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ABSTRACT

In this paper, a highly porous metal–organic framework (MOF) based on iron (III) trimesate
(MIL-100 (Fe)) was applied to the adsorption of a harmful anionic dye, acid orange 7
(AO7), from aqueous solution. The influences of various factors on the adsorption as well
as adsorption kinetics and isotherms were investigated. It was found that a relatively low
pH value was favorable for the adsorption. The high dosage of the adsorbent led to a high
decolorization rate, but a low adsorption quantity. The adsorption kinetics obeyed the
pseudo-second-order kinetic model and the adsorption isotherms followed the Langmuir
mode. The driving force of the adsorption was an entropy effect rather than an enthalpy
change. The adsorption mechanism may be explained with a simple electrostatic interaction
between AO7 aqueous solution and the adsorbent. The adsorption capacities of MIL-100
(Fe) are much higher than those of an activated carbon. Finally, it can be suggested that
(MOFs) having high porosity and large pore size can be potential adsorbents to remove
harmful AO7 in contaminated water.
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1. Introduction

Recently, a large amount of wastewater containing
organic dyes is produced by industries such as textile,
paper, leather, and plastics in which dyes are used to
color their products [1,2]. It is difficult to biodegrade
dyes in wastewater due to the fact that dyes have a
synthetic origin and a complex aromatic molecular

structure which make them stable [3]. Traditionally,
there are three main categories for the removal of dye
materials from contaminated water, that is, biological
[4], physical [5,6], and chemical [7,8] method. Among
these methods, physical adsorption is generally con-
sidered to be the most efficient method for quickly
lowering the concentration of dissolved dyes in waste-
water [9].
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Metal–organic frameworks (MOFs) are a promising
class of porous crystalline materials constructed by
metal ions (or clusters) connected by various organic
ligands, which have a diverse structure and composi-
tions, large porosity and surface area, tunable pore
size, biological compatibility, and so on [10–12]. MOFs
are showing a great potential for application in sepa-
rations, catalysis, gas storage, drug delivery [13]. As a
unique kind of adsorbent, MOFs used for the removal
of hazardous materials such as nitrogen-containing
compounds [14], sulfur-containing compounds [15],
dyes [16,17], pesticide [18], volatile organic com-
pounds [19], harmful gas [20], and heavy metals [21]
have been reported.

In 2004, Chae et al. [22] synthesized a novel type
of MOFs (MOF-177) with high surface area and
ordered structure, which had extra-large pores capable
of binding polycyclic organic guest molecules, and
they reported the movement and distribution of
organic dyes in MOFs firstly. And then, in 2010, for
the first time, the usage of MOFs in the removal of
dyes was reported; MIL-101 (Cr) was suggested to
have high adsorption capacity for the removal of anio-
nic dye methyl orange (MO), especially when MIL-101
(Cr) was protonated ethylenediamine-grafted due to a
specific interaction like electrostatic interaction
between MO and adsorbent [16]. MOFs were also
investigated for the adsorption of other organic dyes,
such as uranine [23], xylenol orange (XO) [24], mala-
chite green (MG) [25], and MB [26]. In general, MOFs
showed an excellent adsorption of dyes over a wide
concentration range, and the adsorption saturation
was much greater than traditional adsorbents like
MCM-41 and active carbon [27]. However, there are
still few reports about the dye adsorption on MIL-100,
so that more work and examples are needed for fur-
ther study.

As azo dyes are the largest group of colorant, acid
orange 7 (AO7) has been used in several industries.
The structure of AO7 is shown in Fig. 1. AO7 is car-
cinogenic and the ingestion of AO7 is proved fatal

and will lead to skin, mucous membrane, eye, and
upper respiratory tract irritation [28]. There have been
many reports on the adsorption of AO7 [28–31], but
the adsorption rate or the adsorption quantity is rela-
tively low in these researches (shown in Table S3 in
supplementary material). In this work, MOFs were
used to remove AO7, the influences of various factors
on the adsorption as well as the adsorption kinetics
and isotherms were investigated. MIL-100 (Fe) was
expected to have a quick and efficient adsorption. It
may provide a new method for rapid decolorization
of organic dye and may put forward a rational design
of advanced MOFs-based adsorbent for environmental
recovery.

2. Experimental

All general reagents and solvents are commercially
available and used without further purification. Iron
powder (99.9%, 25 nm, Junye Nano Materials Co.,
Ltd), 1,3,5-benzenetricarboxylic acid (trimesic acid,
H3BTC > 99%, Shanghai Dibo Chemicals Co., Ltd),
nitric acid (AR, 65–68%, Sinopharm Chemical Regent
Co., Ltd), hydrofluoric acid (AR > 40%, Sinopharm
Chemical Regent Co., Ltd), and ultrapure water
(11.5 MΩ cm) obtained from a water purification sys-
tem were used to prepare MIL-100 (Fe). AO7
(C25H30N3Cl) > 98%) and ethanol (AR > 99.7%) were
purchased from Sinopharm Chemical Regent Co., Ltd.

A pH meter pHS-3C (Hangzhou, China) was used
to measure the pH values. A conductivity meter DDS-
12A (Shanghai, China) was used to determine the con-
ductivity of the mother liquor. A spectrophotometer
UV762 (Shanghai, China) was used for determining
the concentration of AO7 aqueous solution at the
wavelength of 496 nm. JSM6510LV scanning electron
microscope (SEM) (Hitachi, Japan) was used to get the
SEM images. A ZEN3600 laser particle size analyzer
(Malvem, Britain) was used to measure the zeta poten-
tial of the adsorbent. Bruker D8 focus diffractometer
was used to record the power X-ray diffraction pat-
terns with the 2θ range from 5˚ to 40˚ using CuKα
radiation. V-Sorb 2800 TP surface area and pore size
analyzer (Beijing, China) were used to measure the N2

adsorption–desorption isotherms of samples at 77 K.
MIL-100 (Fe) was synthesized according to the

published work by Yoon et al. [32]. Briefly, iron pow-
der (0.515 g), H3BTC (1.295 g), hydrofluoric acid (35%,
0.4 mL), and nitric acid (65%, 0.7 mL) were mixed well
with ultrapure water (50 mL) in a Teflon-lined steel
autoclave. The autoclave was then placed in an oven,
which was progressively heated to 150˚C from room
temperature in 1 h and then maintained at 150˚C for
12 h. Then the oven was cooled down to room
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Fig. 1. The structural formula of acid orange 7.
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temperature in 24 h. After cooling down, the light
orange solid product was collected by filtration and
then washed with ultrapure water for three times. The
as-synthesized MIL-100 (Fe) was further purified with
boiling water at 80˚C for 6 h to remove residual unre-
acted ions, and then with hot ethanol at 60˚C for 3 h
until the conductivity of the mother liquor decreased
to 1.0 mS cm−1 (the conductivity of ethanol was 0.84
mS cm−1). The highly purified MIL-100 (Fe) was then
collected by centrifugation at 4,000 rpm for 10 min.
The solid was finally dried at 80˚C under vacuum for
24 h.

An aqueous stock solution of AO7 (1,000 ppm)
was prepared by dissolving AO7 in ultrapure water
and then stored in the dark. Different concentrations
of AO7 aqueous solutions were prepared by step-by-
step dilution of the stock solution with ultrapure
water before use. Before adsorption, the MIL-100 (Fe)
was dried at 80˚C overnight under vacuum and was
kept in a desiccator. In order to determine the effect of
aqueous solution pH on the adsorption capacity of
dye on MIL-100 (Fe), the pH of the dye solution was
adjusted with 0.1 M HCl or 0.1 M NaOH aqueous
solution, the initial concentration of AO7 was 30 ppm,
and the contact time was 24 h. Then the dosage of
adsorbent for adsorption was carried out to determine
a suitable adsorbent concentration.

The aqueous AO7 solution (10 mL) having fixed
with dye concentrations from 10 ppm to 500 ppm and
an exact amount of the MIL-100 (Fe) (~4 mg) were put
into a 25 mL centrifuge plastic tube and then put in
the oven at a fixed temperature. After adsorption for a
predetermined time, the supernatants were separated
from the adsorbent by centrifugation (4,000 rpm,
5 min) and the dye concentration of obtained superna-
tants was determined by a UV–vis spectra, then the
amount of adsorbed dye on adsorbent was calculated
by the following Eq. (1):

qe ¼
ðC0 � CeÞV

m
(1)

where qe: the amount of dye adsorbed at equilibrium
(mg g−1), C0: the initial dye concentration in liquid
phase (mg L−1), Ce: the liquid-phase dye concentration
at equilibrium (mg L−1), V: the volume of dye solution
(L), and m: the mass of adsorbent (AO7) (g).

3. Results and discussion

3.1. Characterization results

The well-defined diffraction peaks in the XRD figures
in Supporting Fig. S1 revealed the high crystallinity of

the sample and they matched well with previous
literature [25,32,33], illustrating that the framework of
the synthesized material has the structure of MIL-100
(Fe). The SEM image of the as-synthesized MIL-100 (Fe)
in Supporting Fig. S2 indicated that the MIL-100 (Fe)
had homogeneous morphology. It was suggested that
MIL-100 (Fe) was successfully synthesized.

The N2 adsorption–desorption isotherms at 77 K
for as-synthesized MIL-100 (Fe) and MIL-100 (Fe) after
adsorbing AO7 was shown in Supporting Fig. S3, and
the corresponding specific surface area and the pore
volume were shown in Supporting Table S1. Both the
Brunauer–Emmett–Teller (BET) surface area and Lang-
muir surface area were deceased after adsorbing AO7.
The pore volume decreased from 0.79 cm3g−1 to
0.49 cm3g−1, suggesting that the AO7 may entered into
the framework of the adsorbent.

3.2. Effect of pH

As the ratio of H+/OH− in aqueous solution affects
the structure of a dye as well as the charge character-
istic of an adsorbent MOFs, the adsorption of a dye
usually highly depends on the pH value of the dye
solution. To establish the effect of initial solution pH
on AO7 adsorption on MIL-100 (Fe), the adsorption
experiments were carried out at 30 ppm dye concen-
tration with adsorbent concentration of 0.4 mgmL−1 at
298 K for 24 h equilibrium time in this work. As
shown in Fig. 2, the AO7 decolorization dropped
down from 96.22% to 77.11% as the pH value
increased from 3 to 10. The decolorization ratio
decreased with the increasing of the initial pH value
of AO7 solution, which might be due to the fact that
the concentration of negative charge of adsorbents
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Fig. 2. Effect of the pH value on the zeta potential of MIL-
100 (Fe) and the decolorization of AO7.
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increased with increasing pH, as which were shown
in the zeta potential dates. As described above, AO7
in an anionic dye, the negative charge on the surface
of MIL-100 (Fe) impeded the movement of AO7 into
the interior of metal organic framework. Thus, an acid
aqueous (pH 3) condition was selected for further
experiments. The possible reaction in solution during
AO7 adsorbed onto MIL-100 (Fe) is shown in Fig. 3
[18,34,35].

3.3. Effect of the dosage of MIL-100 (Fe)

The effect of the dosage of MIL-100 (Fe) was car-
ried out in 10 mL dye solution with the initial concen-
tration at 30 ppm in an acid aqueous condition (pH 3)
at 298 K. As shown in Fig. 4 (1), MIL-100 (Fe) could
decolor nearly 95% of the 30 mg L−1 AO7 aqueous
solution within 60 min when the dosage of adsorbent
was just reached to 0.8 mgmL−1. The effect of the dos-
age of MIL-100 (Fe) on the adsorption amount and the
decolorization at 4 h is shown in Fig. 4. (2). It can be
seen that with the increasing of the dosage of MIL-100
(Fe), the decolorization ratio of AO7 increased obvi-
ously, especially when the concentration of MIL-100
(Fe) was below 0.4mgmL−1, and then it reached an
equilibrium value after 0.4 mgmL−1.

It could be attributed to an increase in the adsor-
bent total surface area, which enlarged the number of
adsorption sites available for adsorption. The effect of
the dosage of MIL-100 (Fe) on the decolorization of
AO7 was similar to our previous report [36]. How-
ever, the increase of the dosage of MIL-100 (Fe) was
not favorable for the adsorption ability. Dye adsorbed
on MIL-100 (Fe) decreased from 109.5 to 32.2 mg g−1

at 4 h as the dosage of adsorbent increased from 0.2 to
0.9 mgmL−1. This may be caused by overlapping or
aggregation of adsorption sites, resulting in a decrease
in the total adsorbent surface area available to dye
and an increase in diffusion path length [37]. To be

brief, a relatively high dosage of the adsorbent lead to
a high adsorption rate but a low adsorption quantity.
In order to make a balance between quick adsorption
and high adsorption quantity, the dosage of MIL-100
(Fe) was fixed at 0.4 mgmL−1 in the following
experiments.

Fig. 3. The possible reaction in solution during AO7 adsorbed onto MIL-100 (Fe).
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3.4. Adsorption kinetics

In order to understand the adsorption kinetics,
AO7 was adsorbed on MIL-100 (Fe) at various times
up to 8 h. To compare the adsorption kinetics pre-
cisely, the changes of adsorbed amount with time were
treated with the pseudo-second-order kinetic model.

dqt
dt

¼ k2ðqe � qtÞ2 (2)

t

qt
¼ 1

k2q2e
þ 1

qe
t (3)

where qe: amount adsorbed at equilibrium (mg/g), qt:
amount adsorbed at time t (mg/g), and t: adsorption
time (h). Therefore, the second-order kinetic constant
(k2) can be calculated by k2 = slope2/intercept when
the t/qt was plotted against t.

The adsorption kinetics experiments were
conducted at a fixed adsorbent concentration
(0.4 mgmL−1) and pH (pH 3) at 298 K at various initial
dye concentrations. As shown in Fig. 5(a), the adsorbed
amount of AO7 over MIL-100 (Fe) was increased with
the increasing of the initial dye concentration. Fig. 5(b)
shows the plots of the pseudo-second-order kinetics of
the AO7 over MIL-100 (Fe) and the calculated kinetic
parameters are shown in Table 1. It can be seen, the cor-
relation coefficients (R2) were very close to 1 (R2 > 0.999)
for every different initial dye concentration, indicating
that pseudo-second-order kinetic model was suitable
for the adsorption of AO7 over MIL-100 (Fe). The calcu-
lated kinetic constants (k2) decreased at a relatively high
dye concentration which was similar to other dyes
adsorbed over MOFs. However, the kinetic constant
was also higher than other adsorbent.

The adsorption data were also analyzed using the
pseudo-first-order kinetic model.

dqt
dt

¼ k1ðqe � qtÞ (4)

ln ðqe � qtÞ ¼ ln qe � k1t (5)

where qe: amount adsorbed at equilibrium (mg g−1), qt:
amount adsorbed at time t (mg g−1), t: adsorption time
(min). The first-order kinetic constant k1 can be calcu-
lated by k1 = slope when the ln (qe − qt) was plotted
against t.

But the correlation coefficients (R2) of the pseudo-
first-order kinetic model were far from 1 (shown in
Supporting Table S2). So, the pseudo-first-order

kinetic model was not suitable to describe the
adsorption progress. Briefly, the kinetic constant of
the AO7 over MIL-100 (Fe) was not only influenced
by the dye concentration but also the adsorbent
concentration.

3.5. Adsorption isotherms

In order to further understand the interactive
behavior between adsorbate and adsorbents, the fun-
damental equilibrium adsorption isotherms were
investigated. Adsorption isotherms for AO7 on MIL-
100 (Fe) were studied after adsorbing AO7 with differ-
ent initial dye concentrations (from 50 to 500 ppm) for
72 h at different temperature.
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As shown in Fig. 6, the adsorption quantity
increased gradually at relatively low initial dye con-
centrations and then reached a maximum with the
increasing of the dye equilibrium concentrations.

The Langmuir adsorption isotherm model was
selected to describe the adsorption isotherm. The
equation expressed is:

Ce

Qe
¼ Ce

Q0
þ 1

Q0KL
(6)

where Qe: the equilibrium adsorption capacity of
adsorbate (AO7) on the adsorbent (MIL100-(Fe)) (mg
g−1), Ce: the equilibrium AO7 concentration in solution
(mg L−1), Q0: Langmuir constant (the maximum
adsorption capacity of adsorbent) (mg g−1), and KL:
Langmuir adsorption constant (Lmg−1 or Lmol−1)
(related to the free energy of adsorption).

As shown in Fig. 7, a linear plot of (Ce/Qe) vs. Ce

was obtained from Langmuir adsorption isotherm
model. Results showed that Langmuir adsorption iso-
therm model was suitable to describe the adsorption
at different temperatures, as the correlation coefficients
were all above 0.999 (shown in Table 2). KL and Q0

were calculated from the slope and intercept of the
different straight lines representing the different
temperature, listed in Table 2. The maximum adsorp-
tion capacities (Q0) increased with the rising tempera-
ture, indicating the adsorption was an endothermic
progress.

These results indicated that the adsorption of AO7
onto MIL-100 (Fe) was a typical monomolecular layer
adsorption. The comparison of the maximum adsorp-
tion abilities of different adsorbents for the removal of
AO7 is listed in Supporting Table S3. It can be con-
cluded that, compared to previously used sorbents,
MIL-100 (Fe) has comparable adsorption potential for
the removal of AO7.

3.6. Adsorption thermodynamics

The adsorption thermodynamics function obtained
from the isotherms will further reveal the adsorption
mechanism. As shown above, the adsorption iso-
therms experiments were carried out at 298, 308, and
318 K, respectively. The Langmuir equation was
selected to fit the adsorption isotherm. The Gibbs free
energy change ΔG0 can be calculated by the following
equation:

Table 1
Pseudo-second-order kinetics constants of AO7 on MIL-100 (Fe)

Adsorbent Dye C0/(ppm) Qe(exp)/(mg g−1) Qt(cal)/(mg g−1) k2/(gmg−1 h−1) R2

MIL-100(Fe) AO7 10 26.89 27.10 0.619 0.9996
20 51.63 52.97 0.111 0.9994
30 74.73 80.32 0.0226 0.9995
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Fig. 6. Adsorption isotherms for MO adsorption over MIL-
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DG0 ¼ �RT lnKL ðDG0\0; spontaneousÞ (7)

where KL: the Langmuir adsorption constant (Lmol−1).
As shown in Table 2, the calculated KL was a posi-

tive value and increased with the increasing tempera-
ture. The negative free energy change (ΔG0)
demonstrated that the adsorption of AO7 on MIL-100
(Fe) was feasible and spontaneous under the adsorp-
tion conditions.

At the same time;DG0 ¼ DH0

� TDS0ðDH\0; exothermicÞ
(8)

So, the enthalpy change ΔH0 and ΔS0 can be obtained
from the van’t Hoff equation:

lnKL ¼ DS0

R
� DH0

RT
(9)

According to van’t Hoff Eq. (9), the van’t Hoff plot of
ln KL against 1/T can be made (shown in Fig. 8), then

the enthalpy change (ΔH0) and entropy change (ΔS0)
can be obtained from the (−slope × R) and (inter-
cept × R) of the van’t Hoff plot, respectively.

The positive ΔH0 confirming endothermic adsorp-
tion in accord with the increasing adsorption capacity
associated with increasing adsorption temperature.
The endothermic adsorption may be due to a stronger
interaction between pre-adsorbed water and the adsor-
bent than the interaction between AO7 and the adsor-
bent. However, further work was necessary to clarify
this suggestion. The positive ΔS0 means the increased
randomness with adsorption of AO7 probably because
the number of desorbed water molecules was larger
than that of the adsorbed AO7 molecules (AO7 was
very relatively bulky compared with water; therefore,
several water molecules may be desorbed by adsorp-
tion of an AO7 molecule). Therefore, the driving force
of AO7 adsorption on MIL-100 (Fe) was due to an
entropy effect rather than an enthalpy change. The
adsorption mechanism may be explained with a sim-
ple electrostatic interaction (–SO3) between AO7 aque-
ous solution and the adsorbent (as shown in Fig. 3)
[34,35]. Once again, the MIL-100 (Fe) shows the poten-
tial applications in removing AO7 in the viewpoint of
kinetics and adsorption capacity.

4. Conclusion

In this work, MIL-100 (Fe) was synthesized and
applied to the removal of organic dyes from the simu-
lated dye wastewater-containing AO7. The results
show that the pseudo-second-order kinetic model fits
the adsorption progress better compared with the
pseudo-first-order kinetic model. Both the adsorbent
concentration and the initial dye concentration have
an effect on the adsorption kinetics. The change of the
Zeta potential and the decolorization ratio of AO7
with a pH value suggested that the key factor of the
adsorption might be the charge interactions between
dye and adsorbent. The adsorption isotherms at differ-
ent temperatures obeyed the Langmuir model well. In
addition, the calculated thermodynamics parameters
suggested that the adsorption of AO7 on MIL-100 (Fe)
was a spontaneous and endothermic process, and the
driving force of the adsorption was due to an entropy

Table 2
Parameters of adsorption isotherms for AO7 on the MIL-100 (Fe) at different temperatures

Temprature (˚C) Q0 (mg g−1) KL (Lmol−1) R2 ΔG0 (kJ mol−1) ΔH0 (kJ mol−1) ΔS0 (J mol−1 K−1)

25 409.84 39.23 0.9993 −9.10
35 467.29 47.84 0.9992 −9.90 1.81 91.17
45 480.77 62.17 0.9998 −10.92
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Fig. 8. van’t Hoff plots to get the ΔH0 and ΔS0 of the AO7
adsorption over the MIL-100 (Fe).
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effect rather than an enthalpy change. From this
study, it can be suggested that MOF-type materials
can be applied in the adsorptive removal of organic
dye in contaminated water.

Supplementary material

The supplementary material for this paper is avail-
able online at http://dx.doi.10.1080/19443994.2014.
982199.
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Grenèche, A.E. Rodrigues, G. Férey, Controlled
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