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Abstract—We studied the synthesis, characterization dlarification, and dye adsorption ability of chromium-based metal-
organic framework (Materials Institute Lavoisier: MIL-101(Cr)). MIL-101(Cr) with 1:1 molar ratio of metal to ligand
was ultrasound-assisted green synthesized in a DMF-free way and its adsorption capacity for pollutant remediation was
studied. Several analyses were applied to clarify the characterization of materials, including TGA, SEM, XRD, FTIR,
BET, and Zeta potential. Direct Red 80 (DR80) and Acid Blue 92 (AB92) were used to make model dye bearing waste-
water. Response surface methodology (RSM) historical modeling was applied to the data to achieve an accurate model
of the experiment. Adsorption kinetics and isotherms models were fully studied. The powerful adsorbent was the MIL-
101(Cr) with the M/L=1: 1, which represented the high specific surface area (SSA) of 2,420 mz/g and surface charge of
+27.2mV. The maximum adsorption capacity was obtained 227 mg/g for DR80 and 185 mg/g for AB92. With an eye
to the real-world application, the synthesized adsorbent well operated by removing dyes from the wastewater and high

reusability after four cycles.
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INTRODUCTION

Water pollution has increased globally, and new worldwide meth-
odologies have been applied for continued exploitation of water
resources. Huge amounts of organic pollutants, especially dyes, are
recognized to be one of the main causes of water contamination
[1-7]. They are classified as non-biodegradable materials that stay
intact under various conditions due to their synthetic base and
sophisticated aromatic structures. They can aesthetically affect the
environment and threaten the health of living organisms, such as
human beings and other creatures [7-13]. Many different approaches
for the purifying colored wastewater have been investigated [13-
15]. Adsorption technique is considered as an effective way to rap-
idly lower the concentration of dissolved contaminants in water-
ways [16,17]. In addition, for requiring a relatively low operating
temperature, this process can remove several pollutants and keep
the wastewater volume to the smallest by transferring the contami-
nants from the aqueous phase to a solid phase [18-20]. The adsorp-
tion system developed by conventional adsorbents has provided
researchers with ideas to study and design new materials capable
of improving the process [21-23].

Recently, metal-organic frameworks (MOFs) were applied in the
different fields such as solid-phase extraction, sensors, drug deliv-
ery, electronics, gas storage and antibacterial agents [24-32]. MOFs
as solid crystalline and porous substances, which are synthesized
by inorganic materials and organic ligands as connectors, have been
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applied in various industrial applications. Assembled on crystalline
porous materials, the organic and inorganic substructures can bring
about chemical adaptability that can provide many MOFs [33-37].

The unique features of MOFs, such as high specific surface area
and high porous volume, which is quite a genuine parameter for
surface absorption, make MOFs well adsorbent. For the recent
decade, these materials were applied for removal of gaseous pollut-
ants, air pollution elimination, and nowadays used to water and
wastewater purification. The application of MOFs in water purifi-
cation has gained momentum in the past five years [38]. Consid-
ering their interactions with the other materials, MOFs including
open metal sites can show good performance and selectivity during
the adsorption development [39-44]. As one of the known MOF
materials with high potentials, MIL (Material Institute Lavoisier)
has proven to be stable in water, acids or bases and high surface area
MILs show higher stability in various solvents compared to other
MOFs [45-47]. The Cr;O(F/OH) (H,0),[CH,(CO,),] known as
MIL-101(Cr) is a porous chromium-benzene dicarboxylate (Cr-
H,BDCs) with an octahedral structure and a huge pore volume.
The hybrid super tetrahedral serves as the basic building block of
this hybrid solid, and consists of organic linkers and chromium III
as octahedral clusters. Adsorptive removal of organic hazardous
wastes from aqueous solution using MOFs has been the subject of
extensive studies [47-50].

According to our best knowledge, so far, the dye removal abil-
ity of water-based synthesized MIL-101(Cr) has not been studied
in detail. In the present study, MIL-101(Cr) with 1 : 1 metal to
ligand ratio was green synthesized by ultrasound and used to remove
DR80 and AB92, from colored wastewater. The SEM, TGA, XRD,
FTIR, BET, and Zeta potential were performed and fully studied.
Also, the influence of major variables on the adsorption process
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Fig. 1. The molecular structure of dyes (a) AB 92 (4,,,,=571) and (b) DR 80 (4,,,,,=542.5).

was investigated and reported. To study dye removal rates and
adsorption mechanisms, different isotherm and kinetic models
were applied and all experimental data were used to achieve an
accurate model using the RSM approach.

EXPERIMENTAL

1. Materials and Instruments

The DR80 and AB92 (Fig. 1) were purchased from Ciba Ltd.
Chromium nitrate salt (Cr(NO;);-9H,0) and ethanol (C,H,O) were
obtained from Merck. Terephthalic acid 98% (H,BDC) was from
Sigma-Aldrich Company. In all the experiments, the solution pH
was adjusted using NaOH and HCI solutions. Surface functional
groups and morphological structure of the materials were studied
by Perkin-Elmer spectrophotometer (Spectrum One) and SEM
(LEO 1455VP), respectively. The crystal structure of materials was
recognized by the XRD (model Siemens D-5000). The BET analy-
ses were carried out by (BELSORP-mini IT) through N, adsorption/
desorption isotherms. The HORIBA (SZ-100, Japan) instrument
was used to perform the zeta potential analysis [51].
2. MOFs Synthesis

The green synthesis approach was applied for synthesizing
MIL-101(Cr) based on the metal to ligand ratio (Cr"*: H,BDC) [52].
H,BDC: Cr(NO,);-9H,0 with 1:1 molar ratios were sonicated in
10 ml of distilled water for 1 h then stirred for half an hour. A Tef-
lon-lined autoclave was used to seal and heat the suspension at
218°C for 18 h. Centrifuge filtration was used to separate the prod-
uct. In the next stage, the products were rinsed three times with
hot deionized water (373 K) and hot ethanol (333 K) before being
dried at 393 K in a vacuum oven during the overnight.
3. Batch Adsorption Process

The dye adsorption potential of the synthesized MILs was tested
by adsorption of DR80 and AB92 from aqueous solution. To opti-
mize the involved effects on the adsorption condition, four main
factors were investigated in a wide range. All tests were carried out
at 298 K. A certain amount of MILs was added to dye solution
(100 mL) with different concentrations (30-60 mg/L) in a wide
range of pH to perform the dye adsorption process. The pH of
solutions was fixed in acidic and basic range using HCl or NaOH.
After that, the following formula was used to calculate the dye re-
moval percentage:
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R(%)=(1-C,/C,)x 100 Q)

The equilibrium concentration of adsorbate on the surface of MOFs
was measured by [53]:

q.=(Cy—=C,/m)xV @

4. Statistical Methodology

RSM, as a great tool to get responses over all parameter space,
combines the influences of all involved independent factors on the
adsorption process. RSM is usually applied to design the experi-
mental and modeling the response. In this research, experimental
tests were done classically and the regression tool in free-trial of
Design-Expert® 11 software, intended for RSM, was applied to
historical data. In this study, the analyses of variance (ANOVA) of
the data were carried out by considering the R’. Over and above,
the statistical value of the all model variables factor was measured
by considering the probability value (P-value) and Fisher value (F-
value).

RESULT AND DISCUSSION

1. Materials Characterization

Fig. 2 depicts the FTIR spectrum of the adsorbent. The peak
value at 3,411.02 cm™" obtained from MIL-101(Cr) is attributed to
-OH stretch vibration of adsorbed moisture or the functional
groups in a carboxylic acid (COOH) [54]. The broad peak located
at 1,698.98 cm ™' belongs to the typical C=O stretch vibration of
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Fig. 2. The FTIR spectrum of the synthesized MIL-101(Cr).
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Fig. 3. SEM images of materials (a and b) MIL-101(Cr) and (c and d) 4" cycle of reused MIL.

frameworks carboxylic acid. The peak at 1,618.33cm ™" is mainly
ascribed to the vibration of the aromatic ring in the benzene group
which presented at linker structure [55]. The very strong sharp peak
at 1,40141 cm™ is referred to the O-H bend vibration. The C-O
stretch vibration of MOF can be seen at 1,283.64 cm . The indi-
cated peak at 746,85 cm™' may be ascribed to the aromatic ring out-
of-plane deformation vibrations. The considerable broad peak
obtained from MOF at 574.14 cm™ can cause by the =C-C-C exist-
ing in the plan bending of the aromatic benzene in the structure of
dicarboxylic linkers.

The SEM images (Fig. 3) of the as-synthesized nanomaterial
were presented to MIL morphology and particle size determination.
According to the presented images, a homogeneous range of crys-
tal size distribution (around 300 nm) was observed for MIL-101. As
it can be seen from Fig. 3, the regenerated MOF particles after the
4™ cydle reproducing became more irregular. This alteration is directly
related to structural stability and shape transformation of MOF in
aqueous solution. The SEM images show the uniform and smooth
surface of an octahedral crystal of MIL with M/L 1: 1. Although
MILs-101 are considered as the most stable MOFs in the aqueous
phase, the structural deformation of them is inevitable [38].

Despite this, the 4™ cydle of reused MIL-101(Cr) shows the MOF
retained its cubic symmetry shape of the crystals with little defor-
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Fig. 4. TGA curve of the green synthesized MIL-101(Cr).
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mation which related to the structural changes during the adsorp-
tion process [56].

To know the behavior of the adsorbent against the temperature
changes, thermogravimetric analysis (TGA) of MIL was done (Fig.
4). According to the TGA thermograph of adsorbent, the MIL-
101(Cr) weight change generally could be classified in two main
stages. The first stage, initial weight loss, about 14% did occur in
the range of 25 to 400 °C due to the release of adsorbed volatile mate-
rials [57,58]. According to the TGA graph data, from 400°C to
530 °C, the second and major stage of weight change was observed.
In this section, the quick drop on TGA curvature is attributed to
the destruction of the adsorbent framework [59]. Actually, the sec-
ond stage of weight loss is related to the complete degradation of
benzenedicarboxylate linkers. Also, decomposition of chromium
(ITT) oxide clusters occurs above 530 °C until reaching a constant
percentage.

The present study is an attempt to precisely look into the crys-
talline structure of water-based synthesized MIL-101(Cr). Fig. 5
shows the XRD of MIL-101(Cr) before and after the reused pro-
cess. The XRD patterns show the crystals can be perfectly formed
at M/L=1:1 in uniform octahedral shape. As the ratio of ligand
reached 50%, the presence of an adequate amount of linkers caused
an excellent condition to form the MOF nanocrystals [52,60-62].
According to the data obtained from the following figure, the loca-
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Fig. 5. The XRD pattern of materials.
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Fig. 6. N, adsorption-desorption analysis of MIL-101(Cr) with M/
L=1:1.
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tion of peaks (orientation of parallel planes) at XRD patterns of
MIL after repeatedly reproducing process is practically the same as
the original sample. The only difference is related to the FWMH of
these peaks that became wider after reusing process. This occurred
due to the gradually deformation of MILs framework in aqueous
media and deviation from perfect well-grown octahedral crystals
shape.

The porosity and SSA of MIL were measured by adsorption and
desorption of N, gas (Fig. 6). The SSA of the most effective adsor-
bent (MIL-101(Cr) with M/L=1: 1) was 2,420 m’/g. The large SSA
verifies the high quality and precision of the water-based synthe-
sized MIL-101(Cr) and leads to efficient adsorption of contami-
nants on the adsorbent surface.

The electrostatic attraction force between MIL surface charge
and DR80 and AB92 molecules in aqueous solution is the most
powerful driving force of the adsorption process. Herein, 0.015g
of MOF was added to 100 mL of distilled water at optimum pH
value (pH=3), which led to maximum dye removal (%). The facts
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Fig. 7. The MIL dosage effect on removal (%) by the MIL-101 (Cr)
at pH=3 and dye concentration=30 mg/L (a) AB 92 and (b)
DR80.
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show that the MIL-101(Cr) with M/L=1:1 has high positive surface
charge (27.2mV at pH=3). Therefore, the best adsorptive dye
removal performance was obtained from a polar-polar attraction
in MIL-101(Cr) with M/L=1:1 ratio.
2. The Operational Parameter Effects

The dye remediation performance of the synthesized MIL-
101(Cr) was investigated by batch experiments. For this purpose,
100 mL of each dye solution at pH=3 and dye concentration of
30 mg/L was used to contact an attempt for studying the effect of
the adsorbent dosage. At the end of each adsorption process, the
suspension solid was filtered through high rpm centrifuging, and
UV-Vis spectroscopy was used to test and record the final concen-
tration of dye at every 30-min interval. The dye concentration
study was done at the optimum dosage of MIL found in the previ-
ous section and constant pH=3. Finally, the effect of solution pH
(3-10) was studied in acidic and basic range at the optimum dos-
age and optimum dye concentration.

In the present study; attempts were made to investigate the re-
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Fig. 8. Effect of dye concentration on removal (%) by the MIL-101(Cr)
at pH=3 and the adsorbent dosage=0.15g/L (a) DR80 and
(b) AB92.

moval (%) of DR80 and AB92 by various dosages of MIL-101(Cr)
at constant pH (3) and fix concentration (30 mg/L). Fig. 7 presents
the removal (%) plots of DR80 and AB92 at different MIL dosages.
According to the results, the removal (%) increased with increase
in the amount of MIL dosage due to increase in the number of active
spots.

0.015 g was chosen as the optimum dosage of M/L=1:1 in the
removal process from dye solution. The obtained results depict in-
creasing the amount of MOF loading led to an increment in re-
moval (%). This can be due to the increase in the MIL-101(Cr)
surface area and adsorption sites. The dye removal (%) obtained
for DR80 and AB92 at 240 min was 92% and 85%, respectively.

In this work, the DR80 and AB92 concentration (30-60 mg/L)
effect on removal (%) was studied at constant pH and the opti-
mum dosage of MIL. The maximum removal (%) for AB92 and
DR80 at the initial dye concentration of 30 mg/L achieved 85%
and 92%, respectively (Fig. 8). Removal (%) was fast (contact time
<60 min) at first but became slower over time.
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Fig. 9. Solution pH effect on removal (%) by MIL-101(Cr) at 30 mg/
L of the solution and 0.015 g of adsorbent (a) AB92 and (b)
DR80.
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The solution pH is one of the significant and effective parame-
ters in any adsorption process [63]. The tests were carried out at the
optimum of the MIL dosage and dye concentration in the solution
pH range of 3 to 10. Fig. 9 shows the effect of pH on the removal
(%) of DR80 and AB92. The removal (%) of dye increases as well
as the number of positively charged sites increase. Therefore, pH=3
as the optimum pH point was used for further studies.

To investigate the possible impact of linker on dye removal abil-
ity of the synthesized MIL, on the optimum point of adsorption pro-
cess (pH=3, Concentration=30 mg/L, and Dosage=0.015 g), the dye
adsorption behavior of H2BDC also was studied. The results show,
the dye removal (%) for the both AB92 and DR80 was meas- ured
and recorded at <0.5%. Therefore, a framework by itself (without
metal) has no effect on the adsorption process (Fig. 10).

3. RSM Modeling Construction

The removal percentages of two anionic dyes (AB92 and DR80)
were studied by ANOVA as a statistical concept, to find the effect
of the main involved factors and their interaction with dye adsorp-
tion. By considering the F value and P value for obtained signifi-
cant models and non-significant lack of fit of models as the most
important criteria of a practical model for dye removal behavior
that presented at Table 1, following response surface methodology
was finally applied for AB92 and DR80 removal (%) as the responses
of model (R, and Rppgy). The other statistical parameters of mod-
els such degree of freedom, the sum of squared, mean squared,
coefficient of variation, adjusted and predicted R* were tabulated
in Table 2.

R 55,=36.3041—25.0339% pH+6080.3* Dosage
+1.02909* Concentration+0.208602*time
—0.0200695* pH*time+8.60725* Dosage*time
—0.00205974* Concentration*time+1.54495*pH’ (3)
—152448*Dosage’—0.0194314* Concentration”
—0.000266362*time”

Table 1. ANOVA for reduced quadratic model for DR80 and AB92

N. M. Mahmoodi et al.
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Fig. 10. AB92 and DR80 removal ability of H2BDC at the optimum
point of the experiment.

Rppso=86.4789— 15.3902*pH+3779.08* Dosage
—2.74378* Concentration+0.340845*time
—0.0262201*pH*time+6.80748* Dosage*time (4)
—0.00217935*Concentration*time-+0.798914*pH’
—1679.29*Dosage’+0.0206865* Concentration”
—0.000384529*time’

Applicability of the presented models was validated by low P-
value (<0.0001) and the closeness of the values of the predicted R’
to the adjusted R* for both models. The amount of 0.0925 and
0.0513 of lack of fits (more than 0.05) refers to Rpgg and R g,
respectively, indicating the high quality of models.

4. 3D Plot Interpretation of Optimization Design

To get a better insight into each response (Rypo;, Rpgso)s 3D sur-
face plots of each pair of involved parameters were drawn and ana-
lyzed in the presence of the dye removal percentage. In these plots,
as one pair of factors is representing, the two other parameters are
kept fix.

Fig. 11 expresses that the efficiency of two anionic dyes removal

s Sum of squares df Mean square F-value P-value
oHree AB92 DR80 AB92 DR80 AB92 DR80 AB92 DRS80 AB92 DR80
Model 25047.29 28589.47 11 11 2277.03  2599.04 21261 17631 <0.0001 <0.0001 Significant
A-pH 10897.07 1356091 1 1 10897.07 1356091 101748 91990 <0.0001 <0.0001
B-Dosage 12067.44 12994.83 1 1 12067.44 12994.83 1126.76 881.50 <0.0001 <0.0001
C-Concentration 1577.63  1043.08 1 1 1577.63  1043.08 14731 70.76 <0.0001 <0.0001
D-time 11.74 11.26 1 1 11.74 11.26 1.10 0.7637 0.3004  0.3865
AD 522.13 891.20 1 1 522.13 891.20 48.75 60.45 <0.0001 <0.0001
BD 340.88 213.23 1 1 340.88 213.23 31.83 1446 <0.0001  0.0004
CD 97.71 109.39 1 1 97.71 109.39 9.12 742 0.0040  0.0090
A? 1380.07 369.04 1 1 1380.07 369.04 128.86 25.03 <0.0001 <0.0001
B? 148.66 0.0180 1 1 148.66 0.0180 13.88 0.0012 0.0005 09722
C? 87.32 98.96 1 1 87.32 98.96 8.15 6.71 0.0063  0.0126
D? 84.84 176.81 1 1 84.84 176.81 792 11.99 0.0071  0.0011
Residual 514.07 707.60 48 48 10.71 14.74
Lack of fit 500.84 683.40 43 43 11.65 15.89 4.40 3.28 0.0513 0.0925 Not significant
Pure error 13.23 24.20 5 5 2.65 4.84
Cor total 25561.36 29297.07 59 59
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Table 2. Statistical parameters of developed models

AB92 DR80 AB92  DR80
Std. Dev. 3.27 384 PR 0.9799  0.9758
Mean 39.44 3848 Adjusted R 09753 09703
CV. % 8.30 998 Predicted R*> 0.9686  0.9598

increases by passing the time and increasing the amount of adsor-
bent dosage. By increasing the amount of adsorbent dosage, the
magnitude of active surface sites increased as the adsorptive specific
area increased. Decreasing in adsorbent dosage caused higher ratio
of dye molecules to active sites and lowest the dye removal percent-
age. Increasing in mixing time between adsorbent and dye let more
opportunity to dye molecules so they could more adsorb on the
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adsorbent surface.

Dye concentration is one of driving force in the adsorption pro-
cess. The rate of active site saturation increases by increasing the
number of dye molecules collision on the adsorbent surface. As
seen from Fig. 11(c) and Fig. 11(f), improvement in removal (%)
occurred by concentrating the dye solution. Fig. 11(a) and 11(d)
verify the solution pH by controlling the surface charge density of
adsorbents particles made the important rule as the driving force
of the adsorption process. The existence of this high positive charge
is attributed to the functional group of the MIL-101(Cr) surface.
Increasing the amount of dye removal at the lowest acidic pH val-
ues due to the more positive surface charge of adsorbent occurred.
5. Adsorption Isotherms and Kinetics

The Langmuir, Temkin, Freundlich, and Dubinin-Radushkevich
equations were applied to find the mechanism of interaction between

Fig. 11. 3D plots of parameters effect ((a), (b), and (c)) belong toAB92 and ((d), (e), and (f)) refer to DR8O.
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dye molecules and MIL surfaces. The isotherm models were stud-
ied at 100 mL of DR80 and AB92 solution at four concentrations (30,
40, 50, and 60 mg/L), 0.015¢g of adsorbent dosage and optimum
pH=3. After equilibrium, 2 mL of samples were pipetted out, centri-
fuged and UV-Vis spectroscopy was used to analyze them for the
residual dye concentrations. At the end of the study process, the
best model was chosen according to the higher R squared value.

The Langmuir isotherm model mainly deals with monolayer ad-
sorption and homogeneity of adsorption sites and is used widely
for the removal of pollutant from liquid solutions.

C, 1 C

% Drxd D ©

It is possible to derive the g,,,,, from the slope, which is denoted by
1/Qna and the value of b from the intercept, which is denoted by
1/(Qynax. b) using the C,/q, versus C, plot.

The Freundlich model studies the heterogeneous distribution of
active sites. This model mainly describes the adsorption on the
surfaces, where the adsorbed pollutant molecules interact with
each other. This isotherm is denoted by the following linearized Eq.
(6), which is used to describe the heterogeneous system:

logq,=logK,+ I%logCe 6)

Therefore, the 1/n can be either irreversible (1/n=0), favorable (0<
1/n<1) or unfavorable (1/n>1).

According to the Temkin model (Eq. (7)), the interaction be-
tween adsorbate and adsorbent leads to a linear reduction in the
adsorption heat generated by all molecules comprising a layer. This
model also describes the adsorption process based on uniform
distribution of binding energies.

RT
4= In(K,C)=B,In(K.C) @

The study of adsorption mechanism on a porous, heterogeneous
media with variable parameters is presented by the Dubinin-Radush-
kevich isotherm (Eg. (8)).

Ing,=Ing,— ggz (8)

where ¢ denotes the D-R isotherm constant and is represented as
follows:

g:RTln(Hci) ©)

Table 3 shows the isotherm constants and the correlation coeffi-
cient (R?) for the studied isotherm models. The results show that
dye removal followed the Langmuir model due to the homogene-
ity of the adsorption surface on the MIL-101(Cr).

Four kinetic models including PFO (pseudo-first order), PSO
(pseudo-second order), intraparticle diffusion, and the Elovich were
studied to obtain the rate of dye adsorption. Suitable models can
considerably contribute to a better understanding of the reaction of
the process, analyzing the experimental data, and predicting pur-
poses. The properties of the adsorbents and the mass transfer
mechanism can affect the pollutant adsorption rate [64].

The PFO model can investigate the removal rate as adsorption
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Table 3. The isotherm data of dye adsorption by the MIL-101(Cr),

M/L=1:1
Dyes
Model Parameters
AB92 DR80
Langmuir Qrax 185.18 227.27
b 18 022
R’ 0.999 0.994
Freundlich Kr 169.12 97.20
n 3344 4.80
R? 0.200 0.985
Temkin B, 51832  35.9340
K, 32.71 7.97
R? 0.180 0.973
Dubinin-Radushkevich qs 188.42 192.192
g 0.394 2.88
€ 1.126 0.417
R? 0.545 0.827

proceeded on the solid surface through a boundary. This equation
assumes that the adsorption process could be partially first-order
and the contaminant concentration changes over time in propor-
tion to the power one. The linear form of this equation is presented
below:

tk
log(q,—q,)=log(q,)— m (10)

The log (q.—q,) versus t plots were applied to determine the val-
ues of k;.

The Linear PSO model used in this work is as follows:

LU - (11)

U kg L
The equilibrium sorption capacity (q,) and the PSO rate constant
(ky) were calculated by the intercept and slope of the t/q, versus t
plot [65].

When the porosity of adsorbents affects adsorption mechanism,
adsorption occurs by transportation of the adsorbate via intrapar-
ticle and film diffusion into porous media of solid phase and ad-
sorption on the active sites:

q=k,t"?+1 (12)

In this equation, the intraparticle rate constant (g/mg-min”) ob-
tained from the slope of the plot is denoted by K,.
The Elovich model can be expressed as follows [66]:

q=pIn(ef)+pInt (13)

The slope and intercept of g, versus Ln (t) plot are used to calcu-
late the Elovich coefficients r and 3 respectively.

According to Table 4, the PSO equation serves as a basis for the
adsorption contaminations on the surface of the MOE In this work,
the PFO, PSO, intraparticle diffusion, and Elovich equations have
studied the dye adsorption of MIL-101(Cr) 1: 1 molar Cr**: H,BDC
ratio. According to results, the kinetic data had a better fit with the



Ultrasound-assisted green synthesis and application of recyclable nanoporous chromium-based metal-organic framework 295
Table 4. The kinetic constants of dye removal by the synthesized MOF
Models and Dyes
parameters AB92 DR80
Concentration (mg/L) 30 40 50 60 30 40 50 60
PFO (9e)eat 124 141 176 155 203 230 282 310
Iy 0.154 0.154 0.173 0.159 0.020 0.019 0.019 0.019
R’ 0.983 0.951 0.968 0.974 0.949 0.856 0.828 0.809
PSO (@)t 20 78 2 2 2 23 26 27
k, 0.463 16.641 0.072 0.144 0.008 0.009 0.007 0.007
R’ 0.970 0.966 0.976 0.969 0.971 0.957 0.948 0.940
Intraparticle diffusion k, 4.670 5.043 6.016 5.405 8.962 8.875 10.021 10.379
I 100.93 120.51 95.08 103.61 18.93 32.11 29.97 37.34
R’ 0.874 0.846 0.926 0.891 0.938 0.978 0.988 0.993
Elovich a 1226.63 2131.8 77.43 69.55 5.89 8.17 8.22 9.82
p 0.045 0.041 0.035 0.039 0.022 0.023 0.020 0.020
R? 0.906 0.878 0.952 0.915 0.987 0.995 0.991 0.977

PSO model compared to others.
5. Thermodynamic Study

To know the adsorption behavior of MIL at different tempera-
ture conditions, the experiments were carried out at the various
temperatures (28, 35, and 50 °C). As can be seen in Fig. 12, the rise
in the temperature causes the increase in adsorption capacity val-
ues. This observation validates the endothermic character of the
adsorption of AB92 and DR80 onto MIL-101. The thermody-
namic parameters change was studied for the determination of the
thermodynamic behavior of adsorption process. The changes on
the ther- modynamic parameters were calculated with the equa-
tions given below:

AG’=—RT InK; (14)
9
K== 15
i~z (15)
__ A_H(l) AS
InK,= VU TR (16)
AG’=(—TAS+AH’) (17)
9
y=-2370.4x + 14.129
R*=0.8461
2
- Fy
e .\.\.
&
Gy y =-3699.9x + 19.687
R?=0.8976
[
0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335
am
WAB92 4 DRSO
Fig. 12. Thermodynamic data of AB92 and DR80 adsorption on the
MOE

The positive value of entropy and enthalpy confirmed an endo-
thermic adsorption process. The negative value of Gibbs free energy
validates the spontaneous nature of adsorption. The negative value
of AG, increases with rising temperature, suggesting approving
adsorption at the higher temperature (Table 5) [67,68].

6. Dye Adsorption Mechanism

The common adsorption mechanisms (electrostatic interactions,
hydrogen bonding, acid-base interactions, 77 interaction/stack-
ing, pore shape/size selective adsorption and interactions with open
metal sites) are usually proposed and studied in the water and
wastewater purification process [38]. In this study, the 7 7 interac-
tion between aromatic rings that contain 7 bonds refers to both
adsorbents and adsorbate skeleton structures, and also strong electro-
static attraction between the positive surface charge of MIL-101(Cr)
and negative charge of dye molecules, as a dipole-dipole force are
the involved phenomenon of the adsorption process (Fig. 13).

According to the operational parameter effect, which was fully
described in prior section, pH as the dominant mass transfer driv-
ing force, controls the pollutant remediation process (Fig. 9). At
the high pH (basic range), although the SSA and pore volume of
adsorbent had not changed, the adsorption capacity was decreased
above 80%. In fact, however, the pollutant insertion into the crys-
tal structure/pore of MOE is one of the remediation mechanisms,
but is not the main. Despite this, related to the Camille Petit [38]
research, the obtained AH,; in the range of (5-50 kJ-mol ') could
validate that the main factor that controls the contaminant removal

Table 5. Thermodynamic data of AB92 and DR80 adsorption on the

MIL
T C0) AG (kJ/mol) AH (kJ/mol) AS (J/mol)
AB92 DR80 AB92 DRS80 AB92 DRS80
28 -174 -193
35 -184 -20.2 25.25 19.75 0.141  0.129
50 =205 221

Korean J. Chem. Eng.(Vol. 36, No. 2)
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MIL-101(Cr)

Fig. 13. The adsorption mechanism of AB92 on the MOFE.

from wastewater is the physisorption aspect of adsorption phe-
nomenon (Table 5).
7. Regeneration of MIL-101(Cr)

Regeneration and reusability of adsorbents are among the most
challenging and significant parameters for the industrial and com-
mercial feasibility of the adsorption process. The desorption pro-
cess of AB92 and DR80 molecules loaded on MIL-101(Cr) was
performed by 0.1 M HCl/ethanol (10:90, v/v) as an eluent and
ultrasonic assistant. After four cycles, the adsorption capacity de-
creased <15% (Fig. 14). The results showed that the synthesized
adsorbent had a high capacity for regeneration and reusability.

91 N2

95 96
80 4
60 4

" AB92

i #DR §0
X 4
04

1 2 3 4

Fig. 14. The regeneration of MIL-101(Cr) as an adsorbent.

Dye removal %

Cycle
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CONCLUSION

The nanoporous chromium-based metal-organic framework
(MIL-101(Cr)) was ultrasound-assisted green synthesized and uti-
lized for removing AB92 and DR80. Different analyses, such as
FTIR, TGA, XRD, BET, SEM and Zeta potential, were applied and
studied. The MIL-101(Cr) with the M/L=1:1 has with the BET
surface area of 2,420 m’/g and surface charge of 27.2 mV. The data-
set of the adsorption process well matched with the PSO model
(for AB92) and the PFO model (for DR80). The maximum adsorp-
tion capacity was obtained at 185 mg/g and 227 mg/g for AB92
and DR80, respectively. The synthesized MIL-101(Cr) could be
considered as an alternative candidate for removing anionic dyes
from the wastewater, and RSM was applied to the data to achieve
an accurate model of the experiment. According to the data, the
MIL-101(Cr) is suitable for the industrial application due to accept-
able regeneration ability.

NOMENCLATURE

Alphabetic Letters

I/n  :the constant corresponding to the surface heterogeneity

b :the Langmuir constant associated with the heat of adsorp-
tion [L/mg]

Bl  :the heat of adsorption

BET :Brunauer-Emmett-Teller analysis

C, and C,:the initial and equilibrium concentrations of dyes in
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mg/L

FTIR :Fourier transform infrared

k,  :the pseudo-first-order rate constant [1/min]

k,  :the pseudo-second order rate constant [g/mg min]

Ky :the Freundlich constant corresponding to the adsorption
capacity of the adsorbent [mg/g]

k,  :intraparticle rate constant [g/mg-min"’]

K,  :the equilibrium binding constant (L/mg) corresponding to
the maximum binding energy

m  :the mass of the adsorbent used in mg

q. :the amount of pollutant adsorbed on adsorbent (mg/g) at
equilibrium

Gmax - the maximum capacity of adsorbate used to form a com-
plete monolayer on the surface [mg/g]

q  :theamount of dye adsorbed on adsorbent at a time t

R®  :the correlation coefficient

SEM : scanning electron microscopy

V  :the volume of dye solution in mL

XRD : X-ray diffraction

g :the theoretical isotherm adsorption capacity [mg/g]

g : D-R isotherm constant [mol*/kJ*]

R :the gas constant [8.314 J/mol K]

T  :temperature [K]

Greek Letters

a  :theinitial dye adsorption rate [mg/g min]

£ :the desorption constant corresponding to the surface cov-
erage and the chemisorption (g/mg) activation energy

&  :the D-Risotherm constant
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