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ARTICLE INFO ABSTRACT

Editor: Dr. Z. Wen Metal-organic frameworks (MOFs) are of particular interest in the adsorption of organic pollutants. This study

investigated the adsorption of aniline (ANI), furfural (FUR), and bisphenol A (BPA) in aqueous solution using

Keywords: MIL-101(Cr)-X (X = -H, -NOy, -NH; and, -N-2-pyc), MIL-100(Cr, Fe), HKUST-1, and ZIF-8. For the first time, an
M_IL-1.01-N-2-PYC imino-functionalized MOF was used to adsorb organic compounds in water. MOFs were characterized by XRD, Ny
;(S:[;t;fn studies adsorption-desorption, SEM, TEM, elemental analysis, and FTIR. MIL-101-N-2-pyc demonstrated the highest
BPA adsorption capacity of 460.8, 126.5, and 100.7 mg/g towards 500 mg/L BPA, ANI, and FUR respectively. The
Regeneration adsorption isotherms better suited the Langmuir model than the Freundlich model. Importantly, 98% of BPA

(100 mg/L) was removed and the kinetic data correlated well with the pseudo-second-order model (R2 > 0.998).
Binary adsorption of FUR and acetic acid (AA) were determined for industrial relevance. MIL-101-N-2-pyc
outperformed commercial activated carbon and the other MIL-101s with an impressive co-adsorption of 66.1
mg/g FUR and 62.5 mg/g AA. Overall, the adsorption mechanism was due to hydrogen bonding, n-n interaction,
and electrostatic attraction. Moreover, MIL-101-N-2-pyc exhibited remarkable structural stability and less than

0.01 wt% Cr leached into water. The adsorbent regeneration was improved after 4 cycles in methanol.

1. Introduction

The current demand for more chemical-based commodities by the
populace has no doubt caused an increase in industries all over the
world. Despite the need for such intervention, the resulting higher
pollutant discharge into the environment, be it land, air, or water,
cannot be ruled out. A greater amount of industrial effluent contains
compounds harmful and toxic to not only aquatic life, but humans as
well. Some water pollutants that are largely endocrine disrupting com-
pounds (EDCs) and pharmaceuticals and personal care products (PPCPs)
can be categorized under contaminants of emerging concern [1]. EDCs
adversely interfere with the regular functioning of hormones in humans.
An example is bisphenol A (BPA), a compound for manufacturing epoxy
resins and polycarbonate plastics [2]. Aniline (ANI) is known for its
diverse applications in the pharmaceutical, plastic, dye, paint, and fer-
tilizer industries [3]. It is noted to cause methemoglobinemia and
cyanosis [4]. FUR, on the other hand, is useful in the pharmaceutical,
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plastic, and agrochemical industries [5]. In humans, it can adversely
affect the liver and respiratory system [6]. In a bid to lessen concen-
trations of these pollutants, methods such as adsorption, photodecom-
position, extraction, oxidation, bio-degradation, to mention a few, have
been utilized. Among these techniques, adsorption has proven to be
more versatile and cost-effective.

In our era of heightened technological advancements, the role of
porous materials cannot be undermined as it finds vital use from in-
dustrial demands to domestic necessities. Remarkable porous materials
in the research domain so far include zeolites, porous carbons, meso-
porous silica, resin, metal-organic frameworks (MOFs), and so forth.
MOFs stand out as a hybrid porous material made of metal ions and li-
gands joined together by coordination bonds. For the past decades,
MOFs are utilized in areas such as gas storage, catalysis, drug delivery,
separation as well as polluted air and water treatment [7-11]. Besides,
several reviews have tackled MOFs related to liquid-phase adsorption of
compounds in the aspects of performance [12], adsorption mechanism
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[13-15], and effect of functional groups [16]. On functionalized MOFs,
Seo et al. [17] reported the use of urea-functionalized MIL-101(Cr) to
adsorb 185 mg/g and 188 mg/g of dimetridazole (DMZ) and metroni-
dazole (MNZ) respectively from water. The adsorption mechanism was
attributed mainly to hydrogen bonding between pollutants and the
amino/nitro-functional groups present.

So far, MOFs used for liquid-phase adsorption have been incorpo-
rated with popular functional groups such as -NO,, -SOsH, -NH,, —~OH,
—(OH)3, -COOH, —(COOH),, and -C"N-. To date, the incorporation of
imine (-C°N-) groups into MOFs is limited to areas such as the
adsorption of metals and water [18], metal and nitro-aromatics detec-
tion [19,20], oxidation [21], CO4 capture, and catalysis [22]. To the best
of our knowledge, there is no work on imine-functionalized MOFs being
used for the liquid-phase adsorption of organic compounds.

Herein we report, for the first time, the application of a synthesized
imino-pyridine MOF, MIL-101-N-2-pyc, for the removal of organic
compounds from aqueous systems. This was conducted together with
other MOFs; MIL-101(Cr) (pristine, -NO9, and -NHj), MIL-100(Cr, Fe),
and commercial adsorbents (HKUST-1, ZIF-8, and AC (activated car-
bon)). The chemical structures of these pollutants (ANI, FUR, and BPA)
are displayed in Fig. 1. MIL-101-N-2-pyc stood out with a significant
sorption capacity towards these organic pollutants, especially BPA.
Adsorption isotherm and kinetic studies were evaluated with related
analysis models. Co-adsorption of acetic acid (AA) and FUR was
demonstrated. Also, the adsorption mechanism in MIL-101-N-2-pyc was
investigated. The work then concludes by analyzing the reusability of
the imino-MOF.

2. Experimental section
2.1. Materials

All chemicals are commercially available and were used without
further purification. Chromium (VI) oxide (CrOs, 99.5%) was obtained
from J&K Scientific Ltd. (Beijing, China). Nitroterephthalic acid (>98%)
and 1,3,5-benzenetricarboxylic acid (>98%) were purchased from TCI
(Shanghai, China). N, N-dimethylformamide (DMF) (>99.5%),
SnCl>2H,0 (>98%), acetonitrile (CH3CN) (>99%), 2-pyridine carbox-
aldehyde (>98%), absolute ethanol (analytical reagent grade), hydro-
fluoric acid (HF) (>40%), nitric acid (HNO3) (65—68%), and metallic
iron powder (>98%) were purchased from Sinopharm Chemical Re-
agent Co., Ltd. (Shanghai, China). HPLC-grade methanol was supplied
by Tedia Company Inc. (Fairfield, Ohio, U.S.A.). Hydrochloric acid (HCI,
37 wt%), acetic acid (>99.5%), activated carbon, and ANI (>99.5%)
were gotten from Shanghai Lingfeng Chemical Reagent Co. Ltd.
(Shanghai, China). Cr(NO3)39H20 (99%), ZIF-8, KHUST-1, and BPA
were purchased from Sigma—Aldrich (Beijing, China). FUR (99%) was
obtained from Aladdin Industrial Corporation (Shanghai, China). For
this work, the hydrothermal approach was the synthesis route used for
all MOFs.

2.2. Synthesis of MOFs

MIL-101(Cr): 2 g of Cr(NO3)39H50 (5 mmol), 0.82 g of terephthalic
acid (5 mmol), and 0.25 g of 40 wt% HF solution (5 mmol) were mixed
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in a 45 mL Teflon-lined stainless steel autoclave containing 24 mL of
water. The obtained precursor was placed in a stainless steel autoclave
and heated at 220 °C for 8 h followed by cooling to room temperature. It
was then centrifuged at 5000 revolutions per minute (rpm) for 10 min
and also washed thrice per solvent in the order; deionized water, hot
DMF (95 °C), and methanol. This was to remove any terephthalic acid
present in the MOF. The final product was dried under vacuum [23].

MIL-101(Cr)-NOy: 1.32 g of nitroterephthalic acid (6.25 mmol),
0.625 g of CrO3 (6.25 mmol), and 0.9 g of 12 M hydrochloric acid
(25 mmol) were mixed in a Teflon-lined stainless steel autoclave con-
taining 25 mL water. The acidic mixture was heated at 180 °C for 6 days
and then cooled to room temperature. The light green solids were
centrifuged at 5000 rpm for 10 min followed by three times washing
with deionized water, DMF, and methanol respectively. The nitro MOF
was then dried under vacuum [24].

MIL-101(Cr)-NHy: 1.5g of MIL-101(Cr)-NO; and 24.45g of
SnCl,2H50 were mixed in 150 mL absolute ethanol. This was subjected
to heating for 6 h at 70 °C with stirring. The green suspension formed,
upon cooling to room temperature, was centrifuged at 5000 rpm for
10 min after which it was dispersed in 37 wt% HCI (150 mL) and shaken
at 150 rpm for 9 h. It was then washed with deionized water and
methanol (three times per solvent) after centrifugation. The green
crystals were finally dried under vacuum [25].

MIL-101-N-2-pyc: 1.39 g of MIL-101-NH; and 2.25 g of pyridine-2-
carboxaldehyde (21.0 mmol) were mixed in 15 mL of acetonitrile. The
mixture was shaken at 150 rpm set to 40 °C for 12 h. The suspension was
centrifuged at 5000 rpm for 10 min and then rinsed with 10 mL of fresh
acetonitrile once daily for three days. It was then dried under vacuum at
80 °C before use [21].

MIL-100(Fe): metallic iron, Fe, was reacted with 1,3,5-benzenetri-
carboxylic acid, HF, HNOs, and H»O in the ratio 1: 0.66: 2.0: 1.2: 280.
The mixture was kept at 150 °C in a Teflon-lined stainless steel autoclave
for 6 days. The light-orange slurry was centrifuged at 5000 rpm for
10 min and rinsed with hot deionized water (80 °C) three times to
decrease the residual amount of 1,3,5-benzenetricarboxylic acid. The
product was then followed by drying at room temperature [26].

MIL-100(Cr): 1,3,5-benzenetricarboxylic acid, (5 mmol), chromium
(VD) oxide (5 mmol), 5 mol/kg HF solution (1 mL) and 24 mL deionized
water were placed in the 45 mL Teflon-lined stainless steel autoclave. It
was stirred for some minutes at room temperature before subjection to
220 °C for 4 days. Upon cooling, the green slurry was centrifuged at
5000 rpm for 10 min and then rinsed three times each with hot water,
DMF, and ethanol in a temperature-regulated shaker. The products were
dried under vacuum [27].

2.3. Instruments

X-ray diffraction (XRD) patterns of synthesized MOFs were analyzed
with an Ultima IV diffractometer (Rigaku, Tokyo, Japan) having a Cu Ka
X-ray source (A =1.54 A, scanning rate of 2° min~! at 40 kV and
40 mA). Fourier transform infrared (FTIR) spectra were conducted using
a Vertex 70 FTIR spectrometer (Bruker, Billerica, USA) by the KBr
method in the range 4000-450 em L N, adsorption/desorption exper-
iments were done at —196 °C using an ASAP 2460 surface area and
porosimetry  analyzer (Micromeritics, Georgia, USA). The

Fig. 1. Chemical structure of (a) ANI, (b) FUR, and (c) BPA.
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Brunauer—Emmett—Teller (BET) method was used to calculate the
specific surface areas of the crystals. Elemental constituents of materials
were determined using a Vario MICRO cube analyzer (Elementar, Lan-
genselbold, Germany). Surface morphology analysis was conducted
using the SU-1510 scanning electron microscope (SEM) (Hitachi, Tokyo,
Japan) and the Talos F200X transmission electron microscope (TEM)
(Thermo Fischer Scientific, MA, USA). The surface elemental composi-
tion was assessed with an ESCALAB 250Xi X-ray photoelectron spec-
troscopy (XPS) (Thermo Fischer Scientific, MA, USA). Cr in water was
determined using an ICP-OES700 analyzer (Agilent, CA, USA). Ther-
mogravimetric analysis were carried out with a STA449F5 thermal
analyzer (NETZSCH, Selb, Germany).

2.4. Batch adsorption

Before adsorption, the adsorbents were treated under vacuum for
12 h at 80 °C for MIL-101-N-2-pyc and 150 °C for the remaining mate-
rials respectively. This treatment was to eliminate all volatile impurities
[23]. Different concentrations of adsorbates were prepared
(50-500 mg/L) by dissolving ANI, FUR, and BPA in deionized water.
The pH of the solutions was adjusted to 7. BPA solubility was enhanced
by sonication with warming. About 10 mg of the adsorbents were mixed
with 10 mL of varying solution concentrations in a set of vials (20 mL
volume). The vials were sealed and placed in a THZ-92 shaker (Boxun,
Shanghai, China) which was then set to 200 rpm for 24 h at 30 °C,
sufficient to obtain adsorption equilibrium. After equilibrium, syringe
filters (polytetrafluoroethylene, hydrophobic, 0.22 um) were used to
filter the solutions. The solute concentrations were analyzed using an
Alliance e2695 high-performance liquid chromatography (HPLC) in-
strument furnished with a 2489 UV—Vis detector (Waters, MA, USA) and
an ODS-C;g column (Waters Sunfire ™, 4.6 x 250 mm, inner diameter =
5 um, MA, USA). The detection wavelengths and mobile phase (meth-
anol: water), were set to 230 nm (50:50), 268 nm (20:80), and 215 nm
(70:30) for ANI, FUR, and BPA respectively. An additional compound,
acetic acid (AA) was also detected at 210 nm (3:97). The flow rate was
kept at 1.0 mL min~! whilst the column was maintained at 25 °C. The
amount adsorbed was calculated based on the material balance:

g =YC=C) &)
m

Where ¢, is the amount adsorbed (mg/g) at equilibrium, V is the volume

of the liquid solution (L), C, and C, are the initial and residue solute

concentrations at equilibrium (mg/L), and m is the mass of adsorbent

(®.

The kinetic studies involved exactly 10 mg of the top-performing
adsorbent being placed into a series of vials (20 mL volume) after
which 10 mL of 100 or 500 mg/L adsorbate solution was added. They
were then shaken at 200 rpm at a temperature of 30 °C. A vial was taken
out and filtered at preset time intervals for analysis using the Eq. (2);
o= V(C, - C) )

m
Where g; is the amount adsorbed (mg/g) at time t, and C; is the ANI,
FUR, or BPA concentration at time t (mg/L).

To determine the removal efficiency, RE, of adsorbent towards ANI,

FUR, and BPA, the following equation was used;

Cy - C.

0

RE(%) = x 100 3)
The impact of pH during organic pollutant adsorption onto the MIL-
MOF was evaluated. The solution pH of ANI, BPA, and FUR (500 mg/L)
was varied from 2 to 10 by adding 0.1 M HCL and 0.1 M NaOH solutions.
10 mg of the adsorbent was mixed with 10 mL of the organic solutions at
30 °C for 12 h at 200 rpm.
For reusability studies, the spent MIL-101-N-2-pyc was centrifuged at
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5000 rpm for 10 min and then desorbed with 10 mL of the eluents
(ethanol, methanol, or acetonitrile) at 30 °C for 12 h in the shaker. This
was followed by centrifugation and vacuum drying at 40 °C for 12 h. All
experiments elaborated above were done in triplicates.

3. Results and discussion
3.1. Characterization

From Fig. 2(a), the unmodified materials; MIL-101(Cr), MIL-100(Fe),
and MIL-100(Cr), showed higher N, uptake than the functionalized
MOFs. This outcome is expected as the introduction of functional groups
caused partial blockage of the MOF cages. The overall pattern was a
sharp increase in adsorption at P/P, < 0.1 then a gradual upsurge to P/
P, <0.25, ending with a near-equilibrium before desorption. This
signified type I physisorption isotherm and the microporous nature of
prepared materials. Besides, the BET surface areas and pore volume of
the MOFs are presented in Table 1. MIL-101(Cr) was significantly higher
whilst the other frameworks were around half its value. MIL-101-N-2-
pyc was found to have the least BET surface area due to its larger
imino-pyridine structure attached. The parameters for MIL-100(Fe), and
MIL-100(Cr) were observed to be lower for MIL-101(Cr), depicting
higher porosity in MIL-101(Cr).

Deducing from elemental analysis (Table 1), the reduction of MIL-
101-NO;, to MIL-101-NHy was successful and marked by a 30.2% in-
crease in H and 10.5% decrease in O. Condensation reaction between
pyridine-2-carboxaldehyde and MIL-101-NH; led to a significant in-
crease of 46.4%, 26.3%, 18.1%, and 13.5%, in N, C, H, and O respec-
tively compared to MIL-101(Cr)-NH,. The yield obtained was 34%. The
corresponding elemental compositions of the other materials are also
represented.

FTIR spectrum was used to characterize prepared MOFs considering
the functional groups present (Fig. 2b). MIL-100(Fe) had a band at
1710 cm™! which was ascribed to the stretching of C-O resulting from
1,3,5-benzenetricarboxylic acid remaining [28]. The 526 em! peak in
MIL-100(Cr) corresponded to Cr—O bond stretching [29]. MIL-101 was
confirmed with 1397 cm™! and 1625 cm™! bands that represented
symmetric (O—C-0) vibrations of dicarboxylate groups and the exis-
tence of adsorbed water molecules respectively [30,31]. Incorporation
of —NO, into the MIL-101(Cr) structure was successful and this was
evident as a stretching vibration was detected at 1540 em~! [25,32].
The stretching disappeared after MOF reduction with SnCl, and gave
MIL-101(Cr)-NH,. The band 1619 em! corresponded to N-H bending
whereas 1340 cm ™! referred to C-N stretching in the aromatic amine
[33,34]. For MIL-101-N-2-pyc, the imine bond (C°N) resulted from
moderate amino group conversion with pyridine-2-carboxaldehyde
[21]. The C°N and unreacted aldehyde group (C O) stretching were
observed at 1656 cm™! [35] and 1710 cm™ ! [36] respectively. This
confirmed the successful grafting of pyridine-2-carboxaldehyde.

XRD patterns of prepared MOFs were compared with simulated ones
from the crystallographic data [37]. MIL-101(Cr), MIL-101(Cr)-NOa,
MIL-101(Cr)-NHp, and MIL-101-N-2-pyc had their XRD patterns being
isostructural with simulated MIL-101(Cr) indicating maintenance of the
crystal structures after modification (Fig. 2c). That of MIL-100(Cr) and
MIL-100(Fe) also agreed well with simulated MIL-100(Fe) (Fig. 2d).

From the SEM and TEM analysis (Fig. 3), surface morphologies of
synthesized MIL-101(Cr) had smaller octahedral crystals. MIL-101(Cr)-
NO, (Fig. 3b and h) and MIL-101(Cr)-NH; (Fig. 3c and i) showed mainly
prismatic crystals which were earlier reported by Li et al. [38]. A similar
structure was also observed for MIL-101-N-2-pyc (Fig. 3d and j). The
presence of larger octahedral crystals [28] was seen in MIL-100(Fe)
(Fig. 3e and k) whereas aggregation of spherical crystals appeared in
MIL-100(Cr) (Fig. 3f and 1). All structures confirmed the formation of
MOFs as expected via the solvothermal process. Also, the molecular 3D
space-filled packing orientation for these MOFs was visualized using
their crystallographic data (Fig. S1).
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Fig. 2. (a) N, Isotherm linear plot, (b) FTIR spectra, (c,d) XRD profiles of MIL-101(Cr), MIL-100(Cr), MIL-100(Fe), MIL-101(Cr)-NH,, MIL-101-N-2-pyc, and MIL-101
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Table 1 dominance of the modified structures signaled improved interaction due
able

BET surface areas and total pore volume elemental constituents of prepared
MOFs.

Material Sper (m%/ Viotas (cm®/  Elemental composition (wt%)
& & c H N o
MIL-101(Cr) 2063 1.032 28.66 4.37 2.16 44.17
MIL-100(Fe) 1279 0.763 28.50 2.86 0.30 40.08
MIL-100(Cr) 1319 0.738 29.32 3.44 1.35 38.56
MIL-101(Cr)- 1443 0.670 26.60 4.31 3.17 37.30
NH,
MIL-101-N- 1037 0.544 33.60 5.09 4.64 42.35
2pyc
MIL-101(Cr)- 1083 0.538 25.86 3.31 3.89 41.68
NO,

3.2. Adsorption isotherms

Batch-type adsorption experiments were carried out on synthesized
MOFs and commercially available porous materials toward ANI, FUR,
and BPA from 50 mg/L to 500 mg/L. As shown in Fig. 4(a), ANI
adsorption capacity by the materials followed in this decreasing order;
MIL-101-N-2-pyc > MIL-101(Cr)-NHy > MIL-101(Cr) > MIL-101(Cr)-
NO; > AC > MIL-100(Cr) > ZIF-8 ~ MIL-100(Fe) > HKUST-1. The

to the specific functional groups present. The bulkier —imino-pyridine
(12.8-126.5 mg/g) outperformed the —amino group (7.3-90.6 mg/g)
regardless of its reduced BET surface area. The presence of imine con-
stituents afforded more interaction sites for ANI in the partially blocked
MIL-101(Cr) cages. Between MIL-101(Cr)-NH, and MIL-101(Cr)-NOo,
we earlier observed around 50% sorption increment in -NH; than -NO,
towards N-compounds [39]. Better uptake here can be related to larger
BET surface area, pore volume, and also improved sorbate-sorbent
relationship in MIL-101(Cr)-NH, than MIL-101(Cr)-NO,. Despite its
functionality, MIL-101(Cr)-NOy material adsorbed lower than pristine
MIL-101(Cr). This result indicated poor compatibility of the incorpo-
rated nitro group with ANI as well as the reduced surface area of the
material. Analyzing the two different Cr structures, MIL-101(Cr) has a
more expanded zeotype structure consisting of octahedral Cr(IIl) trimers
linked by 1,4-benzenedicarboxylic acid, with two mesoporous cages of
29 and 34 A diameter reachable through 12 and 16 A microporous
windows respectively [23]. MIL-100(Cr), on the other hand, is charac-
terized by 6 and 9 A micropores opening 24 and 27 A mesoporous cages
respectively [40]. These framework variances were confirmed by lower
BET surface area and eventually lower adsorption of ANI in MIL-100
(Cr). AC followed a quite different pathway that depicted quicker
equilibrium whilst the MOFs were on the rise. ZIF-8, MIL-100(Fe), and
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Fig. 3. SEM and TEM images for (a, g) MIL-101(Cr), (b, h) MIL-101(Cr)-NO, (c, i) MIL-101(Cr)-NH,, (d, j) MIL-101-N-2-pyc, (e, k) MIL-100(Fe) and (f, 1) MIL-

100(Cr).

HKUST-1 had similarly low adsorptions. HKUST-1 adsorbed the least
most probably due to its instability in water [41].

On FUR removal, a quite similar account was obtained which fol-
lowed the sequence (Fig. 4b); MIL-101-N-2-pyc > MIL-101(Cr)-NHy
> MIL-101(Cr) > MIL-101(Cr)-NO, > MIL-100(Cr) > AC > ZIF-
8 > MIL-100(Fe) > HKUST-1. The adsorption pattern of MIIL-101(Cr)s
towards ANI was also observed in FUR. This denoted common adsor-
bate characteristics (FUR kinetic diameter = 5.5 A [42]; ANI kinetic
diameter = 5.8 A [43]). Further, MIL-100(Cr) this time performed quite
better than AC for FUR removal. The likely reason can be attributed to
the slightly lower kinetic diameter of FUR to ANI that caused easier
penetration into MIL-100(Cr) cages. Such a minimum difference had
little effect on AC. ZIF-8, MIL-100(Fe), and HKUST-1 adsorption ca-
pacities were more distinct though they had the same sequence with
ANL

Interestingly, a much different trend was observed for BPA removal
(Fig. 4c). The adsorption isotherms for ANI and FUR appeared more

linear than the BPA. This could be possibly due to the weaker adsorption
affinities of the adsorbents for aniline and furfural compared to BPA.
BPA adsorption isotherm followed the decreasing order; MIL-101-N-2-
pyc > MIL-101(Cr)-NO2 > AC > MIL-101(Cr)-NHy > MIL-101(Cr)
> MIL-100(Fe) > MIL-100 (Cr) > ZIF-8 > HKUST-1. Beginning with
MIL-101-N-2-pyc, its bulky imino functional group was expected to yield
lower adsorption than MIL-101(Cr)-NO,, however, this was not the case.
This increment was ascribed to favorable interactions between the
active sites in MIL-101-N-2-pyc and BPA. MIL-101(Cr)-NOy surprisingly
yielded a greater adsorption capacity than MIL-101(Cr)-NHz notwith-
standing its lower total pore volume and BET surface area. Such
occurrence was related to stronger H bonding likely to exist between the
more electronegative nitro group (O atom) and H centers in BPA than
with the less electronegative amino group (N atom). Although MIL-101
(Cr)-NH; also showed reduced BET surface area compared to MIL-101
(Cr), its removal of BPA was higher. This can be expounded as the
amino group in MIL-101(Cr)-NHy can induce hydrogen polar bonds
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0.01 g, pH = 7, and agitation time = 24 h).

between its N or H atoms and the H or O atoms of BPA respectively. The
higher adsorption capacity in MIL-101(Cr) against AC pointed to more
open sites resident in the Cr®t material. Also, MIL-101(Cr) adsorbed
more than MIL-100(Fe). This can be attributed to the BET surface area of
MIL-101(Cr) being greater than MIL-100(Fe). Higher adsorption in MIL-
100(Fe) than MIL-100(Cr) was due to the stronger binding energy of
water with MIL-100(Cr) (—94.7 kJ/mol) than with MIL-100(Fe)
(—75.5 kJ/mol) [44], which allowed easier interaction of MIL-100(Fe)
with the adsorbate. For HKUST-1 and ZIF-8, Cu®>* and Zn?* are inter-
mediate Lewis acids, and hence their coordination with the BPA, a
strong Lewis base was weak and this resulted in limited compound
adsorption according to Pearson’s hard-acid soft-base theory. On the
other hand, Cr®* metal sites in MIL-101s served as hard Lewis bases that
resulted in improved interactions with hard BPA. The functionalized
MIL-101s, parent MIL-101(Cr), and AC were selected for further analysis
under isotherm models because of their higher adsorption capacities.
To analyze the adsorption isotherm of BPA on the synthesized MOFs
and AC, Langmuir and Freundlich isotherm models were used (Fig. 4d).
The Langmuir model is used to describe adsorption on a single layer. On
the other hand, the Freundlich isotherm model is a multilayer adsorp-
tion concept involving heterogeneous surfaces that assumes that the
bonding energy reduces exponentially with the occupied surface. The

equations used for the correlations are as follows:
Langmuir model [45]:

quLCe

ge = m 3
Freundlich model [46]:
g = K G 4

where ¢ is the amount of the desired compound adsorbed unto the
adsorbent (mg/g), Ce is the equilibrium concentration (mg/L), Ki, and Kg
refer to Langmuir constant and Freundlich constant associated with
adsorption capacity (L/mg) and ((mg/g) (L/mg) ™ respectively,
whereas g, is the theoretical maximum amount adsorbed to offer a
complete monolayer (mg/g). n denotes adsorption intensity and when
greater than 1, the adsorption of molecules occurs easily [47].

The isotherm points of MIL-101-N-2-pyc and MIL-101(Cr)-NO, were
well correlated by the Langmuir isotherm model (R? of Langmuir
isotherm = 0.905-0.973, R? of Freundlich isotherm = 0.873 — 0.930)
(Table 2), which demonstrated the homogeneous nature of adsorbent
surfaces in response to BPA adsorption. With the other materials, MIL-
101(Cr), AC, and MIL-101(Cr)-NH,, fitted better with the Freundlich
isotherm model (R? of Langmuir isotherm 0.948-0.976, R of



M.F. Dapaah et al.

Table 2

Isotherm parameters of BPA onto MIL-101(Cr) MOFs and AC (temperature =
30 °C, agitation rate = 200 rpm, adsorbent mass = 0.01 g, pH =7 and agitation
time = 24 h).

Adsorbent Langmuir Freundlich
m K.(/mg) R Kr[(mg/g) R n
(mg/g) (L/mg)'/"]
MIL-101-N- 564.3 9.59 x 1072 0.973 75.7 0.930 2.087
2-pyc
MIL-101 452.3 0.06 x 1072 0.905 46.4 0.873 2.135
(Cr)-NO,
MIL-101 272.1 0.31 x 1072 0.948 66.4 0.976 3.461
(Cr)-NH
MIL-101(Cr) 220.5 1.38 x 107! 0.953 46.9 0.999 3.172
AC 201.2 4.50 x 1072 0.976 26.7 0.999 2.608

Freundlich isotherm = 0.976 — 0.999). This denoted the existence of
heterogeneous adsorption on these surfaces. Comparing its adsorption
capacity with earlier reported adsorbents, the MIL-101-N-2-pyc material
(gm = 564.3 mg/g) was higher despite its smaller surface area (Table 3).

3.3. Adsorption kinetics

To ascertain how fast the adsorption process occurred on the top-
performing MOF, kinetic studies of ANI, FUR, and BPA onto MIL-101-
N-2-pyc was evaluated at 100 and 500 mg/L adsorbate concentrations.
As observed in Fig. 5, two main stages were realized in the process of
removing the organic compounds; (1) Stage I (contact time < 3 h): It
entailed a rapid upsurge in the uptake of organic compounds which
depicted their physical adsorption onto the external surface of MIL-101-
N-2-pyc. In (2) Stage II (contact time > 3 h), the pace of compound
adsorption reduced significantly due to their seepage into internal sur-
faces of the microporous adsorbent till saturation was reached [48,49].
For both low and high concentrations, the beginning stage of adsorbate
uptake onto the MOF was quite fast. The duration needed to approach
adsorption equilibrium in ANI and FUR was within 6 h whereas, for
BPA, 12 h was sufficient to reach saturation. Considering the kinetic
diameters of FUR (5.5 A), ANI (5.8 A), and BPA (9.4 A) [6], the bigger
BPA molecules required more time than ANI or FUR molecules to diffuse
into the functionalized MIL-101(Cr) (<12 A) cages to be attached to the
pore surfaces.

Removal efficiencies of FUR and ANI were quite close at 500 mg/L
(R.E. of FUR = 23.3%; R.E. of ANI = 22.8%) but were slightly reduced at
a lower initial concentration of 100 mg/L though still comparable (R.E.
of FUR = 22.9%; R.E. of ANI = 23.4%). On the contrary, BPA removal
efficiencies in both concentration cases were widely superior to ANI and
FUR over four times in 100 mg/L (R.E. of BPA = 98.0%) and nearly four
times in 500 mg/L (R.E. of BPA = 90.6%) respectively. This depicted
favorable compatibility of MIL-101-N-2-pyc towards BPA based on
variations in structural properties in BPA, ANI, and FUR.

Pseudo-first-order and pseudo-second-order models were used to
simulate kinetic data obtained from aqueous adsorptions. The corre-

Table 3
Comparison of BET surface area and sorption capacities of BPA onto other
adsorbents.

MOF SAger (m°/g)  qm (mg/g)  Ref.
PCN-222 1914 487.69 [62]
PP-g-DMAEMA/PM composite fiber 193 327.8 [71]
Hard templated mesoporous carbon 1420 474 [72]
MIL-101(Cr) 3711 252.5 [63]
BMDC-12h 1449 714 [73]
Graphene 21 94.1 [74]
MSN-CTAB 131 155.8 [75]
PH Mesoporous silica 750 351 [76]
Al-ICR-6 1362 326 [77]1
MIL-101-N-2-pyc 1037 564.3 This work
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sponding equations for pseudo-first-order [50] and pseudo-second-order
[51] models are as follows respectively;

g =q.(1—e™) (5)
1q2k,

=2 6

U= toge + 1 ©®

where g, and q; denote the amount of solute adsorbed (mg/g) at equi-
librium and time t (h), respectively; k; and kj represent the rate constant
of the pseudo-first-order adsorption (1/h) and pseudo-second-order
adsorption (g/(mg.h)) respectively. Referring to Table 4, the correla-
tion coefficients (R?) at 100 and 500 mg/L initial concentrations
demonstrated that the adsorption of BPA, ANI, FUR onto MIL-101-N-2-
pyc fits better with pseudo-second-order model (R% = 0.976-0.999) than
pseudo-first-order model (R? = 0.972-0.998). This signified chemical
adsorption.

3.4. TGA-DSC analysis

To ascertain the stability of the prepared material, the thermal
properties of MIL-101-N-2-pyc before and after BPA adsorption were
examined using TGA-DSC analysis. From Fig. 6, two significant steps
were observed, thus, 30-200 °C depicted the loss of water molecules
whereas above 200 °C reflected the decomposition of the framework.
Weight losses of 24% and 6% accompanied the first step for the fresh and
used materials respectively. The reduced weight loss in the used mate-
rial is likely due to the removal of the lesser water which was adsorbed
because of existing BPA molecules in the framework [52]. Hence, a
lower amount of energy was used to eliminate water molecules as shown
by the reduced endothermic peak centered at 79 °C in the DSC profile.
Generally, both materials showed similar decomposition patterns in DSC
exothermic peaks and TG curves above 200 °C and 390 °C respectively.
Therefore, the MIL-101-N-2-pyc adsorbent exhibited good thermal sta-
bility. Also, ICP-AES indicated that less than 0.01 wt% of Cr in
MIL-101-N-2-pyc leached into the water.

3.5. XRD analysis

Inferring from the XRD patterns, MIL-101-N-2-pyc maintained its
characteristic peaks after been treated with BPA (Fig. 7a). However, the
intensity of the peaks reduced after BPA was present. This showed the
stability of the MOF structure after adsorption.

3.6. FTIR analysis

The adsorption mechanism was confirmed by an analytical proced-
ure. The FTIR spectrum of the MIL-101-N-2-pyc before and after BPA
adsorption was assessed (Fig. 7b). A new band emerged at 2965 cm™*
which corresponded to CH stretching due to adsorbed BPA [53]. The
peak increase and shift from 1501 cm ™! to 1512 cm ™! represented the
vibration of aromatic CC due to n- interaction between benzene rings
in MIL-101-N-2-pyc and BPA [54]. Also, the reduction of the peaks and
upshift at 1656 cm ! and 1710 cm ™! indicated the interaction of imine
with BPA by hydrogen bonding.

3.7. XPS analysis

As shown in Fig. 8(a), the XPS spectrum of MIL-101-N-2-pyc con-
sisted mainly of Cr, O, N, and C elements. Analysis of N 1s (Fig. 8b)
offered three peaks at 398.8 eV, 399.7 eV, and 400.4 eV which were
associated with pyridinic-N [55], amino groups [56], and imine groups
[57] respectively. After BPA adsorption, N 1s experienced an upshift
from 399.2 eV to 399.7 eV. This indicated the adsorption of BPA onto
MIL-101-N-2-pyc was mainly influenced by N atoms. The resolved peaks
at 399.7 eV and 400.4 eV increased from 27.6% and 34.6% to 40.6%
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Fig. 5. Adsorption kinetics of ANI, FUR and BPA unto MIL-101-N-2-pyc at initial concentrations of (a) 100 mg/L and (b) 500 mg/L at 30 °C, pH = 7. Error bars
represent the standard deviation of three replicates (V = 10 mL; m = 0.010 g; agitation rate = 200 rpm).

Table 4

Kinetic parameters for adsorption of BPA, ANI and FUR onto MIL-101-N-2-pyc (temperature = 30 °C, agitation rate = 200 rpm, pH = 7, and adsorbent mass = 0.01 g).

Adsorbate C, (mg/L) Ge.exp (Mg/g) Pseudo-first order model Pseudo-second order model
Ge.cal (Mg/8) ki (1/h) R? Ge.cat (Mg/8) kz (g/ (mg.h)) R
BPA 100 99.4 97.9 0.71 0.993 101.1 1.30 x 1072 0.999
500 452.7 406.7 4.21 0.988 455.1 0.43 x 1072 0.999
ANI 100 23.4 21.1 0.82 0.972 22.4 1.30 x 1072 0.982
500 114.3 106.1 1.07 0.998 119.3 1.23 x 1072 0.999
FUR 100 18.8 18.0 0.64 0.974 19.8 475 x 1072 0.976
500 94.3 85.7 0.80 0.990 97.4 1.06 x 1072 0.997
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Fig. 6. TG-DSC analysis of MIL-101-N-2-pyc (a) before and (b) after BPA adsorption.

and 46.1% respectively. A significant decrease from 37.7% to 13.3% was
observed at 398.8 eV. The upsurge denoted the interaction between BPA
and the imino- and amino- groups through hydrogen bonding. The
decrease in the pyridinic-N peak indicated its oxidation upon -OH
attachment [58]. For the C 1s peak, four components represented as
C-N, C = C, C°N and O-C~O were identified at 285 eV [59], 284.6 eV,
288 eV [57], and 288.52 eV [60] respectively (Fig. 8c). The C°C peak
increased and this can be attributed to the proximity between the C=C
rings in BPA and the pyridine in MIL-101-N-2-pyc. This confirmed n-n

interaction earlier observed in FTIR. The C°N peak vastly reduced upon
BPA adsorption as the characteristic bond was modified by ~-OH in BPA.
Also, the C-N peak increased indicating a shift upon interaction. The
increase in O-C~O peak indicated BPA interaction with the carboxylic
acids inside the MOF structure.

3.8. Adsorption mechanisms

The underlying principle for the adsorption of pollutants onto the
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Fig. 8. (a) X-ray photoelectron spectrum of MIL-101-N-2-pyc, (b) N 1s, and (c) C 1s; (i) before and (ii) after BPA adsorption.
imino-functionalized MOF was explored considering possible in- structure, and H-bonding [61-64]. The pH of a solution in which
teractions. From earlier works, the adsorption mechanisms of these adsorption occurs can affect the extent of ionization and surface charges
pollutants involved electrostatic interactions, =n-mn, acid-base, pore especially when functional groups are involved [65]. With this basis, the
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Fig. 9. Effect of pH variation from 2 to 10 on the adsorption of ANI, FUR, and
BPA. Error bars represent the standard deviation of three replicates (adsorption
conditions: temperature = 30 °C, agitation rate = 200 rpm, adsorbent mass =
0.01 g, and agitation time = 12 h).

influence of pH ranging from 2 to 10 was examined for the adsorption of
pollutants. From Fig. 9, the adsorption of BPA was steady from a pH of 2
followed by a slight increment from pH 5 till 8, where the maximum
capacity of 459.7 mg/g was reached. A distinct decrease was observed at
pH > 8. This was ascribed to the pKa value of BPA which spans from 9.6
to 10.5 [66]. The hydroxyl groups in BPA deprotonated into phenolate
(HBPA") and bisphenolate (BPAZ') anions which were not favorably
adsorbed by the MOF. BPA adsorption was improved when it existed in
its molecular form [67]. Hence, electrostatic attraction of BPA is ruled
out as solution pH was 7. In the case of ANI, the maximum adsorption of
178.7 mg/g occurred at a pH of 2. When the pH was below the pKa value
of 4.6 [3], ANI was protonated into C¢gHsNH™ which interacted better
with the MOF surface. Upon pH increase, the adsorption reduced due to
the existence of more molecular ANI than CcHsNH™ [67]. Hence, elec-
trostatic interaction occurred during ANI adsorption in the high pH re-
gion. For FUR, the maximum adsorption occurred at pH = 6. This was
because FUR is stable at a natural pH,, of 6 and above or below this pH
resulted in furoic acid or furfurylic alcohol production [68]. The vari-
ation of pH from 2 to 10 did not cause a significant adsorption differ-
ence. On hydrogen bonding, MIL-101-N-2-pyc has two nitrogen atoms
(one in the ring and the other on the chain) which could attract the
hydrogen atoms attached to electronegative nitrogen (ANI) and oxygen
(BPA) atoms. For FUR, the absence of polar hydrogen atoms reduced the
possibility to form a hydrogen bond with MIL-101-N-2-pyc. Besides, -t
interactions occurred between aromatic rings of FUR, BPA, and ANI and
the pyridine ring resident in the MOF. The extent of adsorption in
MIL-101-N-2-pyc towards ANI, FUR, and BPA varied amidst hydrogen
bonding and n- interactions. Superior sorption of BPA than ANI and
FUR was due to the two benzene rings offering more sites for z-n
interaction as against the single rings in ANI and FUR. Also, per the
chemical structure, BPA has two hydrogen atoms attached to oxygen
making them more polar than those attached to nitrogen in ANL Overall,
n-m interactions, electrostatic attraction and hydrogen bonding aided the
adsorption of the organic pollutants.

3.9. Binary adsorption

In the effluent of FUR plants, the presence of FUR and AA are envi-
ronmentally harmful as they pose threat to aquatic life [69]. Therefore
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Fig. 10. Binary adsorption of FUR and AA onto MOFs and AC at 30 °C. Error
bars represent the standard deviation of three replicates (adsorbent mass =
0.025 g, agitation rate = 200 rpm, and pH = 6).

to examine the adsorption in real-life systems, a ternary (FUR + water +
AA) mixture was examined for binary adsorption of these pollutants.
The ratio (w/w) of solutes in the mixture was 50:50 at a pH of 6. From
Fig. 10, MIL-101-N-2-pyc displayed a strong affinity for both FUR
(66.1 mg/g) and AA (62.5 mg/g) as compared to the other materials.
The high co-adsorption might be due to more available adsorption sites
that resulted in two probabilities; (1) formation of hydrogen bonds be-
tween MIL-101-N-2-pyc and polar hydrogen atoms in acetic acid and (2)
n-n interactions between aromatic FUR and the imino-pyridine MOF.
This makes it a choice material for removing pollutants in multicom-
ponent (binary) mixtures. On the other hand, the remaining materials
were more selective toward FUR than AA and they followed the
sequence; MIL-101(Cr)-NHy > MIL-101(Cr) > AC > MIL-101(Cr)-NOs.
Therefore, in cases where FUR is much preferred to AA, the amino-MOF
(FUR = 71.4mg/g and AA = 5.6 mg/g) is the choice adsorbent.
Although AA formed hydrogen bonds with MIL-101(Cr)-NHy, its poor
interaction was because of a stronger hydrogen bond with water mole-
cules [70] than with the amino group. FUR was hence able to favorably
hydrogen bond with MIL-101(Cr)-NH,.

3.10. Reusability

The reusability of an adsorbent makes it more cost-efficient and
beneficial for practical application. Three eluents (ethanol, methanol,
and acetonitrile) were used to optimize the reusability of the adsorbent.
The regenerated MOFs were used for BPA removal up to four times and
the amounts adsorbed per cycle were calculated. From Fig. 11, the
overall adsorption capacity for 500 mg/L BPA was reduced to
423.6 mg/g, 408.3 mg/g, and 395.5 mg/g after four recycle times for
methanol, ethanol, and acetonitrile respectively. Therefore, methanol
enhanced the reusability of MIL-101-N-2-pyc.

4. Conclusion

In this study, the aqueous adsorptions of organic pollutants, thus
BPA, FUR, and ANI onto MIL-101(Cr)-X (X = -H, -NO,, -NH, and, -N-2-
pyc), MIL-100(Cr, Fe), HKUST-1, and ZIF-8 were investigated. The
prepared materials were characterized by XRD, FTIR, elemental anal-
ysis, SEM, TEM, and N5 adsorption-desorption studies. MIL-101-N-2-pyc
best adsorbed all compounds under study. This is the first time an imino-
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Fig. 11. (a) Adsorption capacities of BPA on the regenerated MIL-101-N-2-pyc
up to four recycle times. Error bars represent the standard deviation of three
replicates (adsorption conditions: temperature = 30 °C, agitation rate =
200 rpm, pH = 8, and agitation time = 12 h).

functionalized MOF is used to adsorb organic pollutants in aqueous
systems. Besides, isotherm studies were better fitted by the Langmuir
model and kinetic data were well correlated by the pseudo-second-order
model. Additional, favorable co-adsorption of FUR and AA was achieved
using the choice adsorbent. The plausible adsorption mechanism was
attributed to hydrogen-bond, zn-r interactions, and electrostatic attrac-
tion. Finally, MIL-101-N-2-pyc was easily regenerated using methanol
for up to 4 cycles.
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