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Abstract—MIL-53(Fe) as a three-dimensional MIL was prepared with different precursors-to-solvent ratios and denoted
as MIL53B and MIL53C. All as-synthesized samples were modified using 3-amino propyl trimethoxy silane (organosilane)
for synthesizing MIL53B/NH,(0.10), MIL53B/NH,(0.20), MIL53B/NH,(0.30), MIL53C/NH,(0.10), MIL53C/NH,(0.20),
and MIL53C/NH,(0.30), respectively. The XRD, SEM, EDS, and FTIR techniques were used to characterize materials.
The adsorption ability of the materials for the adsorption of dye (Direct Red 23) was studied. The effect of operational
parameters was evaluated. The kinetics and isotherm of pollutant removal obeyed pseudo-second-order kinetic and the
Langmuir models, respectively. The row and modified MIL53B indicated the adsorption capacity of 1,375 and 4,989
mg/g, respectively. The high pollutant removal ability and fast adsorption rate ascertain that the modified MIL53 could be
considered as a dye adsorbent and potentially other organic molecules with similar structures from contaminated water.
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INTRODUCTION

Several chemicals are produced and used in different industries
[1-6]. In the last few decades, with the steadily increasing world pop-
ulation and tremendous growth of modern industrial civilization,
contaminants are released into the environment. They destroy eco-
logical safety and threaten the health of human beings. Pharmaceu-
ticals, dyes, herbicides/pesticides, heavy metals, etc. are the most
common pollutants in industrial effluents and agricultural runoffs,
and their discharge into water bodies has resulted in an increasing
trend of the coexistence of different toxic pollutants [7-13].

In the adsorption process, several adsorbents such as metal-organic
frameworks (MOFs) are used. The MOFs are porous materials with
high surface area. They are synthesized using transition metals (clus-
ters) and bridging organic linkers with controllable pore size. These
properties distinguish MOFs from common adsorbents such as zeo-
lites, chitin, graphene oxide, etc. MOFs are used as sensors, separa-
tion, catalysis, drug delivery, and adsorption [14-21].

The MILs family, especially iron-based MILs as a group of MOFs,
have attracted considerable attention for their stability and non-tox-
icity. The most unique property of MIL-53(Fe) compared with other
MILs is the breathing effect [22-26].

The modifications of metal-organic frameworks can consider-
ably enhance pollutant removal ability. Different materials are used
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for the functionalization and modification of adsorbents. Organos-
ilane is one of the most important treating agents due to its struc-
ture. The modifier creates a covalent bond with the raw adsorbent
and leads to unique properties [27-33]. The organic contaminant
removal ability of difterent MOFs, including MOF-235 (Congo red)
[34], NU-1000 (glyphosate) [35], ZIF-8/CoFe,O,/GO (malachite
green) [36], ZIF-8@GO (Malachite green) [37], ZIF-67 (Congo red)
[38], and Sodalite Zeolite Nanoparticle (Direct red 23) [39], was stud-
ied in detail.

A literature review indicated that a detailed study on dye adsorp-
tion by the modified MIL-53(Fe) adsorbents has not been carried
out. Herein, MIL-53(Fe) was synthesized with different precursors-
to-solvent ratios, and the surface of the synthesized samples was
modified using organosilane. Direct Red 23 (DR23) was studied as
a contaminant. To synthesize the MIL-53(Fe), different amounts of
precursors and solvents were used and denoted as MIL53B, and
MIL53C. Their surfaces were modified with different amounts of
the organosilane. Characterization of synthesized materials as adsor-
bents was investigated by XRD, SEM, EDS, and FTIR techniques.
The differences in behavior and ability of the MILs for organic pollut-
ant adsorption were studied. The DR23 removal conditions from
water were investigated. Also, contaminant removal kinetics and
isotherm models were presented in detail.

EXPERIMENTAL
1. Materials

The FeCl,-6H,0, H,BDC, FeCl,-6H,0, N,N-dimethyl forma-
mide (DME C,H,NO), methanol, ethanol, HCl, and NaOH were
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Table 1. The synthesis condition of MILs-(Fe)

MOF H,BDC (g) FeCl; (g) DMF (mL) T (°C) t (h) Reference
MIL53B 0415 1.100 50 150 15 [40]
MIL53C 0.322 0.540 10 150 15 [41]

Table 2. The surface modification of MILs-53(Fe) by organosilane

MOF Organosilane (mL) Modified MOF;

0.10 MIL53B/NH,(0.1)
MIL53B 0.20 MIL53B/NH,(0.2)
0.30 MIL53B/NH,(0.3)
0.40 MIL53B/NH,(0.4)
0.10 MIL53C/NH,(0.1)
0.20 MIL53C/NH,(0.2)

MIL
53¢ 0.30 MIL53C/NH,(0.3)
0.40 MIL53C/NH,(0.4)

obtained from Merck (Germany). The deionized water was sup-
plied using a Milli-Q apparatus. Direct Red 23 as a contaminant was
selected. All chemicals in this research were used without any fur-
ther purification.

2. Synthesis

2-1. MILs-(Fe)

The MILs-(Fe) was synthesized using DMF (Table 1). H,BDC
(0.415 and 0.322 g) and FeCl;-6H,0 (1.100 and 0.540 g) were sep-
arately dissolved in DMF (50 and 10 mL) (Table 1). Then, the H,BDC
solution was added to the FeCl; solution dropwise. It was stirred
for further homogenization and heated at 150 °C for 15h. After
cooling, the obtained solid of MIL-53(Fe) was collected and washed
using DMF and methanol. The products were dried at 150 °C over-
night. The obtained product was denoted as MIL53B, and MIL53C
depending on the precursors-to-solvent ratio.

2. Surface Modification

Surface modification was carried out using organosilane (Supple-
mentary file). The precipitates were dried at 60 °C [42]. The sur-
face modification was performed using 0.1, 0.2, 0.3, and 0.4 mL of
organosilane (Table 2).

3. Characterization

The surface of the material was investigated by FTIR (Perkin
Elmer, USA). X-ray powder diffraction analysis was used to inves-
tigate the crystallinity of materials. The morphology of the synthe-
sized materials as adsorbents was presented by SEM (LEO 1455VP).
Chemical analysis and dispersion of different elements of synthe-
sized adsorbents were indicated by the EDS technique. The con-
centration of dye in water was measured using a double-beam
spectrophotometer (Perkin Elmer Lambda 25).

4. Adsorption Experiments

Adsorption experiments were carried out to study the removal
capacity, ability, and behavior of the synthesized adsorbents. They
were done at ambient pressure and temperature. The effects of ad-
sorbent dose, contaminant concentration, and pH were investi-
gated on pollutant removal.

The effect of adsorbent dose on the pollutant adsorption per-
formance was investigated using various adsorbent doses (0.0005,

0.001, 0.0015, and 0.002 g) into 100 mL of contaminant solutions.
Then, they were stirred for 60 min. For investigating the effect of
the initial pollutant concentration on the removal process, 0.0020 g
of raw and modified adsorbent were dispersed in 100 mL of pol-
lutant solution and the initial concentrations were 100, 125, 150,
and 175 mg/L. Then, it was stirred for 60 min. To present the effect
of pH, 0.0020 g of adsorbents (pristine and modified) were added
into 100 mL of 100 mg/L contaminant solutions and the solution
pH was adjusted between 2.1 to 8.1 using HCl or NaOH. The ob-
tained mixture was stirred for 60 min.

After the adsorption process, the adsorbent particles were sepa-
rated from the samples (withdrawn at different time intervals) by
centrifugation and the residual pollutant concentration in water was
determined using a UV-Vis spectrophotometer. Removal percent-
age (%) and adsorption capacity (Q.: mg/g) of the synthesized adsor-
bents were measured using Egs. (1) and (2):

G-C)
C

0

Removal (%)= x100% )]

(C=C)V
- m

Q. @
C, and C,: the pollutant concentration at initial time and equilib-
rium, V: volume (L), and m: adsorbent dose (g).

RESULTS AND DISCUSSION

1. Characterization
1-1. FTIR

The surface groups of the synthesized materials were studied
using FT-IR spectroscopy (Fig. 1). As presented in Fig. 1, the peak
at 3000-3600 cm™ was attributed to the stretching vibrations of O-
H groups of surface adsorbed water molecules. The range between
1,500 and 1,000 cm™" as a fingerprint zone shows different peaks
which were due to the vibrations of the organic linker in the adsor-
bents frameworks. Two bands at 1,391 and 1,562 cm™" indicate the
vibrations of carboxyl groups in a symmetrical (0(C-O)) and
asymmetric (v,(C-O)) mode. It is due to the dicarboxylate bond.
The C-H band vibrations of aromatic rings are described with a
peak at 747 cm ™. The presence of a peak at 547 cm™" is due to the
Fe-O stretching state and can be attributed to the formation of the
metal-oxo dluster between the Fe(III) and the carboxylic of the linker
[43,44]. After the surface of the adsorbents was modified with an
organosilane, two new peaks appeared at 1,009 and 1,099 cm/1
due to the stretching state of Si-O and Si-CH,-R [45]. In the mod-
ified absorbers, there is a peak at 3,429 cm ™', which is caused by
the NH, stretching of the amine group and overlaps with the stretch-
ing vibration of the hydroxyl group.
1-2. SEM and EDS

The morphology of the synthesized metal-organic frameworks

Korean J. Chem. Eng.(Vol. 40, No. 12)
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Fig. 1. FTIR spectrum (a) MIL53B, (b) MIL53C, (c) MIL53B/NH,(0.3), (d) MIL53C/NH,(0.3).
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Fig. 2. SEM images (a) MIL53B, (b) MIL53B/NH,(0.3), (c) MIL53C, and (d) MIL53C/NH,(0.3).

as adsorbents is shown using SEM images (Fig. 2). As shown in
Fig. 2, the MILs-(Fe) were successfully fabricated. It is consistent
with the results of previously published works [41,46-48]. It could
be observed that MIL53B and MIL53C exhibit different appear-

December, 2023

ance due to the effect of the concentrations of the reactant. From
the SEM images (Fig. 2), it is clear that the agglomeration of parti-
cles occurred after their modification using the organosilane reagent.
This was attributed to the interactions of surface groups in the syn-
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Fig. 3. EDS and surface chemical analysis of different prepared materials (a) MIL53B, (b) MIL53B/NH2(0.3), (c) MIL53C, (d) MIL53B/

NH2(0.3).

Table 3. EDS results of the synthesized adsorbents

Element MIL53B MIL53B/NH,(0.3) MIL53C MIL53C/NH,(0.3)
(wt%) (wt%) (wt%) (Wt%)
C 50.07 51.21 53.47 50.85
o 30.29 29.59 20.68 33.61
Si - 10.75 - 8.68
Fe 19.64 8.46 25.84 6.86
Total 100.00 100.00 100.00 100.00
thesized MILs as adsorbents. homogeneous distribution of these elements in the structure of the

To study the distribution of different elements in the synthe-
sized MILs structures, EDS analysis was used and indicated in Fig. 3
and Table 3. The data presented C, O, and Fe elements in MIL53B,
and MIL53C species. Also, the elemental mapping indicated the

adsorbent. In addition, Fig. 3 and Table 3 showed the Si element
because of the presence of the silane on the functionalized MILs-(Fe).
1-3. XRD

The XRD patterns of the synthesized MIL53B, and MIL53C

Korean J. Chem. Eng.(Vol. 40, No. 12)
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Fig. 4. XRD patterns of MILs before and after pollutant removal process (a) MIL53B and (b) MIL53C.
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Fig. 5. Effect of organosilane amount on contaminant adsorption ((a) and (c)) and adsorption capacity ((b) and (d)).

(before and after pollutant removal process) are shown in Fig. 4.
The XRD patterns of MIL53B and MIL53C followed the previ-
ously reported works ([49] and [50], respectively). It could be con-
cluded the successful synthesis of the MILs. Also, Fig. 4 indicates
that the XRD patterns of the synthesized MILs after the pollutant
adsorption process did not change significantly. It is due to the syn-
thesized adsorbents stability.
2. Contaminant Adsorption
2-1. Adsorbent Modification

The effect of loading the amount of organosilane onto row MILs

December, 2023

for adsorbing dye was studied using different values. Experiments
were done at different time intervals to investigate the effect of the
various ratios on adsorption ability at the same removal conditions
(Fig. 5). The results indicated that with organosilane loading (0.1-
0.3 ml), the adsorption capacity enhances significantly for all adsor-
bents. However, the overloading of organosilane (0.4 ml) has an
adverse effect on the contaminant adsorption efficiency because of
some problems, such as cavity or pore blockage of adsorbents. The
obtained data presented the importance of organosilane to remove
the dye. The optimum amount of organosilane for MIL53B and
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Fig. 6. The pH Effect on the pollutant adsorption (a) MIL53B, (b) MIL53B/NH,(0.3)), (c) MIL53C, and (d) MIL53C/NH,(0.3).

MIL53C was 0.3 mL. Thus, it was used for further studies.
2-2. Solution pH

The pH of the solution is a considerable driving force for pol-
lutant removal. It can affect the functional group and the ioniza-
tion degree of the adsorbates and adsorbents in water and mani-
pulates the contaminant adsorption results [51,52]. Thus, pollut-
ant removal investigation to indicate the solution pH effect on dye
removal was carried out at various pH values (2.1, 4.1, 6.1, and 8.1).
Fig. 6 presents that the obtained results validating the pollutant
removal phenomenon onto adsorbents depends on solution pH.
As presented in Fig. 6, the removal curves indicate the same trend
for all MILs at various pH values. The data indicate that decreas-
ing the solution from 8.1 to 2.1 considerably enhances the removal
ability. It could be attributed that the positive charge density on the
surface of adsorbents enhances at acidic pH to remove anionic
DR23. Also, the “repulsion eftect” between pollutant and adsorbent
enhanced at high solution pH [53-55]. Thus, the pH=2.1 was used
as the optimum pH for further investigations.
2-3. Dose of Adsorbent

The adsorbent dose is an important parameter in the contami-
nant removal process which determines the pollutant adsorption
percentage as well as the water treatment economics [54]. Thus, the
effect of the adsorbent dosage on pollutant adsorption using vari-
ous doses was studied, while all other adsorption parameters (con-
taminant concentration, time, and pH) were kept constant. Fig. 7
shows the contaminant removal percentage at different adsorbent
doses (0.0005, 0.0010, 0.0015, 0.0020, and 0.0030 g). The adsorp-
tion data indicate that the enhancement of the adsorbent dose gives
rise to precipitous increasing pollutant adsorption ability. The en-

hancement of dose was presented in the increasing of adsorbent
active sites, which increased the access of contaminant to adsorp-
tion sites and caused the enhancement in adsorption ability [56].
However, the overloading of adsorbent (0.0030 g) does not have sig-
nificant effect on the contaminant removal percentage and adsorp-
tion efficiency because of some problems such as agglomeration of
adsorbent particles. Thus, 0.0020 g of the adsorbent dose was used
as the optimum dose for further studies.
2-4. Pollutant Concentration

The contaminant concentration is another important adsorption
parameter, which has a significant effect on the pollutant removal
ability [57,58]. Herein, it was investigated the MILs as adsorbents
to further study the removal process (Supplementary file). Fig. 8
shows the results of the removal process at various contaminant
concentrations: a decrease in adsorption percentage by enhancing
the dye concentration. The active sites are constant at a constant
adsorbent dose. Thus, this behavior decreases the contaminant ad-
sorption percentage. Herein, 100 mg/L of dye was the optimum
concentration for the MIL53B/NH,(0.3) at 0.002 g of adsorbent.
2-5. Mechanism of Pollutant Removal

Several mechanisms affect the different adsorption processes (Sup-
plementary file). The electrostatic interaction mechanism has a key
role in adsorption to study the removal of organic contaminants
using MOFs [59-61]. Pollutant adsorption rate depends on the
solution pH. Due to the pH importance for removal ability at acidic
pH values, the electrostatic attraction is a potential mechanism to
study dye removal in this research. Electrostatic interaction is not
the sole adsorption mechanism at higher pH conditions due to the
repulsive force. Thus, other mechanisms besides electrostatic interac-

Korean J. Chem. Eng.(Vol. 40, No. 12)
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Fig. 7. Effect of adsorbent dose on the dye removal (a) MIL53B, (b) MIL53B/NH,(0.3)), (c) MIL53C, and (d) MIL53C/NH,(0.3).
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tion affect pollutant removal at higher pH values. The dye aromatic
ring interacts with the aromatic ring of the H,BDC linker of adsor-
bents by the 77 interactions. In addition, H-bonding is another
adsorption mechanism [62,63].
2-6. Adsorption Isotherms

Isotherm models investigate the mechanism of adsorption, the
capacity of adsorbent, and the properties of the surface by track-
ing the adsorbent and adsorbate interaction behavioral trait. There
are different isotherm models to interpret and predict adsorption
data. In this paper, three models were used. In the Langmuir iso-
therm, adsorption happens in homogeneously adsorbent active sites
with single-layer coverage. Contaminant molecules are adsorbed
on specific active surface sites, and each activity site can adsorb
only one molecule. The Langmuir model is as Eq. (3) [64,65]:

C_1 C

—— +_._
q

- 3
q Kgq

C, (mg/L): equilibrium concentrations of the solution
K; (L/mg): Langmuir constant

The Freundlich model indicates the adsorption of organic pollut-
ants with variable affinities on the heterogeneous surface of adsor-
bent. Its linear equation is as follows [66]:

Logq,=logK;+ ilogCe (4)

i: Adsorption intensity

K} adsorption capacity per unit concentration
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The n value shows adsorption favorability. It is appropriate if
n>1.

The Temkin model (Eq. (5)) studies the interplay between the
particle of adsorbent and the adsorbed compounds. This model
assumes the linearly decreasing heat of adsorption with enhancing
the surface coverage [67]. The uniform binding energy distribu-
tion occurs in the Temkin model.

RT RT
q.= E,'r—anT+ B"T—

by (kJ/mol): Temkin constant

InC, 5)

Isotherm experiments were conducted at pH=2.1 at different amounts
of adsorbent (0.0005, 0.0010, 0.0015, 0.0020g) and 100 mg/L of
pollutant concentration. The curves and parameters of the isotherm
models that were obtained are shown in Figs. 9-11 and Table 4.
The compeatibility of isotherm was measured using the value of the
correlation coefficient (R’). The adsorption data followed the Lang-
muir model with the highest R” value. It means that pollutant ad-
sorption forms monolayer coverage of dye on the homogeneous
and energetically equivalent active surface sites of MIL.

The contaminant removal capability of MOF-235 (Congo red)
[34], NU-1000 [35], ZIF-8/CoFe,0O,/GO (malachite green) [36],
ZIF-8@GO (Malachite green) [37], ZIF-67 (Congo red) [38], and
Sodalite Zeolite Nanoparticle (Direct red 23) [39] is presented in
Table 5. The data indicate that the prepared adsorbents in this re-
search have high adsorption capacity and could be used as superior
adsorbents. The surface area of MIL53B and MIL53C was 80 and
52 m’/g, respectively. MIL53B gained higher amine groups than that
of MIL53C by surface modification. Thus, it can adsorb higher pol-
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Fig. 9. The Langmuir model (a) MIL53B, (b) MIL53B/NH,(0.3), (c) MIL53C, and (d) MIL53C/NH,(0.3).
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Fig. 10. The Freundlich isotherm (a) MIL53B, (b) MIL53B/NH,(0.3), (c) MIL53C, and (d) MIL53C/NH,(0.3).
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lutant amount.
2-7. Adsorption Kinetics

The kinetic models study the speed of reaction and the reac-
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tion rate control. Chemical kinetic depends on different properties
of the adsorbates and adsorbents [68,69]. Herein, the kinetics adsorp-
tion of dye on the synthesized adsorbents was studied using the
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Table 4. The isotherm constants of DR23 removal at various adsorbents amounts
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Adsorbents
Isotherm Parameter
MIL53B MIL53B/NH,(0.3)
L . qr 2,000 5,000
. _j‘;‘ém“f o K, 0.0256 2.0000
i A R 0.9918 0.9995
K 327 4,601
Freundlich F
Logq.=logK:+1/n logC " 3 >
89:=08% ¢ R 0.9577 0.8980
K, 8.076x10° 1.292x10777
Temkin Bl 26 _26
q.=B,Ink;+B,InC, ;
R 0.9596 0.8930
MIL53C MIL53C/NH,(0.3)
L . qr 1,111 3,333
o _T/llimuf o K, 0.0375 0.2419
R R 0.9933 0.9727
K 306 481
Freundlich nF 4 3
Logq,=logK,+1/n logC
0gq:=logk;+1/n logC, R 0.9430 0.9150
K, . 10* .139x10'°
Temkin Bl 769_7;; 0 3 3—92X6 0
q.=BInk;+B,InC, )
R 0.9407 0.9136
Table 5. The contaminant removal ability of various adsorbents
Adsorbent Pollutants Adsorption capacity (mg/g) Reference
MOF-235 Congo red 1,250 [34]
NU-1000 Glyphosate 1,516 [35]
ZIF-8/CoFe,0,/GO Malachite green 2,610 [36]
ZIF-8@GO Malachite green 3,300 [37]
ZIF-67 Congo red 3,899 [38]
Sodalite zeolite nanoparticle Direct red 23 4,842 [39]
MIL53C 900
MIL53C/NH,(0.1) 1,198
MIL53C/NH,(0.2) 1,597
MIL53C/NH,(0.3 2,233
/NH,(03) Direct red 23 This research
MIL53B 1,375
IL-53B/NH,(0.1) 2,363
MIL53B/NH,(0.2) 3,625
MIL53B/NH,(0.3) 4,989

three kinetic models including pseudo-first-order (PFO) [70], pseudo-
second-order (PSO) [71], and intraparticle diffusion (IPD) [72].
Figs. 12-14 and Table 6 present the kinetic constants at different
adsorbent doses. In PFO, adsorption occurs due to the contami-
nant concentration gradient between the solution and the surface
of the adsorbent. Data indicated that adsorption deviates from the
PFO model due to the low R value. The PSO kinetic model relies
upon the adsorption capacity. It can predict the adsorption behav-
ior over the whole range of the adsorption process [37]. DR23
adsorption kinetics onto MILs followed PSO kinetic model with a

high degree of accuracy for pollutant removal in the studied con-

centrations and high R values.

The IPD model was also investigated [73]. The linear forms of
PFO, PSO, and IPD models are shown as follows, respectively:

_ kl, ad
Log(q.,—9q)=logq,—- 3303
t 1t
—_= _2 +—
U kq 9

6)

@)
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Fig. 12. The PFO kinetic of DR23 removal (a) MIL53B, (b) MIL53B/NH,(0.3), (c) MIL53C, and (d) MIL53C/NH,(0.3).
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Fig. 13. The PSO kinetic of DR23 removal (a) MIL53B, (b) MIL53B/NH,(0.3), (c) MIL53C, and (d) MIL53C/NH,(0.3).

IPD. Thus, the graph of q, versus t'> was presented. The results indi-
cate linear regressions with a non-zero I value. The pollutant removal
process did not follow the IPD model because the uptake plots did

qtzkpt1/2+l ®
The 1=0 presented that the adsorption is solely controlled by the

December, 2023
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Fig. 14. The IPD kinetic of DR23 removal by (a) MIL53B, (b) MIL53B/NH,(0.3), (c) MIL53C, and (d) MIL53C/NH,(0.3).

Table 6. The kinetics constants of DR23 removal at various adsorbent amounts

Pseudo-first order Pseudo-second-order Intraparticle diffusion
Adsorbent D(;;e (Q)ep  log(q—q)=logq.— (ki/2.303)*t t/q=1/k*q+t/q, qt:kp”‘to'5 +1
(qa) Cal. kl RZ (qe) Cal. kz R2 kp I R2

0.0005 4,989 3,228 40 0.9638 5,263 100x10°°  0.9996 386 2,573 0.5882
0.0010 4,878 2,309 37 0.8879 5,000 133x10°  0.9997 290 3,120  0.5882

MIL53B/NH,(0.3) 6
0.0015 4,856 3,386 20 0.9848 5,000 200x10 0.9997 243 3,405  0.5505
0.0020 4,740 1,964 27 0.9219 4,761 400x10°  0.9998 204 3,522 0.5241
0.0005 1,375 825 48 0.9164 1,428 306x10°  0.9997 108 689  0.6930
MIL53B 0.0010 1,362 911 35 0.9769 1,408 377x10°°  0.9996 98 752 0.7009
0.0015 1,321 716 36 0.8994 1,369 408x10°° 09992 93 755  0.5917
0.0020 1,283 614 34 0.9092 1,315 711x10° 09997 73 839  0.5690
0.0005 2,233 941 30 0.9319 2,500 533x10°  0.9999 87 1,702  0.6471
MIL53C/NH,(0.3) 0.0010 2,144 720 31 0.8804 2,000 125x 107: 1.0000 57 1,793  0.5808
0.0015 1,998 480 27 0.8921 2,000 250x10" 1.0000 38 1,772 05216
0.0020 1,975 340 29 0.8150 2,000 250x10°° 1.0000 27 1,813 0.4988
0.0005 900 461 33 0.9446 909 121107 0.9993 51 633 0.5632
MIL53C 0.0010 883 528 35 0.9170 909 864x 107: 0.9989 62 547 0.6612
0.0015 876 383 33 0.9164 909 729x10° 0.9997 37 690  0.5245
0.0020 869 224 29 0.8669 909 403x10°  0.9999 20 770 0.5129

not pass through the origin point. The larger I value is due to a high was studied. The results indicate that the recovery efficiency of the
impact on the boundary layer [74]. MIL did not decrease significantly after three runs of operations.
2-8. Regeneration Adsorption ability remains above 75% after the three cycles. Thus,

The regeneration ability of adsorbent is an important factor for the synthesized MIL not only has high adsorption capacity but
its practical applications. Thus, the regeneration of synthesized MIL also shows good regeneration ability.

Korean J. Chem. Eng.(Vol. 40, No. 12)
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CONCLUSIONS

MILs-(Fe) were synthesized with different ratios of precursors-
to-solvent and modified with different amounts of the organosi-
lane. Structural characterization verified the successful synthesis of
adsorbents. The adsorbents were used to adsorb dye (DR23). The
effects of operational parameters on dye adsorption were studied.
The data indicated that the contaminant removal is pH-sensitive.
Surface modification of the row MILs with organosilane signifi-
cantly increases their dye removal capacity. The experimental data
followed the Langmuir isotherm and PSO kinetics. The row and
modified MIL53B showed adsorption capacities of 1,375 and 4,989
mg/g, respectively. It can be concluded that the synthesized orga-
nosilane-modified MIL53 adsorbent could be an efficient adsor-
bent for pollutant removal from water due to its high adsorption
capacity, easy regeneration, and reusability.
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2-2. Surface Modification

MIL-53B (1.00 g) was dispersed in water/ethanol. Then, orga-
nosilane with different amounts (0.1, 0.2, and 0.3 mL) was added
to the solutions and stirred for 24 h. The precipitate was separated
and washed with H,O and dried at 60 °C [42]. The modified sam-
ples were denoted as MIL-53B/NH,(0.1), MIL-53B/NH,(0.2), and
MIL-53B/NH,(0.3), respectively. The surface modification of MIL-
53C was performed by the same process with 0.1, 0.2, 0.3 and
0.4 mL of organosilane (Table 2).
1-1. FTIR

The surface groups of the synthesized materials were studied
using FT-IR spectroscopy (Fig. 1). As presented in Fig. 1, the peak
at 3,000-3,600 cm ™' was attributed to the stretching vibrations of
O-H groups of surface adsorbed water molecules. The range between
1,500 and 1,000 cm™" as a fingerprint zone shows different peaks
which were because of the vibrations of the organic linker in the
adsorbents frameworks. The two sharp peaks at 1,391 and 1,562
cm' are due to the symmetrical (v,(C-O)) and asymmetrical
(U, (C-0)) vibrations of carboxyl groups, respectively. It indicates
the presence of the dicarboxylate linker. The band at 747 cm™" is
attributed to the vibrations of the C-H bonding of the aromatic
rings. Also, a peak at 547 cm™' was due to the Fe-O stretching mode,
implying metal-oxo cluster formation between the inorganic metal
Fe (IIT) and the organic linker carboxylic group [43,44]. After sur-
face modification of adsorbents with an organosilane, two new
peaks at 1,009 and 1,099 cm™" appeared because of the tensile state
of the Si-O and Si-CH,-R, respectively [45]. The peak at 3,429 cm™
in the modified adsorbents was due to the NH, stretch of the amine
group which overlaps with the stretching vibration of the hydroxyl
group.
2-4. Pollutant Concentration

The contaminant concentration is another important adsorp-
tion parameter, which had a significant effect on the pollutant re-
moval ability. Herein, it was investigated for all the MILs to fur-
ther study the removal process. Fig. 8 showed the obtained data

from removal assessment at various contaminant concentrations a
decrease in adsorption percentage by enhancing the dye concen-
tration. The number of active sites is constant at a constant adsor-
bent dose [57]. At higher contaminant concentrations, owing to
saturation and lack of required available active points, pollutant mole-
cules in solution face a more difficult fight to find free places on
the surface of the adsorbent [58]. Thus, this behavior decreases the
contaminant adsorption percentage. Herein, 100 mg/L of dye was the
optimum pollutant concentration for MIL53B/NH,(0.3) at 0.002 g
of adsorbent. Thus, it was used for further investigations.
2-5. Mechanism of Pollutant Removal

Several mechanisms affect the different adsorption processes.
The electrostatic interaction mechanism has a key role in adsorp-
tion to study the removal of organic contaminants using MOFs
[59-61]. Pollutant adsorption rate depends on the pH of the solu-
tion. Its effect can be studied by taking into account the change in
surface charges of both contaminant and adsorbent species at vari-
ous pH values. The MIL53(Fe) surface has a positive charge under
acidic conditions. The amine group (NH,) of the functionalized
MILs protonated to -NHj at acidic pH conditions and the adsor-
bent surface becomes positively charged. Thus, the adsorbent pos-
itive surface in acidic pH value attracted more anionic molecules.
Due to the importance of pH in adsorption ability at a low pH value,
electrostatic attraction is a potential mechanism to study dye removal
in this research. Electrostatic interaction cannot explain the appre-
ciable adsorption capacity as the sole adsorption mechanism at
higher pH conditions because of the repulsive force between the
anionic dye and the negative adsorbent surface. Thus, other mech-
anisms besides electrostatic interaction affect pollutant removal at
higher pH values. The 77 stacking has a considerable role in rich
electron or electron deficiency systems. The dye aromatic ring
interacts with the aromatic ring of the H,BDC linker of adsorbents
via the 77 interactions/stacking. Finally, H-bonding is another
adsorption mechanism because of the presence of H-donor and
H-acceptor groups in pollutants and adsorbents [52,53].




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.03333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


