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study focused on optimizing the fabrication of MIL-100(Fe), which is a type of MOF with
good chemical stability, thermal stability, and flexible structure. In this study, the room-
temperature fabrication of MIL-100(Fe) was established using a ligand-to-metal molar
ratio of 0.95 and an acetic acid concentration of 5.1 vol% for 6.2 h. The optimum MIL-
100(Fe) was tested for crystal violet removal and provided an optimum removal capacity
of 182.66 + 3.81 mg/g. Statistical approaches are used to investigate the independent
parameters and their interactions contributing to MIL-100(Fe) formation.
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m INTRODUCTION The biggest challenge in handling this problem is

Synthetic dyes are an important component in the that dyes generally have high solubility in water, so they

textile industry and they are required in large quantities and
variations. Around 10 thousand tons per year of synthetic

are more challenging to be separated. Several technologies
have been developed to treat dye-containing wastewater,

dyes are needed in the worldwide textile industry [1]. such as membrane techniques, adsorption, advanced

Most of these dyes will be carried away in wastewater from ~ 0Xidation processes, bio-electrochemical treatments,

the textile industry, where the concentration varies from ~ and photocatalytic degradation [4-5]. Adsorption is a

5 to 1,500 mg/L [2]. These dye contaminants in aquatic widely used technique because of its simplicity, ease of

ecosystems are dangerous for the environment and public handling, low cost, high adsorption capacity, high

health due to their toxic functional groups, such as efficiency, and less toxic by-products [3]. In the

aromatic groups, amines, and metal contents [3]. adsorption process, the adsorbent plays an essential role,

Moreover, dyes are not only used in the textile industry SO it needs to be selected by considering the type of dyes,
but also in paper and pulp, foods, beverages, Wastewater conditions, adsorption effectiveness, and

pharmaceuticals, cosmetics, and automotive industries. solid waste handling.
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Iron-based materials of Institute Lavoisier-100
(MIL-100(Fe)), a type of metal-organic framework
(MOFs), is a potential adsorbent for dye-containing
wastewater. MIL-100(Fe) has high porosity, large pore
volume [6], higher water stability [7-8], tailorable
structure [9], and photocatalytic behavior [10]. However,
conventional MIL-100(Fe) is still synthesized at high
temperatures with the addition of corrosive acids, such as
hydrofluoric acid and nitric acid [11]. Currently, novel
MIL-100(Fe) synthesis techniques have been developed to
obtain less hazardous methods using lower temperatures
and less harmful solvents.

In this study, the fabrication of MIL-100(Fe) using
environmentally friendly solvents under room-
temperature conditions was developed and optimized to
obtain the optimum MIL-100(Fe) with high removal
capacity of crystal violet dye. In this study, crystal violet
dye was used as a model simulating the dye-containing
wastewater in the environment. Crystal violet dye itself is
one of the common dyes used in the textile industry and
discharged into the environment in wastewater. Statistical
approaches were conducted to investigate the effects of
three independent parameters: ligand-to-metal molar ratio,
fabrication time, and acetic acid concentration. Further,
the optimum fabricated MIL-100(Fe) was characterized

to investigate the physical and chemical characteristics.

m EXPERIMENTAL SECTION
Materials

Iron(III) nitrate nonahydrate (Fe(NO;);-9H,O,
99 wt.%), benzene-1,3,5-tricarboxylic acid (H;BTC,
95 wt.%), acetic acid (CH;COOH, 99.7 wt.%), ethanol
(C;Hs0H, 99.9 wt.%), and crystal violet dye (C,;N3Hs3,Cl,
90 wt.%) Sigma-Aldrich
(Singapore). All chemicals were of analytical grade and

were purchased from

used as received.
Instrumentation

MIL-100(Fe) was
diffraction (XRD), scanning electron microscopy (SEM),
(FTIR),
thermalgravimetric analysis (TGA), and nitrogen (N>)

characterized wusing X-ray

Fourier transform infrared spectroscopy

sorption to investigate its physical and chemical
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characteristics. XRD analysis was conducted by a
PANalytical X’Pert Pro X-ray diffractometer with Cu
Ko, radiation (A =1.5406 A) at 40 kV and 30 mA to
figure out the X-ray diffraction of MIL-100(Fe). SEM
analysis was done by a JSM-6390 field emission SEM at
10kV to map the morphology of MIL-100(Fe). FTIR
analysis was performed by an FTIR Shimadzu 8400S
with the KBr pelleting method to figure out the FTIR
spectrum of MIL-100(Fe). TGA analysis was carried out
by a Perkin Elmer Diamond TG/DTA thermal analyzer
at a constant heating and cooling rate to figure the TGA
and DTG spectra of MIL-100(Fe). N, sorption analysis
was conducted at 77 K using a Micromeritics ASAP 2010
sorption analyzer after degassing the sample at 200 °C
for 6 h.

Procedure

Fabrication of MIL-100(Fe)
MIL-100(Fe) was fabricated
temperature conditions using Fe(NO;);-9H,O as the

under room-
metal source and H;BTC as the ligand. Here, two
solutions were prepared separately by dissolving
Fe(NO3);-9H,0 in 40 mL of aqueous acetic acid solution
and H;BTC in 40 mL of equimolar aqueous ethanol
solution. Both solutions were sonicated for 10 min until
completely dissolved. After that, the ligand solution was
added dropwise into the metal solution and stirred at
room temperature while red-brown solids were formed.
Then, the solids were separated by centrifuge, washed
using ethanol twice, and dried overnight at 70°C
utilizing an oven. The MIL-100(Fe) solids were then
characterized and used for further applications.

Statistical and optimization studies

Three independent parameters were studied to
determine their effects on the fabricated MIL-100(Fe),
such as ligand-to-metal molar ratio (A), fabrication time
(B), and acetic acid concentration (C). Here, the one-
factor-at-a-time (OFAT) method was used to investigate
this study, using the removal capacity of crystal violet as
a response to this statistical study. Table 1 shows the
parameters and their levels selected in this study as well
as the basis for determining levels in the optimization
study.
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Table 1. The parameters and their levels for OFAT study

Parameters Levels
A 0.50 0.75 1.00 1.25
B (h) 2.0 4.0 6.0 8.0
C (vol%) 1.0 2.5 5.0 7.5

Table 2. The levels of each independent parameter for
RSM study

Levels
Parameters
-1.68 -1 0 +1 +1.68
A 0.58 0.75 1.00 1.25 1.42
B (h) 2.6 4.0 6.0 8.0 9.4
C (vol%) 0.8 2.5 5.0 7.5 9.2

Furthermore, response surface methodology (RSM)
was used to advance statistical studies with central
composite design (CCD) as the experimental design using
Minitab 19 statistical software. The same three independent
parameters were used to investigate the linear, quadratic,
and two-way effects on the fabricated MIL-100(Fe) with
five levels for each parameter coded as -1.68, -1, 0, +1,
and +1.68. Here, analysis of variance (ANOVA) was
included in this RSM statistical study to investigate the
significance of each parameter and combined parameter.
In this CCD experimental design, there were three
independent parameters with three levels and two
extreme levels, each of which is shown in Table 2. Here,
there were 60 runs of 20 runs per set with 3 replications.

The optimization study was also carried out in
cooperation with the RSM study using the same data and
statistical software. This study aimed to determine the
optimum fabrication condition of MIL-100(Fe) with the

highest removal capacity of «crystal violet. The
optimization result can be expressed by Eq. (1) [12-13];
@ . @ 2 S & .t
predicted =3+ 2 bii+ D i~ + > 3 dyij (1)
i=A  i=A i=Aj=A

where Qpredgiciea (Mg/L) is the predicted value of response; i
and j are the independent parameters (A, B, and C) in the
form of coded value; a, b;, c;;, and d; are the equation, linear,
quadratic, and two-way interactions constants, respectively.

Crystal violet dye removal

The removal capacity of crystal violet on MIL-
100(Fe) was obtained by batch adsorption for every MIL-
100(Fe) produced from combined fabrication parameters.
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Here, 10 mg of MIL-100(Fe) was added into 10 mL of
aqueous crystal violet solution with a 1000 mg/L
concentration. Then, the mixture was shaken in a shaker
water bath at room temperature for 24 h. After that, the
supernatant was separated using a centrifuge, and its
concentration was measured using a Shimadzu UV/Vis
spectrophotometer at 590 nm of maximum wavelength.
The removal capacity of crystal violet on MIL-100(Fe)
(q) was calculated by the Eq. (2) [12-13];

g =GV ®)

m
where ¢; and Crare the concentration of aqueous crystal

violet solution at the initial and final conditions, V is the
initial volume of the aqueous crystal violet solution, and
m is the initial mass of MIL-100(Fe).

m RESULTS AND DISCUSSION
Effects of Parameters on Fabricated MIL-100(Fe)

The OFAT method has been conducted to
investigate the effects of ligand-to-metal molar ratio,
fabrication time, and acetic acid concentration on the
ability of MIL-100(Fe) to remove crystal violet dye from
its aqueous solution. The removal capacity of crystal
violet on MIL-100(Fe) is used as the response to
determine the effects of these three independent
parameters. Fig. 1 shows the OFAT design experiment
and its results showing changes in removal capacity with
increasing levels of each parameter. First, the OFAT
experiments began by varying the ligand-to-metal molar
ratio (0.50, 0.75, 1.00, and 1.25) at a constant fabrication
time (4.0 h) and acetic acid concentration (5.0 vol%).
Fig. 1(a) shows that the highest removal capacity was
found at a ligand-to-metal molar ratio of 1.00. At low
ligand-to-metal molar ratio, a lack of ligand in the
formation of MIL-100(Fe) results in undersized solids
and excessive metal residue. In this case, undersized
solids have a lower surface area so their removal capacity
increases along with the ligand-to-metal molar ratio. On
the other hand, the use of a high ligand-to-metal molar
ratio also leaves excess ligand residue so that the effect
will reach a peak at a certain point as shown in Fig. 1(a).
Here, this ligand residue tends to easily remain on the
surface and pores of MIL-100(Fe), thereby reducing the
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Fig 1. The effects of (a) ligand-to-metal molar ratio, (b) fabrication time, and (c) acetic acid concentration on MIL-
100(Fe) based on the OFAT study

adsorption active site of MIL-100(Fe). concentration (5.0 vol%). Here, MIL-100(Fe) can be

Second, the OFAT study was continued by varying  fabricated efficiently in 6.0 h according to the OFAT
the fabrication time (2.0, 4.0, 6.0, and 8.0 h) at a constant  results shown in Fig. 1(b). In general, the growth in size
ligand-to-metal molar ratio (1.00) and acetic acid and expansion of surface area will occur along with the
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fabrication time, which will affect the removal capacity of
crystal violet on MIL-100(Fe). However, the formation of
MIL-100(Fe) becomes saturated after a certain time, so
the MIL-100(Fe) solids tend to agglomerate and lower
their removal capacity. Third, the effects of varying acetic
acid concentration (1.0, 2.5, 5.0, and 7.5 vol%) at constant
ligand-to-metal molar ratio (1.00) and fabrication time
(6.0 h) were also studied with the same OFAT method.
Fig. 1(c) shows that the highest removal capacity of crystal
violet on MIL-100(Fe) reached 194.94 mg/g when using
In this
fabrication, acetic acid plays an important role in

an acetic acid concentration of 5.0 vol%.

controlling the coordination bonds formed in the
formation of MIL-100(Fe) where the nucleation rate is
very sensitive to pH conditions. The presence of acetic
acid in the system creates competitive reactions between
Fe ions with acetic acid as monocarboxylic acid and
H;BTC as tricarboxylic acid. At a certain concentration,
this competition effectively controls the formation of
MIL-100(Fe) nuclei and avoids the phenomenon of
intergrown structure.
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Fabrication of MIL-100(Fe) and Its Statistical

Studies

In the RSM study, 60 experimental runs were
conducted using the CCD model, and the experimental
values of the response were generated, as shown in Table
3. RSM analysis was conducted based on these data to
investigate the statistical analysis of three independent
parameters used. The statistical study generates a
mathematical correlation between three independent
parameters and their interactions on the removal
capacity of crystal violet as the response expressed by the
polynomial equation, as described in Eq. (3);

Qpredicted = 192.25—6.83A +4.58B+2.68C —17.59A> (3)

—28.87B% —49.15C* +3.22AB—0.64AC —1.66BC
where Qpredicted (mg/g) is the predicted removal capacity

of crystal violet on MIL-100(Fe) based on this
mathematical correlation; A, B, and C are three
independent parameters in the form of their coded
value. In Table 3, the experimental and predicted
responses show similar values with relatively low errors.

Table 3. The experimental and predicted responses for each combined parameter based on the RSM study

P t R /
Run order Blocks Points aramerers esponses (mg/g)
A B (h) C (VOI%) experimental ~ {predicted
1 -1 -1 -1 97.86 97.83
2 +1 -1 -1 61.03 79.01
3 -1 +1 -1 98.59 103.87
4 +1 +1 -1 95.33 97.93
Cube
5 -1 -1 +1 109.51 107.79
6 +1 -1 +1 86.85 86.41
7 -1 +1 +1 107.50 107.19
8 +1 +1 +1 105.69 98.69
9 -1.68 0 0 153.19 154.68
10 I +1.68 0 0 125.76 131.71
11 . 0 -1.68 0 108.14 103.59
Axial
12 0 +1.68 0 99.33 119.00
13 0 0 -1.68 42.00 4943
14 0 0 +1.68 59.36 58.44
15 0 0 0 197.00 192.95
16 0 0 0 200.13 192.95
17 0 0 0 194.56 192.95
Center
18 0 0 0 182.84 192.95
19 0 0 0 188.16 192.95
20 0 0 0 192.62 192.95
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P t R /
Run order Blocks Points aere= esponses (mg/g)
A B (h) C (VOI%) experimental ~ {predicted
21 -1 -1 -1 104.76 97.83
22 +1 -1 -1 74.14 79.01
23 -1 +1 -1 105.64 103.87
24 +1 +1 -1 105.34 97.93
Cube
25 -1 -1 +1 111.32 107.79
26 +1 -1 +1 90.28 86.41
27 -1 +1 +1 123.58 107.19
28 +1 +1 +1 95.37 98.69
29 -1.68 0 0 142.95 154.68
30 5 +1.68 0 0 147.51 131.71
31 . 0 -1.68 0 110.38 103.59
Axial
32 0 +1.68 0 117.02 119.00
33 0 0 -1.68 52.85 49.43
34 0 0 +1.68 62.39 58.44
35 0 0 0 189.81 192.95
36 0 0 0 196.71 192.95
37 0 0 0 186.56 192.95
Center
38 0 0 0 193.47 192.95
39 0 0 0 179.14 192.95
40 0 0 0 196.22 192.95
41 -1 -1 -1 106.67 97.83
42 +1 -1 -1 86.74 79.01
43 -1 +1 -1 117.36 103.87
44 +1 +1 -1 103.98 97.93
Cube
45 -1 -1 +1 99.82 107.79
46 +1 -1 +1 80.20 86.41
47 -1 +1 +1 113.74 107.19
48 +1 +1 +1 87.34 98.69
49 -1.68 0 0 144.35 154.68
50 3 +1.68 0 0 134.17 131.71
51 . 0 -1.68 0 98.57 103.59
Axial
52 0 +1.68 0 123.03 119.00
53 0 0 -1.68 44.58 49.43
54 0 0 +1.68 51.11 58.44
55 0 0 0 197.95 192.95
56 0 0 0 189.76 192.95
57 0 0 0 209.19 192.95
Center
58 0 0 0 190.29 192.95
59 0 0 0 204.29 192.95
60 0 0 0 186.43 192.95

Therefore, it can be stated that the CCD model used fits  high R? R*(adj), and R*(pred) values at 97.57, 97.02, and
well with the statistical simulation carried out on this  96.11%, respectively. Furthermore, the surface plots are
MIL-100(Fe) fabrication. Besides that, it is also proven by ~ used to illustrate the correlations between the
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combination of two parameters at one constant parameter
on the removal capacity of crystal violet on MIL-100(Fe)
as shown in Fig. 2.

Along with the RSM analysis, ANOVA results were
also presented in the statistical study as shown in Table 4.
The linear, quadratic, and two-way interaction effects are

(a)

(©
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evaluated for significance on the response where the p-
values must be less than 0.05. Here, only the two-way
interaction between parameters gives insignificant
effects on the fabrication of MIL-100(Fe). The reliability
of these ANOV A results is proven by the p-value of lack-
of-fit (> 0.05), which indicates that the model error does

(b)

Fig 2. The surface plots of the effects between parameters: (a) A and B at C = 5.0 vol%, (b) A and C at B = 6.0 h, and

(c)Band Cat A =1.00

Table 4. The ANOVA results of MIL-100(Fe) fabrication

Sources  DF Sum ofsquares Mean squares F-value p-value Remarks
Model 11 138010 12546 175.34 0.000 Significant
Linear effects
A 1 1909 1909 26.68 0.000 Significant
B 1 861 861 12.03 0.001 Significant
C 1 295 295 4.13 0.048 Significant
Quadratic effects
A? 1 13370 13370 186.85 0.000 Significant
B? 1 36024 36024 503.46 0.000 Significant
c? 1 104431 104431 1459.48  0.000 Significant
Two-way interaction effects
AB 1 249 249 3.49 0.068  Not significant
AC 1 10 10 0.14 0.712  Not significant
BC 1 66 66 0.92 0.342  Not significant
Error 48 3435 72
Lack-of-Fit 33 2606 79 1.43 0.233  Not significant
Pure error 15 829 55
Total 59 141445
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not affect the overall statistical results. Moreover, Fig. 3
also shows the feasibility of these statistical studies where
the normal probability plot, residuals-versus-fits plot,
histogram, and residuals-versus-order plot provide
normal results without any indication of irrelevancy.

Optimization and Validation Studies of MIL-100(Fe)
Fabrication

The fabrication of MIL-100(Fe) was optimized
based on the statistical data above to obtain the optimum
condition for these three independent parameters. In the
previous study, the adsorption capacity of rhodamine B
on MIL-100(Fe) reached <100mg/g [7], so the
optimization target in this study was set at 200 mg/g,
twice as high as in the previous study. Fig. 4 shows the

(a)
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result of the optimization study where optimum MIL-
100(Fe) can be fabricated using a ligand-to-metal molar
ratio of 0.95 and an acetic acid concentration of 5.1 vol%
for 6.2 h. This result indicates that the optimum removal
capacity can reach 193.78 mg/g with a composite
desirability of 0.9606, which means 96.06% of the target is
achieved. Here, the validation was carried out to prove the
optimization results which were done in three replicated
runs as shown in Table 5. The optimization is satisfactory
based on the validation, which shows a low error
percentage (5.74 +1.97%) between the optimum and
experimental removal capacity of crystal violet on MIL-
100(Fe). In addition, the removal capacity of crystal violet
on MIL-100(Fe) (193.78 mg/g) is higher than other
adsorbents investigated from previous studies, such as

(b)
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Fig 3. The feasibility of an RSM study for MIL-100(Fe) fabrication based on (a) normal probability plot, (b) residuals-
versus-fits plot, (c) histogram, and (d) residuals-versus-order plot

Optimal A

D: 0,9606 HC'E:‘ [;'gi(;;
Low 0,5796
q (mg/g)
Targ: 200,0
y = 193,7809
d = 0,96064

B (h) C (vol%)
9,3636 9,2045
[6,1699) (5,0695)
2,6364 0,7955

Fig 4. The optimization results of three independent parameters on MIL-100(Fe) fabrication
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Table 5. The validation of MIL-100(Fe) fabrication at its
optimum condition

Parameters

Runs — 5 ) Cvol)  dewenmenst (m8/g)

1 179.09

2 0.95 6.2 5.1 186.68

3 182.20
Mean Qexperimental (Mg/g) 182.66 + 3.81
Qoptimum (ME/g) 193.78
Mean error (%) 5.74 +1.97

charred rice husk (62.85mg/g), xanthated rice husk
(90.02 mg/g) [14], and cross-linked chitosan-coated
bentonite (169.49 mg/g) [15].

Characterizations of Fabricated MIL-100(Fe)

The optimum MIL-100(Fe) has been successfully
created and optimized using a green method in terms of
using room temperature and water/ethanol-based
solvents. Fig. 5(a) shows the morphology of MIL-100(Fe),
indicating nanosized particles with an average size of
about 92.9nm (using Image] software), which is in
accordance with previous studies presenting the same
morphology [16-18]. Here, the use of room-temperature
conditions triggers the formation of nanosized MIL-
100(Fe) due to its slow nucleation [17]. In the EDX
analysis and mapping shown in Fig. 5(a) and 5(b), there
are three main elements indicated in this material, such as
carbon (49.86 wt.%), oxygen (45.11 wt.%), and iron
(5.03 wt.%).

Based on the diffractogram of XRD shown in Fig.

" (b)]
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6(a), there are several lattice planes indicating MIL-
100(Fe), such as (333), (428), (088), (7911), (4814),
(6618), and (9321), at 20 values of 6.72°, 10.50°, 14.02°,
18.67°, 20.12°, 24.00°, and 27.67°, respectively. The
presence and similarity of these lattice planes to previous
studies prove that the fabricated MIL-100(Fe) has the
same crystallinity [19-21]. The diffractogram pattern of
MIL-100(Fe) is different from MIL-100(Fe) produced by
conventional methods in previous studies [4,22-23]. In
this diffractogram, wide peaks and several noise peaks
indicate the amorphous characteristics of this MIL-
100(Fe) produced by the green fabrication method at
room temperature. Furthermore, the FTIR spectra
shown in Fig. 6(b) exhibit that the functional groups of
MIL-100(Fe) originate from its precursors (metal and
ligand sources). The transmittance peaks at 474.5, 624.9,
and 943.1 cm™ indicate Fe-O stretching, Fe-O-Fe
stretching, and Fe-O geometrical stretching of MIL-
100(Fe) [19]. These functional groups denote the
interactions between Fe cores and bridging ligands in
the formation of MIL-100(Fe). Other specific peaks in
the fingerprint region of the spectra are detected as C=C,
C-H, C-0O, O-H, and C=O stretching vibrations at
711.7, 758.0, 1116.7, 1380.9, 1446.5, and 1624.0 cm™,
respectively [18-19]. The presence of bridging ligands in
MIL-100(Fe) structures is indicated by the aromatic ring
and tricarboxylic group stretching at 1571.9 and
1712.7 cm™ [19-20]. In addition, the functional group of
O-H stretching vibration from adsorbed water is shown
in the peak at 3200-3600 cm™ [17-20]. Eventually, the

Elements  Atomic (%) Weight (%)

C 53.94 49.86
o 44.77 4511
129

5.03

Fig 5. The morphology of MIL-100(Fe) based on (a) SEM image along with (b) EDX analysis and (c) EDX mapping
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Fig 6. The MIL-100(Fe) characteristics based on (a) XRD, (b) FTIR, (c) TGA, and N; sorption analysis

thermal stability of MIL-100(Fe) is up to 450 °C based on
the TGA/DTG spectra shown in Fig. 6(c). The TGA
spectrum shows that there are at least two steps of weight
loss, indicating moisture content loss at < 140 °C and
decomposition of MIL-100(Fe) at 450-500 °C. Here, the
MIL-100(Fe) structure begins to collapse at temperatures
above 450 °C due to the degradation of bridging ligands
[19,23]. In addition, the N, sorption analysis results from
the surface area and pore volume of MIL-100(Fe)
reaching 1210.08 m?*/g and 1.09 cm?*/g, respectively, based
on the multiple-point Brunauer-Emmett-Teller (BET)
measurement. Fig. 6(d) shows the N, adsorption-
desorption isotherm curve of MIL-100(Fe) with type I and
IV isotherms indicating the possession of micro- and
mesopores [23-24]. The existence of a narrow hysteresis
loop with a type H1 loop supports the presence of uniform
mesopores [25].

m CONCLUSION

In this study, MIL-100(Fe) has been successfully
fabricated under an optimum condition from the
statistical studies. An optimum and green fabrication
method has been developed using water/ethanol-based
solvents at room temperature. MIL-100(Fe) has good
physical and chemical characteristics, making it very
versatile for various applications. The optimum MIL-
100(Fe) is a promising adsorbent for dye removal due to
its high removal capacity, reaching 182.66 + 3.81 mg/g.
Further adsorption studies are still needed to investigate
the interactions of MIL-100(Fe) in the adsorption system.
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