and several color-
ing materials can be removed simultaneously [1]. The versatility
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of adsorption, especially with activated carbons, is due to its high
efficiency, economic feasibility and simplicity of design [3].

Methyl orange (MO) is one of the well-known acidic/anionic
dyes, and has been widely used in textile, printing, paper, food and
pharmaceutical industries and research laboratories [2]. The struc-
ture of MO is shown in Scheme 1 and the removal of MO from water
is very important due to its toxicity [2,3]. Harmful MO is selected
in this study as a representative acidic dye.

Several adsorbents such as ammonium-functionalized MCM-41
and layered double hydroxides (LDH) have been studied for the
removal of MO dye [4,5]. Adsorbents, including activated carbon,
made from wastes attract attention to decrease the cost of adsorp-
tion [2,6]. Agricultural wastes such as lemon [7], banana and orange
peel [8] and biopolymers [9] like alginate have also been used.
Functionalized adsorbents such as hyper-crosslinked polymers
[10] and diaminoethane sporollenin [11] have also been studied.
For efficient separation of adsorbent from liquid after adsorption,
magnetic particles have also been dispersed/incorporated in the
adsorbent [9,12].

The thermodynamics parameters of MO adsorption have been
studied over various adsorbents [2,5-7,10]. In every case, the AG
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Scheme 1.

is negative for spontaneous adsorption; however AH depends
on adsorbents [2,5-7,10] and AS is generally positive [2,5-7].
The adsorption kinetics has been interpreted with various models
[2-10] and the adsorption of MO over MCM-41 illustrates that the
adsorption process is composed of complex processes like diffusion
in surface or mesopore and adsorption on mesopore [4]. Moreover,
the kinetic constants vary widely depending on the adsorbents
[2-10].

Metal-organic frameworks (MOFs) are crystalline porous mate-
rials which are well known for their various applications [13-20].
The particular interest in 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 [13-15]. MOFs are especially inter-
esting in the field of adsorption, separation and storage of gases
and vapors [16,19]. For example, the storage of hydrogen [16] and
carbon dioxide/methane [21] using MOFs has been extensively
investigated. The removal of hazardous materials such as sulfur-
containing materials has also been studied [22,23].

Among the numerous MOFs reported so far, two of the most
topical solids are the porous chromium-benzenedicarboxylates
(Cr-BDCs) namely MIL-53 [24] (MIL stands for Material of Insti-
tute Lavoisier) and MIL-101 [25,26], which are largely studied for
their potential applications. MIL-53 with a chemical formula of
Cr(OH)[CgH4(C03),]-nH, 0, has an orthorhombic structure and pore
volume of 0.6 cc/g [24]. MIL-101, Cr3O(F/OH)(H;0),[CgH4(CO3)3 1,
has a cubic structure and huge pore volume of 1.9 cc/g [25,26]. The
pore sizes of MIL-53 and MIL-101 are around 0.85 and 2.9-3.4 nm,
respectively [24-26]. MIL-53 is very interesting due to the breath-
ing effect [27], and has been widely studied for adsorption [23] and
drug delivery [20,28]. MIL-101 is a very important material due to
its mesoporous structure and huge porosity, and is widely studied
for adsorption [29], catalysis [30] and drug delivery [20,28].

However, so far, there has been no report of the use of MOFs
including Cr-BDCs in the removal of dye materials. In this work, we
report, for the first time, the results of the adsorption of MO over
MOFs, especially well-studied Cr-BDCs, to understand the charac-
teristics of adsorption and possibility of using MOFs as adsorbents
for the removal of dye materials from waste water.

2. Experimental

The Cr-BDCs such as MIL-53 and MIL-101 were prepared follow-
ing the reported methods [24-26,31,32]. Ethylenediamine-grafted
MIL-101 (ED-MIL-101) was obtained by grafting ethylenediamine
according to the method reported earlier [26,30]. The protonated
ED-MIL-101 (PED-MIL-101) was obtained by acidification of ED-
MIL-101 with 0.1 M HCI solution at room temperature for 6h.
Activated carbon was purchased from Duksan chemical company
(granule, size: 2-3mm). The textural properties of the adsor-
bents were analyzed with a surface area and porosity analyzer
(Micromeritics, Tristar II 3020) after evacuation at 150°C for 12 h.
The surface area, pore volume and average pore size were calcu-
lated using the nitrogen adsorption isotherms.

An aqueous stock solution of MO (1000 ppm) was prepared
by dissolving MO (molecular formula: C;4H14N3NaOsS, molecu-
lar weight: 327.34, Daejung Chemicals co. Ltd., Korea) in deionized
water. Aqueous MO solutions with different concentrations of MO

(5-200 ppm) were prepared by successive dilution of the stock
solution with water. The MO concentrations were determined
using the absorbance (at 464 nm) of the solutions after getting the
UV spectra of the solution with a spectrophotometer (Shimadzu UV
spectrophotometer, UV-1800). The calibration curve was obtained
from the spectra of the standard solutions (5-50 ppm) at a specific
pH 5.6.

Before adsorption, the adsorbents were dried overnight under
vacuum at 100 °C and were kept in a desiccator. An exact amount
of the adsorbents (~10 mg) was put in the aqueous dye solutions
(50 mL) having fixed dye concentrations from 20 ppm to 200 ppm.
The MO solutions (pH: 5.6) 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 separated from the adsorbents with a syringe fil-
ter (PTFE, hydrophobic, 0.5 wm), and the dye concentration was
calculated, after dilution (if necessary), with absorbance obtained
using UV spectra. The adsorption rate constant was calculated using
pseudo-second or pseudo-first order reaction kinetics [33-35] and
the maximum adsorption capacity was calculated using the Lang-
muir adsorption isotherm [33,36] after adsorption for 12 h. To get
the thermodynamic parameters of adsorption such as AG (free
energy change), AH (enthalpy change) and AS (entropy change)
the adsorption was further carried out at 35 and 45 °C.

To determine the adsorption capacity at various pHs, the pH
of the MO solution was adjusted with 0.1 M HCI or 0.1 M NaOH
aqueous solution. The used adsorbent was activated with deion-
ized water (0.05g adsorbent in 25ml water) under ultrasound
(Sonics and Materials, USA; Model: VC X750, power: 750 W, ampli-
tude; 35%) at room temperature for 60 min (temperature raised to
65°C-70°C after sonification). After separation, the adsorbent was
dried and reused for the next adsorption.

3. Result and discussion
3.1. Adsorption kinetics

To understand the adsorption kinetics, MO was adsorbed at var-
ious times up to 12 h, and the quantity of adsorbed MO is displayed
in Fig. 1 when the initial MO concentration is 30 - 50 ppm. As
shown in Fig. 1, the adsorbed quantity of MO is in the order of acti-
vated carbon <MIL-53 <MIL-101 <ED-MIL-101 < PED-MIL-101 for
the whole adsorption time from any initial MO concentration. The
adsorbed MO slightly increases with the initial MO concentration,
showing the favorable adsorption at high MO concentration. The
adsorption time needed for saturation of the adsorbed amount
is in the order of activated carbon>MIL-53 > MIL-101 >ED-MIL-
101 >PED-MIL-101 (Supplementary data Fig. S1). The adsorption
over modified MIL-101s is practically completed in 2 h, showing
the rapid adsorption of MO over the modified MIL-101s. However,
the adsorbed amount increases steadily with time over the acti-
vated carbon. To compare the adsorption kinetics precisely, the
changes of adsorption amount with time are treated with the versa-
tile pseudo-second-order kinetic model [33-35] because the whole
data during adsorption time can be treated successfully:

d

% = ka(ge — q¢)? (1)
t 1 1

or, — = + —t 2
qe kzqg qe 2)

where ge: amount adsorbed at equilibrium (mg/g);
q:: amount adsorbed at time t (mg/g);
t: adsorption time (h).
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Fig. 1. Effect of contact time and initial MO concentration on the adsorption of MO
over the five adsorbents: (a) GG=30ppm; (b) C; =40 ppm; (a) C; =50 ppm.

Therefore, the second-order kinetic constant (k,) can be calcu-
lated by

slope?

= ———— whenthet/q; is plotted against t.
2 intercept /acisp &

Fig. 2 shows the plots of the pseudo-second-order kinetics
of the MO adsorption over the five adsorbents at three initial

Fig. 2. Plots of pseudo-second-order kinetics of MO adsorption over the five adsor-
bents: (a) C; =30 ppm; (b) G;=40 ppm; (a) G;=50 ppm.

dye concentrations. The calculated kinetic constants (k) and cor-
relation coefficients (R%) are shown in Table 1. The adsorption
kinetic constants for MO adsorption are in the order of activated
carbon <MIL-53 < MIL-101 < ED-MIL-101 < PED-MIL-101, similar to
the adsorbed quantity (Fig. 1). Therefore, PED-MIL-101 is the most
effective adsorbent for MO removal in the viewpoint of adsorption
amount and rate.
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The adsorption kinetic constants over activated carbon and Cr-
BDCs are larger than those over crosslinked polymer [10] and
activated carbon (obtained from agricultural product, Phragmites
australis) [3]. On the contrary the constants are smaller than the
constants over NH3*-MCM-41, activated carbon (entrapping mag-
netic cellulose bead) [12], lemon peel [7] and alginate bead [9].
The kinetic constants over activated carbon and Cr-BDCs increase
slightly with increasing the initial MO concentration, showing
rapid adsorption in the presence of MO in high concentration. The
increase of the kinetic constant with increasing initial adsorbate
concentration has been reported too [33,37,38]. The kinetic con-
stants of adsorption over Cr-BDCs show that the adsorption over
PED-MIL-101 is the fastest and the adsorption kinetics increases
with modification of virgin MIL-101. The kinetic constant over PED-
MIL-101 isaround 10 times greater than that of the activated carbon
under the experimental conditions.

The adsorption data were also analyzed using the pseudo-first-
order kinetic model [33]:

In(qe — qt) =1n qe — k1t (3)

Therefore, the first order kinetic constant (k;) can be calculated
by

ki1 = —slope whenthe In(qe — q¢)is plotted against t.

The plots of the pseudo-first-order kinetics of the dye adsorp-
tions over the five adsorbents at the initial MO concentrations of
30-50 ppm are shown in Fig. S2 (adsorption time is only 0-1h
for good linearity [33]) and the kinetic constants are displayed in
Table S1. Similar to the second-order kinetic constants, the rate
constant generally increases in the order of activated carbon < MIL-
53 <MIL-101 <ED-MIL-101 < PED-MIL-101, confirming once again
the most rapid adsorption over PED-MIL-101. However, the lin-
earity of the first order kinetics is relatively poor (low correlation
coefficients R?).

The fast adsorption of MO over MIL-101, compared with the
adsorption over MIL-53, is probably due to the large pore size of
MIL-101 as the kinetic constant of adsorption generally increases
with the increasing pore size of a porous material not only in
liquid-phase adsorption [39,40] but also in gas phase adsorption
[41]. However, the kinetic constants of the MIL-101s show that the
pore size of the MIL-101s (Table 1) does not have any effect on the
kinetics of adsorption, suggesting the presence of a specific inter-
action between PED-MIL-101 or ED-MIL-101 and MO because the
adsorption kinetic constant increases with increasing pore size if
there is no specific interaction between adsorbate and adsorbent
[39-41].

3.2. Adsorption thermodynamics

The adsorption isotherms were obtained after adsorption for
sufficient time of 12 h, and the results are compared in Fig. 3a. The
amount of adsorbed dye is in the order of PED-MIL-101 > ED-MIL-
101 > MIL-101 > MIL-53 > activated carbon for the experimental
conditions, suggesting the efficiency of the Cr-BDCs, especially PED-
MIL-101. As shown in Fig. 3b, the adsorption isotherms have been
plotted to follow the Langmuir equation [33,36]:

C GCe 1
G~ Q' Qb @
where Ce: equilibrium concentration of adsorbate (mg/L)

ge: the amount of adsorbate adsorbed (mg/g)

Qp: Langmuir constant (maximum adsorption capacity) (mg/g)

b: Langmuir constant (L/mg or L/mol)

So, the Qg can be obtained from the reciprocal of the slope of a
plot of Ce/qe against Ce.

The Qg for all of the samples is determined from Fig. 3b and the
values are summarized in Table 1. Generally the Qg increases in the

Fig. 3. (a) Adsorption isotherms for MO adsorption over the five adsorbents and (b)
Langmuir plots of the isotherms (a). The arrows in (b) show that the y-axis scale of
activated carbon is different to that of MOFs.

order of activated carbon <MIL-53 <MIL-101 <ED-MIL-101 < PED-
MIL-101, and the adsorption capacity of PED-MIL-101 is 194 mg/g.
The large adsorption capacity of MIL-101 for MO, compared to that
of MIL-53, is probably due to the large porosity of MIL-101 as the
adsorption capacity generally increases with increasing the poros-
ity of adsorbents [42,43].

So far many adsorbents have been evaluated as candidates for
the removal of MO from water and their adsorption capacities have
varied widely from 2.1 to about 366 mg/g depending on the adsor-
bent [1-12]. Even though the adsorption capacity of Cr-BDCs is less
than that of NH3*-MCM-41 [4], LDH [5] and activated carbon (made
from an agricultural product, Phragmites australis) [3], its capacity
is relatively greater than that of the most adsorbents [1,2,6-12].

To shed light on the MO adsorption over Cr-BDCs, the adsorp-
tion free energy, enthalpy and entropy change were calculated from
the adsorption of MO over PED-MIL-101 at various temperatures.
Fig. 4a shows the adsorption isotherms at the temperature of 25,
35 and 45°C, and the Langmuir plots are displayed in Fig. 4b. The
adsorption capacity increases with increasing adsorption temper-
ature, suggesting endothermic adsorption.

The Gibbs free energy change AG can be calculated by the fol-
lowing Eq. (5) [5,6,10,35]:

AG=—RT Inb (5)

(where R is the gas constant)

The Langmuir constant b (dimension: L/mol) can be obtained
from the slope/intercept of the Langmuir plot of Fig. 4b. The negative
free energy change (AG) shown in Table 2 suggests spontaneous
adsorption under the adsorption conditions.
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Fig. 4. (a) Adsorption isotherms for MO adsorption over PED-MIL-101 at 25, 35 and 45°C; and (b) Langmuir plots of the isotherms (a); (c) Adsorption isotherms for MO
adsorption over MIL-101 at 25, 35 and 45 °C; and (d) Langmuir plots of the isotherms (c).

The enthalpy change AH can be obtained by using the van’t Hoff The calculated AH, obtained from the (—slope x R) of the van’t

equation [5,44]: Hoff plot (Fig. 5), is 29.5k]/mol, confirming endothermic adsorp-

AS AH tion in accord with the increasing adsorption capacity associated

In b= 2 RT (6)  withincreasing adsorption temperature (Fig. 4a). The endothermic
Table 1

Textural properties, the pseudo-second-order kinetic constants (k?) with correlation constants (R?) at various MO concentrations and the maximum adsorption capacities
(Qo) of the five adsorbents.

Adsorbent (pore size, nm) BET surface Total pore Pseudo-second-order kinetics constants k (g/(mgmin)) Maximum adsorption
area (m?/g) volume (cm?/g) capacity, Q, (mg/g)
30 ppm 40 ppm 50 ppm
k2 RZ k2 R2 k2 RZ
Activated carbon (<1.0) 1068 0.50 2.17 x10~* 0.987 2.34x10~* 0.981 2.59x10~* 0.978 11.2
MIL-53 (<1.0) 1438 0.55 7.23x10~% 0.999 7.70x 1074 0.999 7.84x10~% 0.999 57.9
MIL-101 (1.6, 2.1) 3873 1.70 9.01x10~% 0.999 9.19x10°% 0.996 9.29x 1074 0.998 114
ED-MIL-101 (1.4, 1.8) 3491 1.37 1.06 x 10~ 0.998 1.19x10~3 0.999 127 x10~3 0.999 160
PED-MIL-101 (1.4, 1.8) 3296 1.18 2.75x 103 1.00 2.95x 103 1.00 3.04x 10 0.999 194
Table 2
The maximum adsorption capacity and thermodynamic parameters of MO adsorption over PED-MIL-101 and MIL-101 at different temperatures.
Adsorbent Temp. (°C) Qo (mg/g) AG (kJ/mol) AH (kJ/mol) AS (J/mol/K)
PED-MIL-101 25 194 -325
35 219 -345 29.5 209
45 241 -36.6
MIL-101 25 114 -31.9
35 121 -33.1 4.00 120

45 140 —34.3
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Table 3
The equilibrium adsorbed amount (g, ) and pseudo-second-order kinetic constant (k) of fresh and reused PED-MIL-101s and ED-MIL-101s (Temperature: 25 °C, G;: 50 ppm).
Adsorbent Items Fresh 1st reuse 2nd reuse
PED-MIL-101 ge (mg/g) 187 186 181
k> (g/mg min) 3.04x 1073 1.87 x 1073 1.18x 103
ED-MIL-101 ge (Mg/g) 130 127 123
k> (g/mg min) 127 x 1073 1.07 x 103 7.62 x 1074

Fig. 5. van't Hoff plots to get the AH and AS of the MO adsorption over the MIL-101
and PED-MIL-101.

adsorption may be due to a stronger interaction between pre-
adsorbed water and the adsorbent than the interaction between
MO and the adsorbent. However, further work is necessary to clarify
this suggestion.

The entropy change AS can be obtained from the (intercept x R)
of the vant’t Hoff plot (Fig. 5), and the obtained entropy change AS
is 208]/(mol K). The positive AS means the increased randomness
with adsorption of MO probably because the number of desorbed
water molecule is larger than that of the adsorbed MO molecule
(MO is very bulky compared with water; therefore several water
may be desorbed by adsorption of a MO molecule). Therefore, the
driving force of MO adsorption (negative AG) on PED-MIL-101 is
due to an entropy effect (large positive AS) rather than an enthalpy
change (AH is positive).

Fig. 6. Effect of pH of MO solution on the adsorbed amount of MO over activated
carbon and PED-MIL-101 (G;: 50 ppm, adsorption time: 4 h).

The thermodynamic properties were also determined for the
case of MIL-101 using the adsorption isotherms (Fig. 4c) and the
Langmuir plots at different temperatures (Fig. 4d). Generally, the
isotherms and Langmuir plots are similar to those of PED-MIL-101
(Fig. 4a and b). However, it should be mentioned that the adsorbed
amount of MO over PED-MIL-101 is high at very low concentra-
tion (especially at 45 °C), which is very helpful to remove MO even
at a low concentration. The adsorption free energy, enthalpy and
entropy change over MIL-101, obtained from Fig. 4d and Fig. 5, are
displayed in Table 2. Similar to PED-MIL-101, the adsorption of MO
over MIL-101 is a spontaneous process (negative AG). However,
the absolute value of AH is very small for the case of MIL-101. This
may be due to a physical adsorption of MO and little desorption
of pre-adsorbed water. The small free energy change (AS) sup-
ports this assumption (small number of desorbed water molecules).
However, a more detailed study will be necessary to understand
the difference between MIL-101 and PED-MIL-101 in terms of the
adsorption enthalpy and entropy changes.

3.3. Effect of pH and regeneration of MOFs

The adsorption of a dye usually highly depends on the pH of the
dye solution [2,6]. MO adsorption at various pH values was mea-
sured after equilibration with PED-MIL-101 and activated carbon.
As shown in Fig. 6, the adsorbed amounts decrease with increas-
ing the pH of the MO solution, which is quite similar to previously
reported results [2,6]. The decreasing of adsorbed MO with increas-
ing pH might be due to the fact that the concentration of positive
charge of adsorbents is decreased with increasing pH.

Scheme 2.
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Fig.7. (a) Effect of contact time on the MO adsorption and (b) Pseudo-second-order
plots to show the re-usability of the spent PED-MIL-101.

Even though more detailed work is necessary to clearly under-
stand the mechanism of MO adsorption on Cr-BDCs, the mechanism
may be explained with electrostatic interaction between MO and
adsorbents (as proposed in Scheme 2). MO usually exists in the
sulfate form; therefore, there will be a strong electrostatic inter-
action with an adsorbent having a positive charge. The positive
charge distribution increases in the order of MIL-101 <ED-MIL-
101 <PED-MIL-101 as suggested in Scheme 2. On the other hand the
positive charge of PED-MIL-101 will be decreased with increasing
the pH of the solution due to the deprotonation of the proto-
nated adsorbent. Therefore, the increase of adsorption capacity and
kinetic constant with modification (MIL-101 <ED-MIL-101 < PED-
MIL-101) or increasing acidity may be explained with the increased
positive charge of the adsorbent, especially PED-MIL-101 in a low
pH condition. A similar adsorption mechanism of anionic dyes via
electrostatic interaction has been reported in the case of chitosan
[44] and NH3*-MCM-41 [4].

Facile regeneration of an adsorbent is very important for
commercial feasibility. The re-usability of spent adsorbent (PED-
MIL-101) is shown in Fig. 7a. Even though the adsorption kinetic
constants (shown in Table 3 which are derived from Fig. 7b)
decrease noticeably with the cycle of adsorption, the amount of
adsorbed MO does not decrease much, suggesting the applicabil-
ity of Cr-BDCs in the adsorptive removal of anionic dye materials
from waste water. Similar re-usability of ED-MIL-101 has also been
observed (Table 3, Supporting Fig. 3).

4. Conclusion

The liquid-phase adsorption of MO over MOF-type materials has
been studied to understand the characteristics of dye adsorption
on these materials. The adsorption capacity and adsorption kinetic
constant of MIL-101 are greater than those of MIL-53, showing the
importance of porosity and pore size for adsorption, which is sim-
ilar to reported results. MIL-101, after being modified to have a
positive charge, can be efficiently used to remove MO via liquid-
phase adsorption. Based on the rate constant (pseudo-second or
pseudo-first-order kinetics for adsorption) and adsorption capac-
ity, it can be suggested that there is a specific interaction like
electrostatic interaction between MO and the adsorbent for rapid
and high uptake of the dye. The adsorption of MO over PED-MIL-101
at various temperatures shows that the adsorption is spontaneous
and endothermic and the randomness increases with the adsorp-
tion of MO. The driving force of MO adsorption over PED-MIL-101
is mainly due to an entropy effect rather than an enthalpy change.
From this study, it can be suggested that the MOF-type materials
may be applied in the regenerable adsorptive removal of anionic
dye materials from contaminated water.
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