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ABSTRACT

A novel metal-organic framework (MOF), with the formula [Cu (ll)L]n (L= 4, 4'-
diamino diphenyl sulfone), has been synthesized via conventionally and
hydrothermally methods and characterized by FT-IR, PXRD, EDX, and SEM
techniques. The results of MOFs were applied for photodegradation of Methylene
Blue (MB). The influence of affecting variables, such as initial MB dye
concentration (2-8mg L™1), Cu (II)-MOF mass (0.01-0.03 mg), pH (3.0-9.0), and
time of irradiation (30-90 min). The photocatalytic degradation efficiency was
investigated by the central composite design (CCD) methodology. The results of
CCD analysis for optimum values of variables revealed that Cu (II)-MOF mass was
0.025g, the initial concentration of MB was 3.51 mg L-1, pH was 4.50 and
irradiation time was 75 min. Under the optimum conditions, the photocatalytic
MB degradation percentage at the desirability function value of 1.0 was found to
be 70%. In addition, the obtained R? value of 0.97 in the regression analysis
showed a high photocatalytic efficiency of the proposed method for MB

degradation.
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INTRODUCTION
Metal-organic frameworks (MOFs) are a

subclass of coordination polymers with the special
features. They are often porous materials which are

constructed from metal centers with bidentate

*Corresponding Author Email: sjamehbozorgi@gmail.com

organic ligands. Their inherent large surface areas
are uniform but tunable cavities and tailorable
chemistry have enabled them to show a variety of

potential applications in drug delivery research and
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catalytic systems [20-25]. Previous reports on MOFs
have revealed that the organic linkers in MOF
repeating coordination entities can be extended in
one, two, or three dimensions. These extended
linkerscan act as antennas to absorb light and
activate the metal clustersvia a linker to metal
cluster charge transfer in three dimensions, which is
similar to the case for inorganic semiconductor
quantum dots [26-28]. Indeed, several studies have
demonstrated the successful application of MOFs in
photocatalytic dye degradation or hydrogen storage.
MOFs are

semiconductors for their light absorption ability can

As photocatalysts, superior  to
be more easily tuned by modifications of the metal
ions and the organic linkers to achieve efficient
utilization of solar energy and promising technology
to convert solar energy into chemical energy [29-
30]. However, studies on MOF-based photocatalyts
are still at their early stages [29-35]. Reduction over
other MOFs with redox-active metal centers and
elucidate factors influence photocatalytic and
catalytic performance [31-35].

Cu-based MOF materials are extremely
attractive since copper is an earth-abundant element
and low-cost in order to be used for different
purposes. In addition, Cu-containing complexes are
commonly used in catalysts and photocatalysts.
Moreover, another advantage of using Cu-based
MOF materials in photocatalyts is that almost all of
the Cu-based MOF materials already reported are
visible light responsive due to the existence of
extensive copper oxo clusters, which make it
possible for a direct excitation of the Cu—O and/or
Cu—N clusters under visible light irradiation [36-
44].

In this study, the ligand [L= 4, 4'-
diaminodiphenyl sulfone] (DDS) which is an
antibiotic with many medicinal properties such as
treating skin diseases[45], was used for the synthesis
of MOFs (Fig. 1).
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Response surface methodology (RSM) is
one of the experimental design methods that is
usually used for process modeling [44,46-50]. The
possible interactions of different factors on preferred
responses can be investigated with RSM by a
designed minimum number of experiments. Finally,
an optimal condition can be readily obtanied.

In the present work, we aimed to report a
new Cu (I1)-MOF photocatalyst on the basis of DDS
for photodegradation of MB dye. Firstly, Cu (1)-
MOF was synthesized by conventionally and
hydrothermal methods. Furthermore, important
parameters, influencing the photocatalytic activity
of MB dye such as the pH value, initial dye
concentration, and the  concentration  of
photocatalyst, were studied and optimized.
Therefore, the effects of different factors were
investigated and the optimum conditions were
obtained by RSM for degradation of MB.
EXPERIMENTAL SECTION
Materials and methods

All experiments were carried out in air and
at room temperature (25 °C). Starting materials were
commercially pure and used without any further
purification. Fourier transform infrared (FT-IR)
spectra (400-4000 cm™) were recorded with a
BOMEN MB102 FT-IR spectrometer. Powder X-
ray diffraction patterns (PXRD) of the Cu (11)-MOFs
were obtained with a Philips X-ray diffractometer
(Model PW1840) in two areas. In the range of low
angle 1-10° using Cu Ka radiation and in usual
ranging 20-60° using Cr Ko radiation. In addition,
the Field Emission Scanning Electron Microscopy
(SEM) images were obtained using a Hitachi Japan
S4160 scanning electron microscope.

Synthesis of Cu (I11)-MOF

The synthesis of Cu(ll)-MOF(1) and
Cu(I1)-MOF(2) have been done with two methods,
conventionally(in the room temperature) and

hydrothermally(12h at 200 °C), respectively. In a
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typical synthesis of Cu (11)-MOF (1), 2 mmol of the
ligand [L= 4, 4’-diaminodiphenyl sulfone] (DDS)
was added to methanol (CH3OH) (15 mL) and the
mixture was stirred at room temperature (25 °C) for
10 min. 1 mmol of CuSO;, salt was dissolved in 15
mL methanol (CHsOH), and then the solutions
were mixed and the resulting mixture was
stirred for another 45 min. Then 5 ml of sodium
hydroxide (NaOH) solution 0.1 M was added
dropwise to the mentioned mixture. After the
addition of the NaOH solution, the mixture was
further stirred for 2 h at 50 °C. The mixture was
then centrifuged and the obtained green color
precipitate was washed with methanol (3x5mL)
and dried in vacuum (70% yield based on Cu)
[51].

The synthesis of Cu (11)-MOF (2) was done
by using previously reported hydrothermal method
[52]. For the synthesis of Cu (11)-MOF (2) at first, 2
mmol of ligand [L= 4, 4'-diaminodiphenyl sulfone]
(DDS) and 1 mmol of CuSO. were dissolved in 15
mL of methanol (CH3;OH) in separate vessels. Then
the reaction solution and 5 mL of sodium hydroxide
(NaOH) solution 0.1 M transferred into a Teflon-
lined autoclave and were heated at 200°C K for 12
h. The green sediment was washed with DMF-
ethanol mixture and dried.

Photocatalytic Experiments

To measure the photocatalytic activity of
Cu (I)-MOF (2), MB solution was prepared with
different concentrations of dye, ranging from 2 to 8
mg L', by dissolving the dye powder in pure water.
100 mL of the dye solution was put in the
photoreactor and stirred gently in a dark condition
for 30 min. The Cu(ll)-MOF(2) was added to the
dye solution, and the stirring was continued in the
dark for another 60 min with the objective to detect
any redox processes and check dye adsorption by the
Cu(I-MOF(2) which can change the degradation
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rate. The mixture was centrifuged and the
concentration of MB was determined by the UV-Vis
spectroscopy. The photoreactor consisted of a
magnetic stirrer, thermometer, and two 5W UV
lamps. The reactor was put in a dark medium to
prevent it from the other ultraviolet sources like the
sun's ultraviolet (UV) radiation. In this reactor, a
mixture of dye solution and the synthesized MOF
were stirred and illuminated with light. The sample
measurements were repeated with an interval of 30
min. The MOF was separated from the sample
solutions, and the concentration of dye was
measured by the same method, used for the dark
condition.
Central Composite Design

For studying the photocatalytic activity, the
chemometric approach was applied using a central
(CCD).
experimental data was performed by the Design

composite  design Analysis  of the
Expert (version7) software. The effects of four
(initial  MB  dye

concentration, Cu (11)-MOF (2) mass, pH, and time

independent  variables
of irradiation on the photocatalyst activity of Cu(ll)-
MOF(2) were presented in Table 1. From the table,
it can be seen that the five levels for controlling
factors are: pH as the factor A, 3.00, 4.50, 6.00, 7.50,
and 9.00; mass of MOF as the factor B, 0.01, 0.015,
0.02, 0.025, and 0.03 mg; initial MB dye
concentration as the factor C, 2.00, 3.50, 5.00, 6.50,
and 8.00 ppm; and contact time as the factor D 30,
45, 60, 75, and 90 min. Thus, a total of 30
experimental runs were conducted in the present
work. The experimental design matrix and the
responses are compiled in Table 2.
RESULTS AND DISCUSSION
Synthesis and general characterization

The Cu (11)-MOF (1) was prepared in a
good yield by a one-pot reaction in a mixture of
methanol using ligand [L= 4, 4’-diaminodiphenyl
sulfone] (DDS) (Scheme.1). This Cu (I1)-MOF (1)
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is stable in air, moisture, and it is sparingly soluble
in polar solvents such as DMF and DMSO. Due to
the presence of copper paramagnetic ions in MOF it
was not possible to record their NMR spectra. The
flexible structure of L have two NH: groups in
phenyl ring, suitable for coordinating to the Cu (II)
ions. In complexes of this ligand, the N-donor atoms
adopt ambidentate bridging modes. When copper
salt was added to L solution, and the mixture was
stirred for 45 min, no participate was observed in the
mixture of the reaction but after addition of the
NaOH solution to the reaction, participate of Cu (I1)-
MOF (1) was observed.

In the FT-IR spectrum of MOF 460 Cm~
hond was assigned to Cu-N stretching vibration.
Also, in the FT-IR spectrum of the Ligand (DDS),
medium bands in the region of 3396 and 3455 cm'*
were assigned to the symmetric and asymmetric
stretching vibrations of the NH groups. Also, 1590
and 1631 Cm bond assigned to C=C stretching
vibration shifted to 1600 and 1656 Cm(Fig. 2).
These bands slightly shifted to higher wavenumbers
(3414 and 3490 Cm™) owing to the bidentate

coordination with copper. A strong band,
corresponding to the stretching vibration of the S=0
bonds of the C-SO; groups of the L ligand, appears
in the region of 1148-1068cm™*(Fig. 2).[51-53]

Melting points of CuSO4 and Ligand are
110 °C and 183 °C while melting point of resulting
Cu (I1)-MOF is 308 °C.

PXRD pattern has been used to examine
the phase purity and crystallinity of the Cu (lI)-
MOFs. The PXRD pattern for ligand and
synthesized Cu (I1)-MOF (1), Cu (I1)-MOF (2) has
been represented in Figs. 3 and 4. The characteristic
peaks at 20 values of 5.922°, 6.825°, 9.645°,
20.79130, 26.5963°, and 31.3706° corresponding to
Miller indices (111), (200), (220), (600), (731), and
(751), respectively[54-57]. Indeed Cu (I11)-MOF (2)
displays a better crystallinity ratio than Cu (11)-MOF
(1). Therefore hydrothermal method was selected
for synthesis of MOF and was applied for dye
removal. As pointed out in the FT-IR and PXRD
patterns of Cu (II)-MOF based on CuSQ., the
coordination mode of the ligand in these MOFs is

nearly similar.

o_ 0
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H,N NH

Fig. 1. [L= 4, 4-diaminodiphenyl sulfone]

\\// \\//

LY
Fo-=x
vg g

//\\

Scheme 1. The synthesis procedure for the preparation of Cu (11)-MOF.
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Fig.2. FT-IR spectra of (a) L;(b) Cu(ll)-MOF based on Cu(NOs3)z; (c) Cu(Il)-MOF based on CuSOs;

Table 1. Values and levels of the chosen variables in central composite design.

Levels
Factors Unit Symbol -« Low (-1) Central (0) High(+1) +a
pH - A 3 45 6 75 9
Mass of MOF mg B 0.01 0.015 0.02 0.025 0.03
Initial MB dye concentration  ppm C 2 35 5 6.5 8
Contact time min D 30 45 60 75 90
BO0 1751 Cu-BOF(2)
Ca-MMOF1)
Ligand
731
|
| A\ |
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Fig 3. PXRD patterns of Ligand, Cu-MOF (1), Cu-MOF (2)
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Fig 4. PXRD patterns of Cu-MOF (2)
Table 2. Experimental design matrix and the value of responses based on experiment run.
Factors Deradation efficiency (%)

Run A B C D Experimental Predicted Residual
1 4.50 0.025 3.50 45.00 42.10 41.06 1.04
2 6.00 0.020 5.00 60.00 20.99 21.59 -0.6
3 6.00 0.020 5.00 60.00 21.24 21.59 -0.35
4 6.00 0.020 8.00 60.00 24.03 24.88 -0.85
5 4.50 0.015 3.50 45.00 29.74 29.01 0.73
6 7.50 0.025 3.50 75.00 24.21 24.17 0.04
7 7.50 0.025 3.50 45.00 10.17 9.86 0.31
8 7.50 0.025 6.50 75.00 9.56 10.68 -1.12
9 6.00 0.020 5.00 60.00 22.58 21.59 0.99
10 7.50 0.015 6.50 75.00 5.41 4.96 0.45
11 6.00 0.020 5.00 60.00 21.46 21.59 -0.13
12 7.50 0.015 6.50 45.00 13.95 15.22 -1.27
13 6.00 0.020 5.00 60.00 22.79 21.59 1.2
14 6.00 0.020 5.00 90.00 25.67 25.79 -0.12
15 7.50 0.025 6.50 45.00 10.95 9.17 1.78
16 3.00 0.020 5.00 60.00 60.73 62.84 -2.11
17 6.00 0.020 5.00 60.00 20.49 21.59 -1.1
18 6.00 0.030 5.00 60.00 28.16 30.18 -2.02
19 7.50 0.015 3.50 45.00 5.07 5.93 -0.86
20 7.50 0.015 3.50 75.00 8.22 8.48 -0.26
21 6.00 0.020 5.00 30.00 6.30 7.28 -0.98
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22 4.50 0.015 3.50 75.00 45.72 46.01 -0.29
23 6.00 0.020 2.00 60.00 38.66 38.91 -0.25
24 4.50 0.015 6.50 45.00 29.90 28.45 1.45
25 6.00 0.010 5.00 60.00 13.34 12.42 0.92
26 4.50 0.015 6.50 75.00 31.96 32.66 -0.7
27 4.50 0.025 3.50 75.00 70.70 69.82 0.88
28 4.50 0.025 6.50 75.00 48.85 46.5 2.35
29 4.50 0.025 6.50 45.00 30.40 30.53 -0.13
30 9.00 0.020 5.00 60.00 4.96 3.95 1.01

Cc . Weight percentage Certainty
c P 29.9% 0.99
cu I 20.8% 0.99
s Pis.o% 1.00
o Ii7.9% 0.99
N Pl13.4% 0.97
®
09
®
gﬁl}ﬁm:nm 2 3 4 H 6 7 8 9 0 n n B bt}

Fig.5. SEM images of Cu(ll)-MOF photocatalyst synthesized with variable factors, (a) and (b) Cu-MOF(2) and (c)EDX
spectrum of Cu-MOF(1)
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The effect of four independent variables
including initial MB dye concentration, Cu(l1)-MOF
mass, pH, time of irradiation, and their individual,
and their interactive impacts on the degradation
efficiency (as a response), were investigated in this
study using the CCD method. A quadratic
polynomial model was used for development of a
mathematical relationship between the responses
and the independent variables. The experimental and
predicted results for photodegradation efficiency of
MB at each point were obtained for different
combinations of selected variables (Table 3). The
empirical relationship between the
photodegradation (%) and different parameters was
presented by Eq. (1):

Photodegradation %=21.59-
14.72A+4.44B-3.51C+4.63D-2.03AB+2.46 AC-
3.61AD-2.49BC+2.94BD-3.2CD+2.95A%-
0.073B2+2.58C?-1.26D?Eq. (1)

To evaluate the adequacy of the model,
analysis of variance (ANOVA) was used. From the
ANOVA of the empirical second-order polynomial
model (Table 3), the F-value for the model was
obtained to be 243.73, indicating that the model is
significant. There is only a 0.01% chance that the
“model F-value” could occur due to noise. The
model p-value is<0.0001, which also indicates that
the model is significant. The "lack-of-fit value” of
3.62 implies that the lack of fit is not significantly
compared with the pure error. There is a 0.084
chance that the “lack-of-fit F value” could occur due
to noise. The “pred R-squared” of 0.9771 is in
reasonable agreement with the “adj R-squared” of
0.9915, confirming good predictability of the model.
The results of the interactions between the four
independent variables and the responses are shown
in Fig.6. displays that the MB photodegradation
efficiency decreases with an increase in the dye
concentration and pH value. The reason is that as the

concentration of the dye increases, it reduces the
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penetration of light, absorbing more of the dye onto
the surface of the MOF and occupying active sites
on the particle surface and absorbing some UV
energy by the dye molecules. These factors reduce
the production of radicals and consequently reduce
the destruction of pollutants. As Figs.6b and 5¢ show
the photodegradation of MB rises with an increase
in mass of the Cu (11)-MOF and a decrease in the pH
value and/or initial concentration of MB. In smaller
quantities due to the decrease in the number of
particles, the adsorption sites for the dye molecules
are reduced, resulting in a decrease in the population
of produced radicals and a decrease in removal
efficiency [60]. It can be concluded that a decrease
in degradation efficiency is observed with an
increase in pH value. This effect is more obvious at
higher levels of initial dye concentration as can be
seen in the contour plots (Fig.6a). This can be
attributed to the surface charge properties of the
photocatalyst. The Cu (I1)-MOF surface is positively
charged in acidic media. As the pH of the solution
increases, the number of negatively charged sites
goes up.

This reduces the adsorption of dye anions
due to electrostatic repulsion. This effect is
enhanced with an increase in the dye concentration
due to competition for adsorption between the
parental dyes and intermediate molecules. As
depicted in Figs. 6d-f, the increase in irradiation time
(contact time) in third cases shows a significant
effect in MB photodegradation.

This behavior can be related to the
formation of OH™ ions available on the Cu (11)-MOF
surface. In fact, longer irradiation time means more
generation of hydroxyl radicals, which are
responsible for degradation of the MB dye. A
comparison of the adsorption power between the

MOFs has been made which is shown in Table 4.
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Fig. 6. (a) Effects of pH and initial dye concentration on degradation efficiency of MB ,(b) Effects of pH and Cu(ll)-MOF
mass on degradation efficiency of MB, (c) Effects of Cu(ll)-MOF mass and initial dye concentration on degradation efficiency
of MB,(d) Effects of pH and contact time on degradation efficiency of MB, (e) Effects of initial MB dye concentration and
contact time on degradation efficiency of MB,(f) Effects of contact time and Cu(Il)-MOF mass on degradation efficiency of
MB.

Table3. ANOVA results for the Response Surface Quadratic Mode.

Source Sum of Degree of Mean F-value
square freedom square

Model 7745.65 14 553.26 243.73 <0.0001
A-pH 5202.93 1 5202.93 2292.02 <0.0001
B-MOF 473.57 1 473.57 208.62 <0.0001
C-Con.dye 295.47 1 295.47 130.16 <0.0001
D-Time 514.21 1 514.21 226.52 <0.0001
AB 65.98 1 65.98 29.06 <0.0001
AC 96.78 1 96.78 42.63 <0.0001

J. Nanoanalysis., 10 (1): 348-361, Winter 2023
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AD 209.02 1 209.02 92.08 <0.0001
BC 99.45 1 99.45 43.81 <0.0001
BD 138.36 1 138.36 60.95 <0.0001
CD 163.78 1 163.78 72.15 <0.0001
A2 238.85 1 238.85 105.22 <0.0001
B2 0.15 1 0.15 0.064 0.8036
C? 182 1 182 80.18 <0.0001
D? 43.83 1 43.83 19.31 0.0005
Residual 34.05 15 2.27
Lack of Fit 29.92 10 2.99 3.62 0.084
Pure Error 4.13 5 0.83
Cor Total 7779.7 29

4.50 7.50 0.015 0.025
pH =4.50 MOF = 0.025
3.50 6.50 45.00 75.00
Con.dye = 3.51 Time =75.00
Desiratility=097€
4.96 70.7
R1 = 69.2426

Fig. 7.0ptimal conditions for the photodegradation of MB on the basis of the desirability function.

J. Nanoanalysis., 10 (1): 348-361, Winter 2023
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Table 4. Comparison of the catalytic efficiency of our CP with that of some reported catalysts

Dye removal
Catalyst . Removal (0/0) Ref.
condition
[Cu(PDA)(H20)15]n 200 ml MB, 92.5 (61]
[Mn(PDA)(H20)15]n 2mlIH;07; 100 min 85
[(n-BusSn)sFe(CN)sH-0] 250 ml MB, 98 [62]
n-BusSn)4Fe
= o 20Mm H,0,;48 h
250 ml MB,
[(PhaSn)sFe(CN)s] 30Mm H20;180 95 [63]
min
) 100 ml MB, 4 ml
Fes0.@Si02 ) 90-95 [64]
H202;120 min
Cus(OH)2(bix)2(btc)2(H20)2].3H203In 94.0
{cud )2([C )i:) ))(2_()2] )2 30} 100 ml MB, 0.5 90.7
uz(bix)(ip)2]n .
2_ p. ? ml H.0, visible
[Cuz(bix)(Meip)2]n S 89.1 [65]
] light irradiation;
{Cuz(bix)(pbda).].H.O}n 90 mi 91.6
min
{[Cua(bix)1.5(pydc)2(H20)].2H.O}n 82.8
200 ml MB, 1ml
[Cu2(OH)(mbtx)(sip)(H20)2]n H20, UV 76.1 (6]
{[Cu3s(OH)2(mbtx)(nip)2].H20}n irradiation 180 64.9
min
200 ml MB, 1ml
[Cus(OH)o(otrb)a(sip):] 0 Y 91.2 [67]
u otrb)a(sip)2]n .
! ? 2SIz irradiation 180
min
Fell@ MIL-100(Fe) 50 ml MB 70 [68]
MnO,/Au-NPS nanocomposite 10 ml MB, 60 min 98.9 [69]
50 ml MB,
irradiation with
Nd2Zr,07ZrO; 85 [70]
400w mercury
lamp
100 ml MB, UV
MOF: [Cu(Il)L]a o . 70.70 Present work
irradiation, 75 min
Optimization was performed on the basis identify the specific point that maximizes the
of the desirability function to determine the optimal desirability function. On the basis of the software
conditions for the photodegradation of MB. settings, the optimum conditions for maximum MB
Numerical optimization software was used to photodegradation efficiency (70%) were found to be
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a pH value of 4.50, an initial dye concentration of
3.51 ug mL!, a contact time of 75.00 min and 0.025
mg of Cu (I1)-MOF (Fig.7).
CONCLUSION

In this work, we
characterized a Cu-based MOF, [Cu (II) L], with a
bidentate diaminodiphenyl sulfone derivative ligand

synthesized and

after optimization of the synthetic factors for its
preparation. The experimental design methodology
was applied to optimize different parameters in the
photodegradation of MB dye. A quadratic model
expressed the functional relationship between the
photodegradation efficiency of MB dye and four
independent variables including initial MB dye
concentration, Cu (I1)-MOF mass, pH and time of
irradiation. Under the optimized conditions, the
photodegradation efficiency of MB was obtained to
be70%. Also, R? value of 0.9656in regression
analysis showed a good agreement between the
experimental results and the predicted values.
Therefore, the prepared Cu (11)-MOF can be applied
as a suitable candidate for different applications in
dye removal.
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