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We incorporated a water-stable ionic liquid (IL), 1-butyl-3-methylimidazolium
hexafluorophosphate, [BMIM][PFg], into a water-stable metal-organic framework
(MOF), MIL-53(Al), to generate the [BMIM][PFg]/MIL-53(Al) composite. This composite
was examined for water purification by studying its capacity for methylene blue (MB)
and methyl orange (MO) removal from aqueous solutions having either single dye or a
mixture of both. Data illustrated that the removal efficiency and the maximum adsorption
capacity of MIL-53(Al) were increased several times upon [BMIM][PFg] incorporation.
For instance, within 1 min, 10 mg of pristine MIL-53(Al) adsorbed 23.3% MB from 10
mg/L of MB solution, while [BMIM][PFg]/MIL-53(Al) composite was adsorbed 82.3% MB
in an identical solution. In the case of MO, 10mg of pristine MIL-53(Al) achieved 27.8
and 53.6% MO removal from 10 mg/L of MO solution, while [BMIM][PFg]/MIL-53(Al)
composite removed 61.4 and 99.2% within 5min and 3h, respectively. Moreover,
upon [BMIM][PFg] incorporation, the maximum MB and MO adsorption capacities
of the pristine MOF were increased from 84.5 to 44 mg/g to 204.9 to 60 mg/g,
respectively. The adsorption of dyes in pristine MIL-53(Al) and [BMIM][PFg]/MIL-53(Al)
followed a pseudo-second-order kinetic model and a Langmuir isotherm model. In a
mixture of both dyes, the IL/MOF composite showed a doubled MB selectivity after
the IL incorporation. The composite was successfully regenerated at least two times
after its use in water purification to remove MB, MO, and their mixtures. Infrared
(IR) spectra indicated that the MB/MO adsorption occurs on [BMIM][PFg]/MIL-53(Al)
by electrostatic interactions, hydrogen bonding, and mw-m interactions. These results
showed that [BMIM][PFg]/MIL-53(Al) composite is a highly promising material for efficient
water purification.
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INTRODUCTION

Increased industrialization causes various water pollution issues
and evidently gives rise to a global water shortage. Industries
such as textile, plastic, paper, food processing, and cosmetics
use dyes for coloring purposes and generate effluent wastewater
containing various environmentally hazardous dyes (Ozcan et al.,
2004; Khan et al., 2015). A variety of these dyes can be classified
as toxic and carcinogenic in nature, making them hazardous
for both the environment and human health (Wang et al,
2005; Mittal et al.,, 2007; Chen et al., 2010). Moreover, many
industrial plants discharge wastewater directly into rivers or
oceans, which adversely affect the marine life. Therefore, it is
important to efficiently remove and separate synthetic dyes from
effluent streams. Hence, efficient water purification strategies
should be generated to overcome this issue. In this regard,
various types of adsorbent materials have been investigated
and reported for efficient dye removal from aqueous solutions,
such as activated carbon, coal, clay, fly ash, and metal-organic
frameworks (MOFs) (Gupta and Suhas, 2009; Li et al., 2013; Lin
etal., 2014; Dias and Petit, 2015; Anastopoulos et al., 2018; Kausar
etal., 2018; Arora et al., 2019; Dhaka et al., 2019).

Among these materials, MOFs have excellent structural
properties, such as high surface area, high porosity, tunable
structure/pore size, unsaturated/saturated metal sites, and
thermal/chemical stability (Furukawa et al, 2013). Because
of these properties, they have been widely used for many
different areas, mainly in gas adsorption and separation, catalysis,
drug delivery, photosynthesis, and dye removal from aqueous
solutions for water purification purposes (Kavak et al., 2020).
For instance, MOF-235 was used for the removal of methylene
blue (MB) and methyl orange (MO) from water; and its
adsorption capacity for MB and MO was reported as 187 and
477 mglg, respectively (Haque et al., 2011). MIL-53(Cr) and
MIL-101(Cr) along with its ethylenediamine-grafted form, ED-
MIL-101(Cr), and its protonated ethylenediamine-grafted form,
PED-MIL-101(Cr), were used to remove MO from aqueous
solutions as well (Haque et al., 2010). The maximum adsorption
capacities of PED-MIL-101(Cr), ED-MIL-101(Cr), MIL-101(Cr),
and MIL-53(Cr) were reported as 194, 160, 114, and 57.9 mg/g,
respectively. In a recent study, Fe-BDC MOF has been used
for the removal of MB from wastewater, and its maximum
adsorption capacity was found to be 8.65 mg/g (Arora et al.,
2019). They achieved a maximum MB removal of 94.7% from
aqueous solutions, having a concentration of 5 mg/L, after 24h
by using 25mg of Fe-BDC. Molavi et al. (2018) synthesized
UiO-66 and used it for the removal of MB and MO from
aqueous solutions. The maximum dye adsorption capacities were
determined as 69.8 and 83.7 mg/g for MB and MO, respectively.
Moreover, Cu-BTC (Lin et al., 2014) and Mn-BTB (He et al,,
2018) were used for the removal of MB from aqueous solutions,
and their maximum adsorption capacities were reported as
200 and 62.5 mg/g, respectively. The MB adsorption for both
MOFs followed a pseudo-second-order kinetic model, and their
adsorption isotherms followed the Langmuir isotherm model.
Similarly, selective MB adsorption was studied by using an
anionic Zn-based MOF (Guo et al., 2017) and a controlled

particle-sized Fe-based MOF (Tan et al, 2015), and their
maximum adsorption capacities were reported as 348 and 1,105
mg/g, respectively. In the case of an Fe-based MOF (Tan et al,,
2015), they explained the adsorption mechanism between MB
and MOF by both electrostatic and acid-base interactions.

Beside their adsorption abilities, MOFs have tunable
structures, which enable converting them into promising
materials toward different applications. They can be modified
by the addition of various promoters. In this respect, ionic
liquid (IL) incorporation into MOFs, offering novel IL/MOF
composites, has become a promising approach for reaching
an exceptional performance for various applications, such
as gas adsorption and separation (Kinik et al, 2016, 2017;
Koyuturk et al., 2017) and water purification (Kavak et al,
2020). For instance, we recently demonstrated that upon
incorporating a water-stable IL, [BMIM][PFg], into two different
water-stable MOFs, UiO-66 and its amine functionalized
counterpart NH,-UiO-66, an exceptionally rapid dye removal
performance could be achieved (Kavak et al., 2020). Motivated
by the success of this first demonstration of the use of
IL/MOF composites in water purification, here, we extended
this approach to a different IL-MOF pair. The same IL,
[BMIM][PFs], was incorporated into another water-stable
MOEF, MIL-53(Al), to prepare the [BMIM][PFq]/MIL-53(Al)
composite. Our recent report demonstrated that this composite
is an efficient adsorbent for gas separation applications
(Kavak et al, 2019). Considering the same composite
for water purification allows us to unravel the extent of
opportunities in improving the performance of MOFs for
various applications upon the incorporation of ILs. In this
respect, we conducted dye removal performance tests using
[BMIM][PF¢]/MIL-53(Al) composite considering both an
anionic dye, MO, and a cationic dye, MB, to assess its potential
in water purification. Results presented here contribute to
the knowledge on the applications of IL/MOF composites
in the field of water purification, for which much work is
required to reach molecular-level insights on the structure-
performance relationships needed for the rational design of new
composite materials.

MATERIALS AND METHODS

Materials and Sample Preparation

MIL-53(Al) (Basolite A100, Sigma-Aldrich) was dehydrated
overnight under vacuum at 200°C before sample preparation.
The IL/MOF composite with 30 wt% IL loading was prepared
by using wet impregnation method in open atmosphere (Sezginel
etal., 2016). As a first step, 0.3 g of [BMIM][PFs] (Sigma-Aldrich)
was dissolved in 20 ml of acetone (>99.5 vol%, Sigma-Aldrich) by
stirring at ambient conditions for 1h. Then, 0.7 g of dehydrated
MIL-53(Al) powder was added to the solution. The resulting
mixture was stirred in open atmosphere at 35°C to the point
where acetone was completely evaporated. The resulting powder,
[BMIM][PF¢]/MIL-53(Al), was dried at 105°C overnight and
stored in a desiccator to protect the sample from any impurities
and humidity.

Frontiers in Chemistry | www.frontiersin.org

January 2021 | Volume 8 | Article 622567


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Kavak et al.

Dye Removal by [BMIM][PF6)/MIL-53(Al) Composite

Characterization Techniques

X-Ray Fluorescence Spectroscopy

Elemental analysis of pristine MIL-53(Al) and IL/MIL-53(Al)
composite was conducted by using a Bruker S8 Tiger
spectrometer. An X-ray tube with a 4-kW Rh anode was
used, and analysis was performed under helium atmosphere.
For data interpretation, SpectraPlus Eval2 V2.2.454 software
was utilized.

Brunauer-Emmett-Teller Surface Area and
Barrett-Joyner-Halenda Pore-Volume Analyses

The N, physisorption analyses were conducted by using
Micromeritics TriStar II 3020 analyzer. Prior to measurements,
the pristine MIL-53(Al) and [BMIM][PF¢]/MIL-53(Al)
composite were activated for 10h under vacuum at 150
and 100°C, respectively. Then, the samples were cooled down
to —196°C using liquid N3, and He gas was used for free-space
measurements. Thereafter, N, gas adsorption isotherms were
obtained at the pressure range of 107 to 1 bar at —196°C. The
surface area of each sample was estimated by fitting the N,
adsorption isotherms to the BET equation by using the relative
pressure (P/Py) range from 0.06 to 0.3. By analyzing the obtained
adsorption data, pore-size distributions (PSDs) of the samples
were calculated with the help of the BJH method.

Scanning Electron Microscopy

A Zeiss Evo LS 15 scanning electron microscope (SEM) was
used to obtain SEM images of the pristine MIL-53(Al) and
[BMIM][PF]/MIL-53(Al) composite. To prevent any issues due
to charging, samples were first placed on a carbon tape; and
after that, their surfaces were coated with carbon. Analyses were
conducted under vacuum with an accelerating voltage of 3 kV, at
working distances of 4.1-4.5 mm and magnifications of 100, 50,
and 12.5 kx.

X-Ray Diffraction Spectroscopy

X-ray diffraction (XRD) patterns were obtained by using a Bruker
D8 Advance instrument that has a Lynxeye detector with a slit
width of 1-mm. An X-ray generator that contains a Cu-Ko;
radiation source (1.54060 A) was operated at 30-kV voltage and
10-mA current. The range and the resolution of the analysis
were determined accordingly as 20 at values of 5-90° and
0.0204°, respectively.

Fourier Transform Infrared Spectroscopy

Infrared (IR) spectroscopy measurements were performed by
using a Bruker Vertex 80v IR spectrometer. For scanning of
the background and the sample, scan numbers of 128 and
512 scans were averaged, respectively. Measurements were
performed at a spectral resolution of 2 cm™! under vacuum
at the wavelength range of 4,000-400 cm™!. Pristine MIL-
53(Al) and [BMIM][PFs]/MIL-53(Al) composite were directly
placed between two KBr windows, while the bulk IL was mixed
with KBr powder (>99%, purchased from Merck) beforehand.
Deconvolution of the obtained IR bands was conducted by
using Fityk (Wojdyr, 2010) software with the utilization of
Voigt function.

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were
performed by using a Thermo Scientific K-Alpha spectrometer
that was equipped with an aluminum anode (Al Ko = 1468.3 eV).
The electron take-off angle was set to 90°, and spectra was
recorded using an Avantage 5.9 software. The calibration of
binding energies was performed by assigning the C 1s signal at
284.8 eV.

Thermogravimetric Analysis

A TA Instruments Q500 Thermogravimetric Analyzer with a
platinum pan was used for thermogravimetric analysis (TGA)
experiments. For pristine MIL-53(Al), bulk IL, [BMIM][PFs],
and [BMIM][PFs]/MIL-53(Al), ~15mg of sample was placed
on the pan prior to the measurement. Thereafter, up to
100°C, a constant temperature ramp rate of 5°C/min was
employed; and the samples were treated isothermally for 8h.
After this isothermal treatment, the temperature was increased
to 700°C at a ramp rate of 2°C/min. All measurements were
conducted under N, flow rates of 40 and 60 ml/min in terms
of balance and purge gases, respectively. The onset (T,user)
and derivative onset (T’pus) temperatures were determined
from the thermogravimetric (TG) and derivative TG curves,
respectively, to analyze the thermal stability. The T’y values
were considered as the temperatures corresponding to the
initiation of the thermal decomposition, as Ty values generally
overestimate the thermal decomposition temperatures (Kinik
et al., 2016).

Dye Adsorption Measurements

Both an anionic dye, MO (85%, Sigma-Aldrich), and a
cationic dye, MB (>97%, Sigma-Aldrich), were studied for
water purification experiments of [BMIM][PFs]/MIL-53(Al)
composite. The molecular structures of these dyes are shown in
Supplementary Figure 1. For single-dye experiments, 10 mg/L
of dye solutions was used, whereas for mixture experiments, 20
mg/L of a dye mixture prepared by mixing equal volume 20 mg/L
dye solutions of MO and MB was used.

For dye (MB, MO, and mixture) adsorption studies,
10mg of adsorbent was immersed into 50ml of 10 mg/L
dye solution. Suspension was mixed by using a Benchmark
Scientific Incu-Shaker orbital shaker in a dark environment.
After being mixed up to the desired time, the adsorbent was
separated from the solution by using Ortoalresa Digicen 21
centrifugation at 5,000 rpm for 5min. Residual and initial
dye concentrations were determined by a Shimadzu UV-3600
UV-Vis-NIR spectrophotometer, using a 10-mm path length
quartz cuvette. Data were collected between 800 and 400 nm of
wavelength range with medium scan speed that equals to 1-nm
sampling interval and 1-nm slit width. The absorbance values of
MB and MO were recorded at 664 and 464 nm, respectively, and
converted to a concentration by means of a calibration curve.
Accordingly, the amount of adsorbed dye in MIL-53(Al) and
[BMIM][PF]/MIL-53(Al) composite at equilibrium, g, (mg/g),
as time goes to infinity was calculated according to Equation (1).

_ V(CO - Ce)
- m

1

e
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FIGURE 1 | MB and MO removal efficiencies of MIL-53(Al) (squares) and
[BMIM][PFe]/MIL-53(Al) (stars). Blue (orange) color represents MB (MO)
removal for single dye. MB, methylene blue; MO, methyl orange.
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FIGURE 2 | MB and MO removal efficiencies of MIL-53(Al) (squares) and
[BMIM][PFs]/MIL-53(Al) (stars). Blue (orange) color represents MB (MO)
removal for mixture dye. MB, methylene blue; MO, methyl orange.

where V' (L) represents the volume of the dye solution, m
(mg) represents the weight of adsorbent, and Cy (mg/L) and C,
(mg/L) represent the initial and equilibrium dye concentrations,
respectively. Repeated adsorption measurements indicated that
the data are consistent within 4-5%.

Moreover, the resulting removal efficiencies of MB and
MO from their aqueous solutions at a certain time interval
were determined by using the obtained initial and final dye
concentration values, as follows:

R (%) = 100(Cgo— C) 2)

where C; (mg/L) represent the final dye concentration.
To reveal the mechanism of MB and MO adsorptions
on pristine MIL-53(Al) and [BMIM][PF¢]/MIL-53(Al), the

experimental data were fitted to both pseudo-first-order and
pseudo-second-order kinetic models.
The pseudo-first-order kinetic model equation is as follows:

In (g — qt) =1Ing, — kit (3)
The pseudo-second-order kinetic model equation is as follows:

t 1 t

R . 4)

@ kg 4
where g, (mg/g) represents adsorbed dye amount at equilibrium,
q: (mg/g) represents adsorbed dye amount at time ¢, k; (1/min)
represents the rate constant of pseudo-first-order adsorption
kinetics, and k; [g/(mg-min)] represents rate constant of pseudo-
second-order adsorption kinetics.

Adsorption capacity is an important parameter in addition
to the kinetics of dye adsorption for an adsorbent material.
To determine the maximum adsorption capacity of MIL-
53(Al) and [BMIM][PF¢]/MIL-53(Al) composite, adsorption
experiments with concentrations higher than 10 mg/L (25, 50,
75, and 100 mg/L) of MB and MO in aqueous solutions were
performed for 24 h to ensure equilibration. The equilibrium data
obtained after each case were fitted to Langmuir (Equation 5)
and Freundlich (Equations 6, 7) isotherm models to describe
adsorption mechanisms:

L L4 G ©
qe KLQmax Jmax
ge = K;CY/" (6)

The linearized form of Equation (3) can be written as follows:
1
Inge=InKy + —InC, (7)
n

where Ky (L/mg) represents the Langmuir constant, g,y (mg/g)
represents the maximum adsorption capacity, and Kr (mg/g) and
n (g/L) represent the Freundlich constants.

Regeneration of the adsorbent is another important aspect
for the cyclic use of the material in water purification. For
the regeneration studies, 10 mg of adsorbent was washed with
40ml of methanol right after its use in each cycle of mixing
and centrifuging. The adsorbent and methanol were loaded into
a centrifuge tube and shook by hand for 1min. Then, it was
centrifuged at 5,000 rpm for 5min; methanol was removed;
and cyclic dye adsorption studies were performed with the
remaining adsorbent.

RESULTS AND DISCUSSION

By taking advantage of our previous findings demonstrating that
the effect of IL on improving the separation performance of
MOFs becomes more significant with an increase in IL loading,
we incorporated the IL at the highest possible loading before
reaching the incipient wetness point (Koyuturk et al.,, 2017;
Kavak et al., 2020). Complete characterization data of this IL-
impregnated composite, [BMIM][PFs]/MIL-53(Al), along with

Frontiers in Chemistry | www.frontiersin.org

January 2021 | Volume 8 | Article 622567


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Kavak et al.

Dye Removal by [BMIM][PF6/MIL-53(Al) Composite

A
° 2
R MIL-S3(AD) 0.924
2 s
3 = [BMIM][PF6])/MIL-53(Al) 0.579
4 |
’.\N
S _
1
S 3 n
-
= ]
2
: |
: |
- |
o-4+r——1——v—"7r—"—7—1"71"71
0 25 50 75 100 125 150 175 200

Time (min)

methylene blue.

FIGURE 3 | Plots of (A) pseudo-first-order and (B) pseudo-second-order kinetics of MB adsorption on MIL-53(Al) (red) and [BMIM][PFs]/MIL-53(Al) (blue). MB,

{RrR? =(.830

MIL-53(Al)

R’ =0.850 [ |

[BMIM][PF6]/MIL-53(Al)

[
(9}
|

—_
\S]
1

o
o
1

S
)
1

t/ g, ((min x g) / mg)

(=]
w
1

T T T T T T T
0 25 50

75 100 125 150 175 200

Time (min)

2 e
R MIL-53(Al) 0.990

m 2

=0.999

[BMIM][PF6]/MIL-53(Al)

I
0 25 50 75 100 125 150 175 200
Time (min)

methyl orange.

FIGURE 4 | Plots of (A) pseudo-first-order and (B) pseudo-second-order kinetics of MO adsorption on MIL-53(Al) (red), and [BMIM][PFs}/MIL-53(Al) (blue). MO,
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that of the pristine MOF were already presented in a previous
report, where the samples from same batch were considered for
gas separation applications (Kavak et al., 2019). In the following
paragraph, we briefly present these characterization results.
X-ray fluorescence (XRF) results verified the corresponding
[BMIM][PFg] loading in the composite as 25.4 £ 1.5 wt.%.
The BET surface area and calculated pore volume, which are
determined by BJH pore size analysis, for the pristine MOF
were 472.7 m?/g and 0.189 c¢m?/g, respectively; and the data
indicated that these values decrease to 39.6 m?/g and 0.059 cm?/g,
respectively, upon the incorporation of the IL. These decreases

indicated that the MOF’s pores were partially occupied by the IL
molecules. Moreover, COSMO-RS calculations for N solubility
of impregnated bulk IL, [BMIM][PF¢], at —196°C is given in
Supplementary Figure 2. Such poor solubility values can be
interpreted as the cause of low BET surface area and pore size
analysis of the composite and further prove the presence of IL.
The SEM images confirmed that the needle-like crystal structure
of MIL-53(Al) remained intact upon the incorporation of IL.
Consistently, the XRD results showed that the crystal structure
of the MOF was preserved in the composite. Data illustrated that
both narrow pores and large pores still co-exist in the framework
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FIGURE 5 | MB (A,B) and MO (C,D) adsorption isotherms of MIL-53(Al) (A-C) and [BMIM][PFs]/MIL-53(Al) (C,D). MB, methylene blue; MO, methyl orange.
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for both pristine MOF and IL/MOF composite; however, there
were slight intensity changes in the spectrum, which indicated the
presence of molecular level interactions between the IL and the
flexible structure of MIL-53(Al). TGA results further proved the
presence of these interactions, which were analyzed in deep detail
by IR spectroscopy. Accordingly, red shifts on the band positions
of several IL- and MOF-related features, such as v(C(2)-H),
Vss(C(4)HC(5)H), vgs(Al-O-Al), v,a5(Al-O-Al), 8(O-H), pn2(0-
H), and v,5(PF¢), were observed. Based on these results, it was
inferred that [BMIM][PF¢] mostly interacts with the aluminum
backbone and bridging (O-H) group of MIL-53(Al) (Kavak et al.,
2019).

Single-component MB and MO removal efficiencies of MIL-
53(Al) and [BMIM][PFs]/MIL-53(Al) composite are shown in
Figure 1. Data illustrated that the dye removal efficiency was
enhanced upon the incorporation of IL for both cationic (MB)
and anionic dyes (MO). In the case of MB, [BMIM][PF¢]/MIL-
53(Al) adsorbs 82.3% of MB in just 1min, while MIL-53(Al)
achieves only 23.3% MB removal during the same period.

Moreover, MB removal efficiency increases to 99.3 and 74.7% for
[BMIM][PFs]/MIL-53(Al) and MIL-53(Al), respectively, in 3 h.
Similarly, in the case of MO, MIL-53(Al) achieves 27.8 and 53.6%
MO removal, while [BMIM][PFs]/MIL-53(Al) was adsorbing
61.4 and 99.2% of MO in 5min and 3 h, respectively.

In Figure 2, removal efficiencies of MB and MO are shown
for the case of binary-component MB and MO mixture for
both MIL-53(Al) and [BMIM][PFg]/MIL-53(Al) adsorbents. The
removal efliciencies of MIL-53(Al) and [BMIM][PFs]/MIL-
53(Al) composite did not show any significant change at single
or mixture dye conditions. These results indicate that dyes
with different charges do not compete, as the sites responsible
for the adsorption of these individual dye molecules are
different. Thereby, we infer that [BMIM][PFs] incorporation
into MIL-53(Al) increases the dye removal efficiency significantly
and reduces the time required for reaching the same dye
removal efficiency on both MB and MO regardless of single
or mixture dye conditions. In addition to these, selective
dye adsorption performances of both pristine MIL-53(Al) and
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[BMIM][PF]/MIL-53(Al) composite were determined by using
the measured removal rates for individual dyes in the mixture.
According to the results illustrated in Supplementary Figure 3,
MB selectivity was doubled in the first 1 to 5min and then
gradually decreased with time upon IL impregnation.
Adsorption mechanisms of MB and MO in pristine
MIL-53(Al) and  [BMIM][PF¢]/MIL-53(Al)  composite
were determined by fitting the experimental data to both
pseudo-first-order and pseudo-second-order kinetic models.
Pseudo-first-order and pseudo-second-order kinetic model fits
of MIL-53(Al) and [BMIM][PFs]/MIL-53(Al) for MB and MO
are given in Figure 3 and Figure 4, respectively. The kinetic
parameters of the pseudo-first-order and pseudo-second-order

models for both adsorbents are given in Supporting Information,
Supplementary Tables 1, 2, respectively. The correlation
coefficients (R?) of the pseudo-second-order kinetic model,
0.980 for MB and 0.999 for MO, were much higher than
those of the pseudo-first-order kinetic model, 0.579 and 0.924,
respectively, for both materials. The adsorption capacities
calculated based on the pseudo-second-order kinetic model
(gecar) were much closer to the experimentally measured
capacities (qeexp) compared with those calculated based on the
pseudo-first-order model, as validated by their higher R?-values.
Therefore, data illustrated that the adsorption of MB and MO in
both materials follows the pseudo-second-order model, which
is expected because the pseudo-second-order model includes all
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FIGURE 7 | Changes in the characteristic FTIR peaks of [BMIM][PFs]/MIL-53(Al) composite and MB after MB adsorption. FTIR, Fourier transform infrared; MB,
methylene blue.

adsorption processes, such as diffusion through aqueous phase,
particle internal diffusion, and the adsorption (Li et al., 2015).
Maximum dye adsorption capacities of MIL-53(Al) and
[BMIM][PFg]/MIL-53(Al) were determined according to
the results of MB and MO dye adsorption experiments.
Consequently, it was obtained that upon [BMIM][PF¢]
incorporation, the maximum MB and MO adsorption capacities
of the pristine MOF were increased from 84.5 and 44 mg/g
to 204.9 and 60 mg/g, respectively. Moreover, a comparison
of the moles of MB adsorbed with the moles of IL present
in the IL/MOF composite was made, and it well-justified the
results of the adsorption measurements by a ratio of ~1.4 mol
of IL for each mole of adsorbed MB. Later on, the equilibrium
data were fitted to both Langmuir and Freundlich isotherm
models to analyze the adsorption mechanism. The adsorption
isotherms are given in Figure 5, and the adsorption isotherm
parameters are listed in Supplementary Table 3. As shown in
Supplementary Table 3, the correlation coefficients (R?), above
0.95 for each case, showed that the experimental data have a
better fit to the Langmuir model rather than the Freundlich
model. The Langmuir model suggests that the adsorption
sites are monolayer and assumes that molecules are adsorbed
on the adsorbent surface, whereas a multilayer adsorption is
suggested, and molecules are non-linearly adsorbed in the
Freundlich isotherm model (Lu et al, 2019). Therefore, it

can be inferred that the adsorbed dyes, MB and MO, create
monolayer adsorption sites on the structure of both pristine and
composite materials.

The adsorbent was regenerated by washing in methanol after
usage to evaluate the reusability of the [BMIM][PF¢]/MIL-53(Al)
as an adsorbent material for MB and MO removal from water.
Data presented in Figure 6 demonstrate that the composite is
reusable without losing its dye removal performance for both
dyes. Here, we emphasize that even though the composite can
be reused, its recovery without losing any of its mass during its
regeneration/washing is crucial.

To evaluate the possible interaction mechanisms between the
[BMIM][PFg]/MIL-53(Al) composite, and MB and MO dyes
(Hasan and Jhung, 2015; Yoo et al., 2021), IR spectra of the
composite before and after dye adsorption were investigated.
Supplementary Figure 4 shows that after the adsorption, the
characteristic peaks of the dyes (Somani et al., 2003; Raj et al.,
2007, Yu and Chuang, 2007; Grumelli et al., 2010; Shen et al.,
2015; Ovchinnikov et al., 2016; Grégoire et al., 2019), v(C-N),
v(C-ST), and 3(C-H) for MB and v(C-H), v(S-O), and v(C-N)
for MO are present in the IR spectra of dye adsorbed on the
[BMIM][PF]/MIL-53(Al) composite for single-component dye
case. And as expected, the IR spectrum of [BMIM][PF]/MIL-
53(Al) composite measured after the adsorption of the dye
mixture has the characteristic peaks of both MB and MO.
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To identify the interactions between the dye molecules and
the composite, we investigated the shifts in the positions of
the characteristic features of the individual component of the
composite and the dye molecules. The corresponding red or blue
shifts amounts determined are presented in Figures 7-9 and in
Supplementary Tables 4-7.

According to these results, upon the adsorption of MB onto
the composite, symmetric and asymmetric stretching vibrations
of the MOF’s aluminum backbone, vg(Al-O-Al) and v,s(Al-
O-Al), presented a blue shift (slightly above the spectroscopic
resolution) to higher energy levels by 4 and 1 cm ™!, respectively,
whereas the vibration energy of the bridging O-H groups, p,(O-
H), decreased dramatically with a red shift of 17 cm™!. These
shifts indicate the presence of a direct interaction between the
composite and the MB molecules during the adsorption. The
nature of this interaction can be identified as hydrogen bonding
since a newly formed Nyg...HO peak appeared in the FTIR
spectra of MB-adsorbed composite (Ovchinnikov et al., 2016).
Moreover, red shifts observed on v(Cpe-N), W(Che-ST), and
V(Che-NT(CH3)2) of MB’s heterocyclic ring by 7, 4, and 4 cm ™,
respectively, further support this proposed hydrogen-bonding
interaction mechanism between the heterocyclic ring of MB and

bridging O-H groups of MIL-53(Al). In addition, asymmetric
stretching vibrations of ILs anion, v,s(PFg), presented a blue
shift of 4 and 3 cm™!, while v(C(2)-H), and v(C(4)HC(5)H)
of Is cation presented a red shift of 1 and 3 cm™!, respectively.
Accordingly, it is inferred that the shift in v,,(PF¢) peak can be
associated with the interactions between the cationic dye MB
and [BMIM][PFs]/MIL-53(Al) composite. Cationic dye, MB, can
interact with the negatively charged surfaces through electrostatic
interactions. Thus, the changes in v,s(PFs), v(C(2)-H) and
Vss(C(4)HC(5)H) peaks could be attributed to the electrostatic
interactions between MB and the anion of IL. Our findings are
consistent with the results of a previous report demonstrating the
interactions between [BMIM][PF¢] and cationic dyes in aqueous
solutions (Pei et al., 2012).

In contrast with our inference on the MB adsorption
mechanism, no changes were observed for the characteristic IR
peaks of the MOF upon MO adsorption on the composite. Thus,
it can be inferred that there are no interactions between MOF’s
structure and MO molecules. However, for the characteristic
peaks of IL and MO, considerable changes were examined,
which can be inferred as an evidence for a possible adsorption
mechanism between MO molecules and impregnated IL. In the
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case of IL related peaks, v,5(PFg) red shifted by 4 cm™!, while
v(C(2)-H) and vs(C(4)HC(5)H) of ILs cation blue shifted by
3cm~! and 3 em™!, respectively. Since both [PFs]™ and MO
are negatively charged, the obtained shifts can be attributed
to the possible interactions between the cation of IL and MO
molecules. Since C(4,5) carbons had m-bonds, such changes in
the vibrational energy of v(C(4,5)H) might be the indicator of -
1t interactions between C(4,5) and MO (Matthews et al., 2014).
Furthermore, for the case of MO-related IR peaks, red shifts were
observed for the stretching vibrations of v(N-(CH3),), v(SO3),
v($-0), v(N-N), and v(C-(CHj3),) by 2, 11, 2, 5, and 6 cm™!,
respectively, while only v(C-SO3) blue shifted by 2 cm™!. These
red shifts indicate the presence of an electron density change in
the MO molecule, and they are associated with a possible w-m
interaction mechanism between the benzene rings of anionic dye
MO and benzene ring of ILs cation. Moreover, blue shift in the
stretching vibrations of v(C-SO3) can be inferred as an indicator
of a weak electrostatic interaction between the negatively charged
surface of MO and positively charged [BMIM] ™ cation. However,
individual contributions of proposed mechanisms cannot be
precisely determined due to overlapping aromatic ring peaks of
both MO and ILs cation in the FTIR spectra.

For the adsorption of MB-MO mixture, the resulting effects of
all proposed mechanisms, for both MB and MO, were observed
as excepted. Hydrogen bonding mechanism can be detected by
shifts of MOF-related peaks, vs(Al-O-Al), v,s(Al-O-Al), and
i2(O-H), while a newly formed peak was located around 885
cm~! for Nj....HO. However, a substantial decrease in the
red shift of p,(O-H) was examined. This can be interpreted as
the decreasing hydrogen bonding capability of MB molecules
in the obtained MB-MO mixture. This result can be associated
with the change in the composite’s surface electron density with
the additional interactions between MO and the ILUs cation.
Moreover, the effect of m-7 interactions and weak electrostatic
interactions between MO and IL can also be seen from the shifts
of MO-related peaks for mixture-adsorbed IL/MOF composite.

To further complement the proposed adsorption mechanisms,
XP spectra of the composite material after dye adsorption studies
were obtained. As it can be seen in Figure 10, we obtained
all the peaks that are related to the MOF and ILs structure as
expected. In the case of MOF-related peaks, no shifts were found
in Al 2p peak for MO adsorbed composite and MB-MO mixture
adsorbed composite; however, a red shift of 0.5 eV was observed
in the case of MB adsorbed composite. This shift can be inferred
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to be an evidence for the direct interactions between MB and
MOFs structure as seen in our IR findings. Furthermore, we
observed a fall in the features that are mostly related with the
anion of IL, PFs-, such as F 1s, F KL1, and P 2p. This decrease in
the peak features can be attributed to the interaction difference
between the MB/MO and the IL, which is also correlated with the
interaction strength between MB/MO and IL. As a result, data
illustrated a higher decrease in the features of F 1s, F KL1, and P
2p peaks for MO and mixture adsorbed composite proportional
to their interactions with the cation of [BMIM][PFs]. Moreover, a
shift to higher energy levels, 0.4 eV, was examined for N 1s peak of
MB adsorbed and MB-MO mixture adsorbed composite, which
illustrated the hydrogen bonding between Ny of MB molecules
and bridging (O-H) of MOF’s structure and its resulting effect
on N 1s state. The XPS analysis yielded consistent results with
our findings of proposed adsorption mechanisms.

In summary, we posit that the adsorption mechanism between
MB and the composite consists of hydrogen bonding and
electrostatic interactions, while for MO, adsorption mechanism
is formed by 1t-7 interactions and weak electrostatic interactions.
In addition, for the mixture, the effects of all proposed adsorption
mechanisms can be observed. Accordingly, the difference
between the maximum adsorption amounts for MO, MB, and
their mixture can be attributed to proposed different adsorption
mechanisms. The significant improvement of MB adsorption

capacity from 84.5 to 204.9 mg/g upon IL incorporation is
associated with its hydrogen bonding capability and presence of
strong electrostatic interactions between MB’s positively charged
surface and ILs anion. Furthermore, the maximum adsorption
capacity for MO almost did not change after IL incorporation.
This slight increase in MO adsorption capacity (44-60 mg/g)
can be attributed to the strength of the interaction between
IL and MO, mostly w-m interactions, and weak electrostatic
interactions in this case. In addition to adsorption capacity
enhancement, the MB over MO selectivity, which was doubled
upon IL impregnation, can also explained by those strong
electrostatic interactions and hydrogen bonding between the
IL/MOF composite and MB.

CONCLUSION

MB and MO removal performances of
[BMIM][PFs]/MIL-53(Al), which was identified as the top
performer IL/MOF composite for gas separation applications in
a previous report (Kavak et al., 2019), were investigated for water
purification. Incorporation of [BMIM][PF¢] into MIL-53(Al)
increased its dye removal efficiency and the maximum dye
adsorption capacity for both MB and MO. Within 1 min of MB
adsorption measurement, IL incorporation increased the MB
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removal rate of MIL-53(Al) by more than 3.5 times from 23.3 to
82.3% with a starting concentration of 10 mg/L and adsorbent
amount of 10mg. Moreover, MIL-53(Al) achieved 27.8 and
53.6% MO removal, while its IL incorporated counterpart
almost doubled the amount adsorbed by adsorbing 61.4%
MO in 5min and 99.2% within 3h. Upon IL incorporation,
maximum MB (MO) adsorption capacity of MIL-53(Al) was
increased by more than 2.4 times (1.3 times) from 84.5 (44)
mg/g to 204.9 (60) mg/g with an increase in the removal rate
for 142.5% (36.4%). In addition, MB/MO selectivity of pristine
MIL-53(Al) was doubled after IL incorporation. The adsorption
of both MB and MO in MIL-53(Al) and [BMIM][PF¢]/MIL-
53(Al) followed the pseudo-second-order kinetic model; and
the adsorption isotherms of both adsorbent for both dyes
followed the Langmuir isotherm model. [BMIM][PF¢]/MIL-
53(Al) was successfully regenerated at least two times after
the adsorption of MB, MO, and their mixture. Moreover, IR
spectra revealed the interaction mechanism between the dyes
and [BMIM][PF¢]/MIL-53(Al) composite as the electrostatic
interactions and hydrogen bonding for the case of MB and weak
electrostatic interactions and -7 interactions for the case of
MO. To conclude, [BMIM][PF¢]/MIL-53(Al) composite is a
highly efficient material for water purification, as it was for gas
separation applications. Our results have the potential to lead
the way for further studies to select the best IL and MOF couples
for the development of new IL/MOF composites that could be
path-breaking in the field of water purification.
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