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Langmuir isotherm were observed for both types of dyes.

INTRODUCTION

The presence of dyes in the environment is not only distur-
bing the ecosystem balance, but most of the dyes are also toxic
[1]. The textile industry is one of the industries that produces
large amounts of dyestuff waste. Some type of dyes that are
often use in textile industries are azo dyes, such as methylene
blue (MB) and Congo red (CR) which can cause adverse effects
not only for the environment but also for humans and animals
[2,3]. Several chemical, physical and biological treatment (e. g.,
adsorption [4], coagulation-flocculation [5], photocatalytic
degradation [6], membrane filtration [7] and electrochemical
methods [8]) have been applied to remove dye molecules from
wastewaters. Among them, adsorption method is the most simple
and effective method, therefore, it is widely used for removal
of dyes. Activated carbon is one of the most common types of
adsorbent used in dye adsorption applications, but it is difficult
to regenerate and expensive in manufacturing processes [9].

Metal organic framework (MOF) is an inorganic com-
pound composed of clusters of metal ions that form coordi-
nation bond with organic molecules into one, two or three
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Impregnation of mesoporous silica MCM-41 on metal organic framework type HKUST-1 or often called CuBTC (BTC = 1,3,5- |
benzenetricarboxylate) has been successfully carried out by solvothermal methods in a solvent mixture of water, ethanol and N,N- |
dimethylformamide (DMF). The XRD patterns of the obtained solids showed that MCM-41/HKUST-1 composites had the same crystalline
phase as pure as HKUST-1. SEM images revealed that the impregnation of the mesoporous silica to HKUST-1 did not alter the surface |
morphology of the original HKUST-1, which had octahedral shapes. In addition, the thermal stability of the MCM-41/HKUST-1 composites |
reached 302 °C, increased by 292 °C in comparison to the HKUST-1, even though the impregnation process resulted in a decreased in the |
specific surface area of the composites. Furthermore, MCM-41/HKUST-1 composites showed outstanding performance as adsorbent of |
methylene blue and Congo red in aqueous solutions. Results of adsorption studies showed that a pseudo-second order kinetics and |
|
|
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dimensions structures. Metal organic framework is formed by
the coordination bond between metal ions or clusters as the
central atom and the organic ligand as a linker [10]. Metal
ions or clusters and organic ligands in the formation of metal
organic framework have a very important role, because when
the type of metal and ligands are changed it will form a new
sub-class metal organic framework [11]. Because of various
combinations of metals and ligands, this can make the pore
size and specific surface area of the metal organic framework
vary with certain characteristics. So a few metal organic frame-
work is applied as gas storage [12], catalyst [13], adsorption of
heavy metals and organic contaminant [ 14] and drug delivery
[15].

One of the sub-classes of metal organic framework is
Cu-BTC [Cus(BTC),, BTC = 1,3,5-benzenetricarboxylate] also
known as HKUST-1. Some previous studies have reported that
metal organic framework type HKUST-1 is widely used in the
adsorption process because it has a regular pore size and larger
specific surface area, but some problems appears when the
micro pore size of metal organic framework block the mole-
cular diffusion process [16,17]. Therefore, combining metal
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organic framework with a variety of functional material to form
metal organic framework composites which improve its
performance in application process. Kondo et al. [16] reported
that composite performance of HKUST-1-SBA-15 showed
better result in ethanol adsorption compared to pure HKUST-
1, Tari et al. [18] showed that MCM-41/Cu (BDC) composites
in CO, adsorption have a higher adsorption capacity compared
to pure HKUST-1.

In present study, mesoporous silica MCM-41 with regular
pore size and large specific surface area was added into the
reaction mixture of HKUST-1. The performance of obtained
MCM-41/HKUST-1 composites was evaluated as adsorbent
for methylene blue and Congo red in aqueous solutions,
including adsorption kinetics and isotherms.

EXPERIMENTAL

Copper(Il) nitrate trihydrate [Cu(NOs),:3H,0, 99 %] and
benzene-1,3,5-tricarboxylic acid (H;BTC, 98 %) were pur-
chased from Sigma Aldrich, ethanol (EtOH, 99.8 %), methanol
(MeOH, 99.8 %) and N,N’-dimethylformamide (DMF, 99.88
%) were purchased from Merck, MCM-41 was synthesized
following the method reported by Badamali et al. [19]. Dyes
simulation were made from methylene blue (C;6H;sN5SCI, 99.8
%) and Congo red (C;,H2N¢Na,OgS,, 99.8 %) were obtained
from Merck.

Synthesis of HKUST-1 and MCM-41/HKUST-1 compo-
sites: The synthesis procedure of HKUST-1 using solvothermal
method was based on the study reported by Chowdhury et al.
[20]. MCM-41/HKUST-1 composites were synthesized by
dissolving a certain amount of H;BTC (0.67 g, 3 mmol) in 20
mL of 50:50 vol % solvent mixture of ethanol and DMEF. Then,
the mesoporous silica MCM-41 as support was added into the
H;BTC solution with a variation of 3.5; 7 and 14 % to the
weight of HKUST-1. In different batch, Cu(NO;),-3H,0 (1.39
g, 6 mmol) was dissolved in 10 mL deionized water. After
that both of solutions were stirred for 15 min until homogen-
eous solution was obtained. The blue solution obtained was
heated to 100 °C for the crystallization to occur. After the
hydrothermal step, the reaction mixture was cooled to room
temperature for 48 h forming a blue crystalline powder. Finally,
the material obtained was washed with 40 mL DMEF, followed
by 60 mL methanol as many as three times in oil bath at
temperature ranging from 40 °C until 55 °C. The synthesized
materials have been denoted as MC (x)/HKUST-1, where x is
the amount of addition mesoporous silica MCM-41.

Characterization of HKUST-1 and MCM-41/HKUST-
1 composites: The crystal structure of synthesized materials
were characterized by X-ray diffraction (XRD). The light source
that used for the measurement was Cu Ko radiation (A = 1.5406
A), with an acceleration of voltage and current of 40 kV and
30 mA, respectively. The analysis was carried out at an angle
of 20 from 3-50° with a scanning interval of 0.017°/s. The
Fourier transform infrared (FT-IR) spectra was detected on a
Shimadzu FTIR-8400S spectrometer with KBr pellets at wave
numbers from 400 to 4000 cm™. The morphologies of the
synthesized materials were characterized by scanning electron
microscopy (SEM) image and energy dispersive X-ray (EDX)

data was obtained using EDAX advanced microanalysis at an
accelerating voltage of 20 kV. TEM images were obtained using
a JEOL JEM-1400 electron microscope at an accelerating
voltage of 200 k'V. The nitrogen adsorption-desorption isotherm
was measured at 77 K on a Quantachrome Nova WinGas Sorption
Instrument. The specific surface area and pore volume were
measure using BET and BJH equation. Prior to measurement of
N, analysis, all samples were degassed under vacuum at 423 K
for about overnight. Thermogravimetic curve were recorded
on a Perkin Elmer Pyris 1 analyzer and analysis was carried
out in the temperature range of 30 to 700 °C under air flow
with a temperature rate of 10 °C/min. The concentration solu-
tion after adsorption was analyzed using spectrophotometer
UV-visible at wavelengths of 498 nm for Congo red and 664
nm for methylene blue.

Adsorption: Prior to the adsorption process, all adsorbents
(HKUST-1, MC(7)/HKUST-1 and MC(14)/HKUST-1) were
degassed at 120 °C for 24 h under the nitrogen atmosphere to
remove impurities. Adsorbent (10 mg) was added to the aqueous
solution of methylene blue or Congo red (20 mL) with the
different concentrations. The mixture was stirred for a fixed
time (3-21 min) at 303 K. After the adsorption process within
a predetermined time, the solution was centrifuged at a rate of
3500 rpm for 10 min to separate the adsorbent with adsorbate.
Then the concentration of solution was measured using a UV-
visible spectrophotometer at the calibrated maximum wave-
length. Adsorption capacity and removal % of dyes adsorption
can be calculated using the formula:

_(C,-C)xV X
. )
Removal (%) =2 —Se %100 )

where C, and C. were initial and equilibrium concentrations in
mg/L, W was the mass of adsorbent (g) and V was the volume
of solution (L).

RESULTS AND DISCUSSION

X-ray diffraction (XRD) analysis: In this study, XRD
patterns of the pure HKUST-1 and composites ware shown in
Fig. 1. XRD diffractogram had a high intensity which showed
that the synthesized materials had high crystallinity. The
diffraction peaks of all the samples were similar to those
reported [4,20]. In the 26 range of 3° to 50°, the dominant
peaks of synthesized HKUST-1 at 26 = 6.69°, 20 = 9.46°, 20
=11.6° and 26 = 13.4, with the index at each peak was (20 0),
(220),(222)and (4 00) [20]. All synthesized materials did
not show impurities in the form of CuO and Cu,O which
appeared at the peak 20 around 35°-36° [21].

It can be seen in Fig. 1, XRD pattern of composites had
the same pattern with the XRD pattern of pure HKUST-1. This
indicated that the addition of MCM-41 did not affect the crystal
structure formed [22], however the intensity of the composite
decreased with the addition of MCM-41. This was possible
because the amorphous MCM-41 structure may affect the
crystallinity of HKUST-1 [23].
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Fig. 1. XRD patterns of the pure HKUST-1 and MCM-41/HKUST-1 composites

Fourier transform infrared (FT-IR): The FT-IR spectra
of synthesized materials is shown in Fig. 2. The absorption
band around 727 cm™ indicated stretching vibration of Cu-O,
in which the oxygen atom in ligand BTC was coordinated
with Cu [21]. Another typical absorption band from HKUST-
1 also appeared in regions 1640, 1447 and 1368 cm™ which
showed the stretching of the C-O group, vibration of the OH
group and stretching vibration of the C=0 group derived from
the carboxylic group [23]. Water molecules bonding in HKUST-
1 was found in absorption peak around 3245 cm™ [9]. Absence
of specific absorption peaks at 615, 610, 500 and 410 cm™
indicated that synthesized materials ware free from impurities
CuO and Cu,0 crystals during nucleation of HKUST-1 [24].
As acomparison, characteristic spectra of MCM-41 was observed
at 1094 cm™! [25]. The MCM-41/HKUST-1 composites not only
showed the typical adsorption band of HKUST-1, but also
adsorption band from MCM-41, which indicated the successful
loading of MCM-41 on HKUST-1.

Scanning electron microscopy (SEM): The typical morpho-
logy of pure HKUST-1 can be seen in Fig. 3a. The octahedral
shape with shape edges of the Cu-BTC crystals was clearly
seen in Fig. 3a. The morphology of synthesized material was
consistent with other SEM images publication for this material,
HKUST-1 [9,20,26]. The SEM image of composites (Fig. 3b,
3c) can be seen that after the addition of mesoporous silica
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Fig. 2. FT-IR spectra of synthesized material

MCM-41, the surface morphology of crystals formed were
irregular [27], however the resulting crystalline form still had
the same morphology.

Transmission electron microscope (TEM): The morpho-
logy structures of pure HKUST-1 and MC(14)/HKUST-1 com-
posites were further characterized by transmission electron
microscope analysis. TEM image of pure HKUST-1 is shown
in Fig. 4a, which indicates the presence of uniform nanoparticles
pore. The TEM morphology of composite showed that
HKUST-1 crystals grew inside the pore channel of MCM-41
with a more irregular pore structure [28]. This was in accord-
ance with the SEM and XRD analysis in the previous discu-
ssion. It is difficult to obtain high quality TEM morphologies
for these materials, probably because the sample was sensitive
to electron beams [22].

Adsorption-desorption nitrogen: Fig. 5 shows the N,
adsorption-desorption isotherm and pore distribution of pure
HKUST-1 and MCM-41/HKUST-1 composites and Table-1
summarizes the textural properties of the synthesized material

Flg 3. SEM images of pure HKUST-1 (a) MC(7)/HKUST-1 (b) and MC(14)/HKUST 1 (c)
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Fig. 5. N adsorption-desorption isotherm (a) and pore distribution (b) of pure HKUST-1 and MCM-41/HKUST-1 composites

TABLE-1
TEXTURAL PROPERTIES OF THE SYNTHESIZED MATERIAL AT DIFFERENT ADDITION OF MCM-41
Materials Sper” (m*/g) Vies” (cm?/g) Ve (cm?/g) D! (nm)
MCM-41 887.5 0.33 0.33 3.81
HKUST-1 784.1 0.09 0.31 2.12
MC(7)/HKUST-1 734.7 0.12 0.28 2.18
MC(14)/HKUST-1 686.1 0.12 0.25 2.24

“BET surface area; "Mesopore volume calculated using BJH method; “Micropore volume calculated using t-plot method; “Average pore diameter

at different addition of MCM-41. The isotherm of pure HKUST-
1 showed type I according to the IUPAC classification, which
is characteristic of microporous materials [22]. The result of
MCM-41/HKUST-1 composites had the same type isotherm
with pure HKUST-1. The BET surface area of synthesis materials
measured from the nitrogen isotherm was 784.1 m*/g for pure
HKUST-1, was higher than composites, 734.7 and 686.1 for
MC(7)/HKUST-1 and MC(14)/HKUST-1, respectively. Addi-

tion of mesoporous silica MCM-41 can decrease the surface
area of composite, this was possible because blockage of the
HKUST-1 pore aperture by mesoporous silica MCM-41.
However, composites produced a larger volume pore than pure
HKUST-1. This was consistent with the result of previous
research [22].

Thermal gravimetric analysis: The thermal gravimetric
analysis of pure HKUST-1 is shown in Fig. 6a, with some
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step weight loss of the adsorbent when heated up to 700 °C
under the air atmosphere. The first main weight-loss step up
to 150 °C was due to the dehydration of the material [29]. The
next step occurred 36 % weight loss in the temperature range
of 292 °C which showed the decomposition of the BTC organic
ligand which caused a change in the structure of HKUST-1
and changed in the form of its metal oxide, CuO [29]. The result
of MCM-41/HKUST-1 composites (Fig. 6b) had the same step
as pure HKUST-1, but MC(14)/HKUST-1 composite had
higher thermal stability value than pure HKUST-1 of 302 °C.
After the loading MCM-41 on HKUST-1, the thermal stability
of composite increased remarkably may be due to the formation
of the hydrogen bonds [17].

Dye adsorption (Congo red and methylene blue)

Effect of contact time: The adsorption capacity in varia-
tion the contact time is shown in Fig. 7. It was observed that
the adsorption capacity had increased with longer adsorption
time and reached saturation state after 15 min. This may be
explained that the dye molecules were adsorbed quickly on
the outer surface when there was much more available vacant
surface site in adsorbent during the initial stage and then
reached saturated state at t time [30]. Fig. 7 shows the relation-

ship between contact time and the amount of dye adsorbed on
the solid phase.

Effect of initial concentration: The initial concentration
of the adsorbate was one of the important aspects in the adsor-
ption process. The adsorption behaviours of pure HKUST-1
and MCM-41/HKUST-1 composites towards methylene blue
and Congo red with differential initial concentrations were
compared as shown in Fig. 8. It can be seen that adsorption
capacity of Congo red is higher than that of methylene blue.
This was possible because of differences in molecular size
and functional groups that were bound to two types of adsor-
bates [31]. The pore structure of MCM-41/HKUST-1 compo-
sites was larger than that of pure HKUST-1 due to modification
of MCM-41, resulting in favourable adsorption performance
with more active sites [32].

Kinetic analysis: Adsorption kinetics from both adsorbates
(methylene blue and Congo red) were examined in terms of
pseudo first-order and pseudo second-order kinetics equation
as follows [33]:

In (Qc—Q) =1n Q. — Kt 3)
1 1

t
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Fig. 6. Thermogravimetric analysis of pure HKUST-1 (a) and MC(14)/HKUST-1 (b)
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Fig. 7. Effect of contact time on uptake of methylene blue (a) and congo red (b) on materials synthesized
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where Q. and Q, were the adsorption capacity of methylene There was a significant difference in the value of
blue or Congo red onto adsorbent at equilibrium and at ‘t’ experimental and calculation adsorption capacity when using

time (min), respectively. The rate constant k, and k, value was pseudo first-order kinetic studies.However, a pseudo second-
calculated from the slope of the plots of In (Q. — Q,) versust  order kinetics plot showed the suitability of the values between
(Fig. 9) and plot of t/Qt versus t (Fig. 10), respectively. The the two data of Q. (R* value/above 0.99). This suggested that

kinetic adsorption of both were given in Table-2. the adsorption process on both types of adsorbates using
4
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Fig. 9. Plots of pseudo first-order kinetics for the adsorption of methylene blue (a) and congo red (b)
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TABLE-2
KINETIC PARAMETERS AND CORRELATION COEFFICIENTS FOR THE PSEUDO
FIRST-ORDER EQUATION AND SECOND-ORDER EQUATION

. Pseudo first-order Pseudo second-order
Materials Dye 3 3
R Qecal Kl R Qecal I(2
HKUST-1 0.951 1.47 0.22 0.983 83.33 0.004
MC(7)/HKUST-1 Congo red 0.878 1.58 0.31 0.996 93.45 0.005
MC(14)/HKUST-1 0.887 1.48 0.29 0.999 94.33 0.007
HKUST-1 Methylene 0.882 1.24 0.24 0.999 82.64 0.014
MC(7)/HKUST-1 blue 0.845 1.26 0.26 0.999 89.28 0.019
MC(14)/HKUST-1 0.735 0.95 0.19 0.999 96.15 0.023

HKUST-1 and MCM-41/HKUST-1 composites occurs chemi-
cally [9].

Adsorption isotherms: The study of adsorption isotherms
illustrated how the adsorbent interacts with the adsorbate in a
state of equilibrium. The equilibrium data of adsorbent was
then fitted to the Langmuir and Freundlich isotherm models
[31]. In this work, both models were presented in equation:

1 1, 1
Qe Qm Qm ><I<L XCe (5)
1
InQ,=InK,+—1InC, (6)
n

where C. (mg/L) was the equilibrium concentration of adsor-
bate (mg/L) and Q,, was the maximum adsorption capacity(mg/
g). K¢ and Kr were Langmuir and Freundlich constant which
can be determined from the slope and intercept. The calculated
constants according to the two isotherm equations with stan-
dard deviation (R*) were presented in Table-3. It can be seen
that the adsorption fits Langmuir model (Fig. 11) better than

Freundlich model (Fig. 12) for methylene blue and Congo red
adsorption onto pure HKUST-1 and MCM-41/HKUST-1
composites because all the coefficients R? value of the Langmuir
equations obtained were higher than Freundlich model. This
indicated that adsorption occurs on a monolayer on a homo-
geneous surface and chemical interactions occur between the
adsorbent and the adsorbate [9].

Conclusion

In this work, HKUST-1 and MCM-41/HKUST-1 compo-
sites were introduced for the adsorptive removal of methylene
blue and Congo red. All the synthesized materials had regular
octahedral morphology and high porosity. The results of adsor-
ption study showed that the addition of mesoporous silica
MCM-41 during the synthesis of HKUST-1 resulted in the
increase in adsorption performance of the obtained MCM-41/
HKUST-1 composites on methylene blue and Congo red. A
prominent adsorption performance of the composites was
demonstrated toward Congo red in aqueous solution. Of the
three types of material, adsorption on both types of dye adsor-

TABLE-3
LANGMUIR AND FREUNDLICH ISOTHERM PARAMETERS FOR THE ADSORPTION OF METHYLENE BLUE AND CONGO RED
. Langmuir Freundlich
Materials Dye T Q. K. T K, n
HKUST-1 0.986 833 0.004 0.983 0.36 091
MC(7)/HKUST-1 Congo red 0.981 909 0.009 0.979 0.99 0.75
MC(14)/HKUST-1 0.972 1111 0.009 0.960 1.00 0.81
HKUST-1 Methvl 0.983 277 0.023 0.950 1.18 0.41
MC(7)/HKUST-1 ebhzee“e 0.987 284 0.047 0.970 1.32 0.35
MC(14)/HKUST-1 0.978 312 0.035 0.967 1.37 0.33
0.015
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Fig. 11. Plots of Langmuir model for methylene blue (a) and congo red (b) adsorption
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ption kinetics follows the pseudo second order and Langmuir
model had a higher regression coefficient compared to
Freundlich model.
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