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ABSTRACT

Cu-BTC, one of the metal–organic frameworks (MOFs), has been applied to remove the
cationic dye methylene blue (MB) and anionic dye methyl orange (CR) from contaminated
water. Liquid phase adsorption experiments were conducted and the maximum adsorptive
capacity was determined. Various conditions were evaluated, including initial dye concentra-
tion, contact time, solution pH, and temperature. The Langmuir and Freundlich adsorption
models were used to describe the equilibrium isotherm and isotherm constant calculation. It
was found that the Cu-BTC adsorption capacities of MB and CR are much higher than those
of the other types of MOFs and adsorbents. Maximum equilibrium adsorption capacities of
143.27 and 877.19 mg/g for MB and CR were achieved. Three simplified kinetic models
including pseudo-first-order, pseudo-second-order, and intra-particle diffusion equations
were used to investigate the adsorption process. The pseudo-second-order equation was
followed for adsorption of MB and CR on Cu-BTC. Temperature-dependent adsorption
behaviors of MB and CR show that the adsorption is a spontaneous and endothermic process
accompanying an entropy increase. This work indicates that Cu-BTC could be employed as
an effective adsorbent in the removal of the textile dyes from effluents.
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1. Introduction

Dye is used in many industries such as food,
paper, carpets, rubbers, plastics, cosmetics, and tex-
tiles. These dyes are common water pollutants and
they may be frequently found in trace quantities in
industrial wastewater [1]. Their presence in water,
even at low concentrations, is highly visible and unde-
sirable. When these colored effluents enter rivers or
any surface water system they upset biological activity
and aquatic ecosystem. These colored compounds are

not only aesthetically displeasing but also inhibiting
sunlight penetration into these water bodies [2].
Ground water is also affected by these pollutants
because of leaching from the soil. Many dyes are diffi-
cult to degrade due to their complex aromatic struc-
ture and they tend to persist in the environment
creating serious water quality and public health prob-
lems such as allergic dermatitis, skin irritation, cancer,
and mutation [2]. Furthermore, these dyes are toxic to
micro-organisms and may cause direct destruction or
inhibition of their catalytic capabilities.

The methylene blue (MB) and congo red (CR) are
the typical function dyes, and have been widely used
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in textile, printing, paper, food, and pharmaceutical
industries [3,4]. The structures of MB and CR are
shown in Fig. 1. They can cause eye burns which may
be responsible for permanent injury to the eyes of
human and animals. On inhalation, they can give rise
to short periods of rapid or difficult breathing while
ingestion through the mouth produces a burning sen-
sation and may cause nausea, vomiting, profuse
sweating, mental confusion, and methemoglobinemia
[3,4]. Therefore, CR and MB containing effluents have
to be sufficiently removed before they are discharged
into the water bodies.

Adsorption technique is by far the most simple
and effective method owing to advantages of being
less energy intensive, easy to regenerate, having fast
adsorption/desorption kinetics, and low-cost of solid
adsorbent [5,6]. Common adsorbent materials are:
activated alumina, silica gel, metal hydroxides,
molecular sieves, activated carbon, and metal–organic
frameworks (MOFs). In particular, MOFs materials
have attracted considerable attention recently due to
the possibility of designing a structure with a partic-
ular pore size and shape from multifunctional
ligands and metal ions. The major applications cur-
rently of MOFs focus on gas storage, catalysis, sepa-
rations, as carriers for nanomaterials, and drug
delivery [7–9]. However, the study about the removal
of dyes from aqueous solution adsorption by MOFs
is still scarce. Especially, no attempts have been
made to compare the adsorption of MB and CR by
using MOFs. Among all kinds of MOFs, the most
popular and most investigated MOF so far is Cu-
BTC (Cu3 (BTC)2, BTC: 1,3,5-benzenetricarboxylate)
also known as HKUST-1 [10]. The paddle wheel com-
plex built from the axial Cu2+ ion and 1,3,5-benzene-
tricarboxylic acid, is very interesting for its easy
preparation, flexibility, and open metal site. Due to
its good thermal stability and its well-defined

structure, it therefore may be favorable for the
removal of MB and CR dyes from wastewater.

In this paper, we compare the adsorption proper-
ties for the typical cationic dyes MB and CR over Cu-
BTC because the adsorption can be understood much
by a comparison between the two adsorbates. Adsorp-
tive equilibrium isotherms, kinetics, and thermody-
namics were processed to understand the adsorption
mechanism of the dyes molecules onto the Cu-BTC.
Moreover, this work will also help in comparison with
adsorption equilibrium results between simulations
and experiments.

2. Materials and methods

2.1. Materials

An aqueous stock solution of MB was prepared by
dissolving MB (C16H18ClN3S, MW: 373.9, Sigma–
Aldrich) in deionized water. It was soaked slowly to
make sure that all the MB powder has been dissolved
in distilled water. This stock solution was stored for
further purpose. This entire step has been repeated
with CR (C32H22N6Na2O6S2, MW: 696.66, Sigma–
Aldrich) instead of MB. The maximum wavelength for
MB is 668 nm whereas CR is 500 nm. All other
reagents were of analytical reagent grade.

2.2. Preparation of Cu-BTC

The Cu-BTC was prepared by the method follow-
ing the detailed description given in the literature [11].
Details of the preparation procedure are: Cu
(NO3)2·3H2O (5 g, 0.021 mol) and H3BTC (2.5 g,
0.012 mol) were dissolved in 300 mL of solvent con-
sisting of equal amounts of DMF, ethanol, and deion-
ized water by ultrasonication. The solution was placed
in an oven and heated to 358 K for 20 h. The blue

S

N

N N+

N
H H

NNN N

S

O

N
HH S

O O
O

Na

Na

O O

(a) (b)

Fig. 1. Chemical structures of MB (a) and CR (b).
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product was isolated, rinsed with 50 mL DMF for
three times, and immersed in absolute ethanol every
24 h for 72 h. Finally, the blue product was heated to
393 K for 24 h in vacuum.

2.3. Characterization of Cu-BTC

X-ray diffraction data were recorded from a Bruker
D8 Advance X-ray diffractometer with Cu Kα radiation
(λ = 1.542 Å). Scanning electron microscopy (SEM)
images were obtained from a scanning electron micro-
scope (Philips PW 3040/60) operated at 20 kV. Prior to
the observation, the sample was sputter-coated with a
gold layer to increase their conductivity. Specific sur-
face areas and pore volumes were determined by N2

adsorption. An automated adsorption apparatus
(Micromeritics, ASAP2020) was used for these mea-
surements. N2 adsorption was carried out at liquid N2

temperature (77 K). The specific surface areas were
calculated using the BET equation by assuming a sec-
tion area of nitrogen molecule to be 0.162 nm2. The
total pore volume was estimated to be the liquid N2

volume at a relative pressure of 0.99. The pore size
distribution was calculated by density functional the-
ory (DFT). The morphological features and surface
characteristics of the samples were obtained from SEM
using a Hitachi S-4800 scanning electron microscope
at an accelerating voltage of 15 kV. The samples were
coated with platinum by electro-deposition under vac-
uum prior to analyses.

2.4. Batch adsorption experiments

Adsorption measurements on Cu-BTC were carried
out in batches. A desired amount of the adsorbent
was added to 50 mL of the MB and CR solution with
various initial concentrations (10–800 mg/L). The
desired pH was achieved by adjustment with 0.1 M
HCl or 0.1 M NaOH. The mixture was stirred magnet-
ically at certain temperature (303, 313, and 323 K) and
150 rpm, and samples were withdrawn from the
experimental flask at pre-determined time intervals
until the adsorption equilibrium was reached. Next,
the dye solution was separated from the adsorbent by
centrifugation (TGL-16G, Zhejiang Nade Company) at
8,000 rpm for 20 min. The supernatants were filtered
using a Millex-HN filter (Millipore 0.45 mm, Zhejiang
Nade Company) to ensure that the solutions were free
of adsorbent particles prior to measuring the residual
dye concentration. It was found that the calibration
curves were very reproducible and linear over the
concentration range used in this work. The adsorbed
amount of MB and CR at equilibrium, qe (mg/g), was
calculated by the following expression:

qe ¼ ðC0 � CeÞ � V
W

(1)

where C0 and Ce (mg/L) are the initial and equilib-
rium concentrations of MB and CR solution, respec-
tively, V (L) is the volume of solution, and W (g) is
the weight of Cu-BTC used.

3. Results and discussion

3.1. Characterization of the Cu-BTC

The as-prepared adsorbent Cu-BTC was proven by
examinations with XRD, SEM analyses, and N2

adsorption at 77 K. The characterization results were
shown in Fig. 1. As can be known from Fig. 2(A) and
(B), the Cu-BTC sample shows type-I adsorption iso-
therm according to the IUPAC classification [12]. The
BET surface area and pore volume of Cu-BTC sample
were 1189.81 m2/g and 0.43 cm3/g, respectively. The
pore size distributions calculated by DFT prove that
the pore size of the sample range from 1 to 2 nm. The
high surface area of the Cu-BTC provides the huge
capacity for dye molecules’ adsorption inside the pore
structure. Fig. 2(C) shows the XRD patterns of the
resulting products. All diffraction peaks can be
indexed to crystalline Cu-BTC [11], and no obvious
peaks of impurities can be detected in the XRD pat-
terns. Small variations in intensity can be ascribed to a
different degree of hydration. Moreover, sharpness
and high intensity of peaks indicate high crystallinity
of the prepared bulk materials, which is in accordance
with the SEM (Fig. 2(D)) image of the Cu-BTC sample.

3.2. Influence of initial pH values

It is known that the solution pH can affect the sur-
face charge of the adsorbent, the degree of ionization
of different pollutants, the dissociation of functional
groups on the active sites of the adsorbent as well as
the structure of the dye molecule. Thus, the solution
pH is an important parameter during the dye adsorp-
tion process. Fig. 3 shows the effect of pH value on
the adsorption of MB and CR onto Cu-BTC. The
adsorption of MB and CR onto Cu-BTC are intimately
dependent on solution pH. The adsorption capacities
of MB and CR increase with increasing solution pH
from 4 to 7. However, the adsorption capacities
decreased significantly when the pH of the system
was increased, and remained nearly constant over the
pH values of 7–9. The results are similar to previously
reported in the literature [2].
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3.3. Adsorption isotherms

Isotherms study can describe how an adsorbate
interacts with adsorbent. The isotherm provides a
relationship between the concentration of dye in
solution and the amount of dye adsorbed on the
solid phase when both phases are in equilibrium.
The adsorption isotherms of MB and CR at 303, 313,
and 323 K on the Cu-BTC at a solid/liquid ratio of

0.4 g/L are presented in Figs. 4 and 5. Usually, the
Langmuir isotherm is often applicable to a homoge-
neous adsorption surface with all the adsorption sites
having equal adsorbate affinity, while the Freundlich
isotherm is an empirical relation for adsorption
over heterogeneous surfaces. The linear form of
Langmuir’s isotherm model [13] is given by the
following equation:
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Fig. 2. Characterization of as-prepared Cu-BTC. (A) N2 adsorption isotherms of Cu-BTC sample at 77 K, (B) pore size dis-
tribution of Cu-BTC sample, (C) XRD patterns of as-prepared Cu-BTC, and (D) SEM image of as-prepared Cu-BTC.
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Ce

qe
¼ 1

qL � KL
þ 1

qL

� �
� Ce (2)

where qL (mg/g) is the Langmuir maximum uptake of
MB and CR per unit mass adsorbent, KL (L/mg) is the
Langmuir constant related to the rate of adsorption.

The well-known logarithmic form of Freundlich
model [14] is given by the following equation:

ln qe ¼ lnKf þ 1

n

� �
� lnCe (3)

where Kf and n are Freundlich constants, with n indi-
cating the favorableness of the adsorption process and
Kf is the adsorption capacity of the adsorbent. Kf can
be defined as the adsorption or distribution coefficient
and its represents the quantity of dye adsorbed onto
activated carbon adsorbent for a unit equilibrium con-
centration. The slope 1/n ranging between 0 and 1, is a
measure of adsorption intensity or surface heterogene-
ity, becoming more heterogeneous as its value gets
closer to zero.

The calculated constants according to the two iso-
therm equations along with R2 values (standard devia-
tion) are presented in Table 1. This table shows that
the Langmuir isotherm gives the best fittings with
R2 > 0.998. The good fittings to the Langmuir model
for the dyes also suggest that the adsorption is limited
with a monolayer coverage and the surface is rela-
tively homogeneous. On the other hand, for MB and
CR dyes, the maximum monolayer adsorption capac-
ity (qL) is significantly higher on Cu-BTC and varies in

the order of CR>MB. The uptake capacity of CR is
also significantly higher than that of the MB (approxi-
mately 6.1-fold higher). This may be due to the differ-
ent molecule sizes and function groups of the two
dyes. The result suggested that adsorption mechanism
was monolayer coverage on the surface of the adsor-
bent [2]. In addition, the values of q0 evaluated from
Langmuir model were close to the experimental val-
ues of qe. The adsorption capacities of MB and CR on
Cu-BTC in this work are summarized in Table 2,
together with those of the other MOFs and adsorbents.
It is clear that the adsorption capacity of Cu-BTC is
superior to the other previously reported adsorbents
[15–18].

3.4. Adsorption kinetics

Adsorption kinetics was mainly used to investigate
diffusion mechanism, adsorbed control step, and influ-
encing factors of adsorbed velocity [18,19]. The
adsorption data were fitted to the pseudo-first-order
kinetic model and the pseudo-second-order kinetic
model, respectively. The procedure used for kinetic
tests was identical to that used for equilibrium experi-
ments. Pseudo-first-order model [20], pseudo-second-
order model [21], and intra-particle diffusion model
[22] were used to analyze the kinetic data. These mod-
els can be expressed as:

Pseudo-first order model: ln ðqe � qtÞ ¼ ln ðqeÞ � K1t

(4)

Pseudo-second order model:
t

qt
¼ 1

K2qe
þ t

qe
(5)

Intra-particle diffusion model: qt ¼ K3 t1=2 (6)

where qe and qt (mg/g) are the uptake of MB and CR at
equilibrium and at time t (min), respectively, K1 (1/min)
is the adsorption rate constant, K2 (g/mgmin) is the rate
constant of second-order equation, K3 (mg/g.min1/2) is
the intra-particle diffusion rate constant.

In order to quantitatively compare the applicability
of different kinetic models in fitting to data, a normal-
ized standard deviation, Δq (%), was calculated as
below:

Dq ð%Þ ¼ ðqe;exp � qe;calÞ
qe;exp

� 100% (7)

The effect of contact time on adsorption capacity of
Cu-BTC to MB and CR at different temperatures is
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Fig. 5. Adsorption isotherms of MB on Cu-BTC at 303, 313,
and 323 K, respectively.
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shown in Figs. 5 and 6, respectively. The calculated
constants of the three kinetic equations along with R2

values at different temperatures are presented in
Table 3. There is a large difference between the experi-
mental and calculated adsorption capacity values
when the pseudo-first-order model was applied. How-
ever, high R2 values (0.99) are obtained with the linear

plot of t/qt versus t, suggesting that the adsorption
process followed a pseudo-second-order kinetic
model. According to intra-particle diffusion model, a
plot of the amount of dye adsorbed (qt) versus the
square root of time (t1/2) should be linear, and if these
lines pass through the origin, then the intra-particle
diffusion is the only rate-controlling step [23].

Table 1
Constants and correlation coefficients of Langmuir and Freundlich

Dye Temperature (K)

Langmuir Freundlich

qL (mg/g) KL (L/mg) R2 Kf (L/g) n R2

MB 303 130.7190 0.1875 0.9986 26.6806 2.3486 0.9824
313 137.7410 0.2111 0.9969 29.8884 2.3641 0.9746
323 143.2665 0.2727 0.9991 36.4999 2.5971 0.9699
303 689.6552 0.0223 0.9981 90.6848 3.0417 0.9886

CR 313 775.1938 0.0488 0.9986 203.0820 4.5179 0.9891
323 877.1930 0.0467 0.9984 267.3397 5.2154 0.9958

Table 2
Comparison of the maximum adsorption capacities of MB and CR dyes on various adsorbents

Dye Adsorbent Maximum adsorption capacities (mg/g) References

MB Cu-BTC 143.27 This work
HKUST-1/GO 140.00 [15]
MIL-101 21.00 [16]
Neem leaf powder 19.61 [23]
Cu-BTC 877.19 This work

CR Glu–Cu2+ (MOFs) 77.60 [17]
MFe2O4 170.00 [18]
Coir pith 6.72 [23]
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However, the plots are not linear over the whole time
range and, instead, can be separated into multi-linear
curves, illustrating that multiple stages were involved
in the adsorption process. The results indicated that
the adsorption of MB and CR dyes onto Cu-BTC
involved more than one process, and the intra-particle
transport is not the rate-limiting step. Such finding is
similar to that made in previous works on adsorption
[24,25].

3.5. Adsorption thermodynamics

Thermodynamic behavior of MB and CR adsorp-
tion onto Cu-BTC was evaluated by the thermody-
namic parameters including the changes in free
energy (G), enthalpy (H), and entropy (S). These
parameters are calculated from the following equa-
tions:

ln ðKdÞ ¼ DS
R

� DH
RT

(8)

DG ¼ �RT ln ðKdÞ (9)

Kd ¼ qeðW=VÞ
Ce

(10)

where R is the universal gas constant 8.314 (J/mol K),
T is the temperature (K), and Kd is the distribution
coefficient for the adsorption.

On the basis of the MB and CR adsorption iso-
therm data which were calculated from Eq. (1), the
value of Kd was calculated from Eq. (10) at each tem-
perature [26]. Then, according to Eqs. (8) and (9), the
ΔH and ΔS parameters for MB and CR adsorption can
be derived from the slope and intercepts of the plot of
ln (Kd) versus 1/T. The calculated values of ΔH, ΔS,
and ΔG are listed in Table 4.

Temperature has a very significant influence on
the adsorption process because the change in tempera-
ture will cause large changes in the adsorption equi-
librium capacity of the adsorbent for a particular

adsorbate. Adsorption experiments were carried out at
different temperatures (303, 313, 323 K) in order to
investigate the effect of adsorption temperature on the
adsorption capacity of MB and CR on Cu-BTC. As can
be seen from Fig. 4–7, the dyes (MB and CR) adsorp-
tion capacities increased as the temperature increase
from 303 to 323 K. As is known from Table 4, the ΔH
parameters are positive for MB and CR adsorption on
Cu-BTC, which indicate that higher temperature is
favorable for adsorption. The negative ΔG values indi-
cate thermodynamically the spontaneous nature of
adsorption. The positive ΔS value suggests a compen-
sation for the adsorption enthalpy to favor the adsorp-
tion thermodynamics.

In general, the adsorption enthalpy ranging from
2.1 to 20.9 kJ/mol corresponds to a physical adsorp-
tion [27]. In this study, the ΔH parameters are 5.91
and 20.32 kJ/mole for MB and CR adsorption on Cu-
BTC, which is in the range of physical adsorption.
However, physical adsorption is usually spontaneous
and exothermic process [2]. The adsorption capacities
of MB and CR on Cu-BTC increase with temperature,
in this work is possible, which is controlled by various
factors including physical and chemical properties and
surface structure of Cu-BTC, molecular structure of
dyes, hydrophobic interaction, electrostatic force, mass
transfer process, competitive adsorption of H2O
molecular, etc. [28,29].

4. Conclusion

MB and CR dyes in contaminated water can be
efficiently removed with Cu-BTC. It was more effec-
tive for removal of CR than MB. Batch adsorption
tests demonstrate that the adsorption is affected by
various conditions such as contact time, solution pH,
and initial dye concentration. Adsorption kinetics
follows the pseudo-second-order model. Equilibrium
data are fitted by Langmuir and Freundlich iso-
therms and the equilibrium data are better described
by Langmuir isotherm model, with maximum equi-
librium adsorption capacity of 143.27 mg/g (MB)
and 877.19 mg/g (CR), respectively. In basis of this
study, it can be suggested that Cu-BTC may be
applied in the adsorptive removal of dyes in the
liquid phase.
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Table 4
Thermodynamics adsorption parameters for MB and CR
on Cu-BTC

Dye ΔH (kJ/mol) ΔS (J/mol)

ΔG (kJ/mol)

303 K 313 K 323 K

MB 5.91 77.82 −17.69 −18.42 −19.25
CR 20.32 123.71 −16.16 −17.44 −18.63
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