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The removal of arsenic species in water is a global challenge due to its high toxicity and carcinogenicity.
In this work, a stable zirconium metal-organic framework (Zr-MOF) has been synthesized for As(V)
removal. The Zr-MOF adsorbed As(V) effectively in the pH range of 4-9 with the maximum adsorption
capacity of 278 mg g 1. The experimental data modelling suggested a spontaneous adsorption process

involving physicochemical forces. The spectroscopic analysis confirmed the binding of As(V) on the Zr-
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sites via a ligand-exchange mechanism involving Zr—OH. Another possible mechanism was the interac-
tion of As(V) with the dissociation of Zr—O(linker) sites. These mechanisms were further confirmed by
theoretical calculations, where the Zr—(p13-O) bridges (binding energy ~4.38 eV) bind As(V) more
strongly than the Zr—O—C linkages (binding energy ~4.11 eV). The material regeneration was success-
fully carried out with HCI solution, where the regeneration efficacy remained ~90% for five cycles.
Thus, the study provided a detailed investigation on the As(V) adsorption over Zr-MOF.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Water contamination with arsenic (As) is a global challenge due
to its high toxicity [1]. Arsenic in the environment results from sev-
eral natural and anthropogenic activities, including geochemical
reactions, microbial activity, industrial mining, combustion of fos-
sil fuels, and pesticides [2]. Arsenic is considered a carcinogenic
pollutant; exposure to it could cause skin, liver, kidney, and blad-
der cancer [3]. For this reason, the World Health Organization
has categorized it as one of the principal issues amongst toxic sub-
stances [4]. The most predominating As species in the surface
water is arsenate (As(V)) [5]. As(V) ions have high mobility in
water systems, which leads to large accumulation into the living
beings through the food chain. Effective removal of As(V) ions in
water bodies is imperative [6].

Different treatment technologies like chemical precipitation [7],
reverse osmosis [8], ion exchange [9], electro-coagulation [10],
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adsorption [11,12], and bioremediation [13] have been studied
for the removal of arsenic species from wastewater. Among these
methods, adsorption is the most studied technique due to its ease
of operation, simplicity, affordability, and high removal efficiency
[14]. Metal-organic frameworks (MOFs) are a sub-class of
inorganic-organic hybrid materials, which have gained recent fame
due to their large surface area and porosity. The physicochemical
properties of MOFs could be tuned by choosing appropriate metal
(ions/cluster) nodes and organic ligands as linkers. These structural
and functional flexibilities have been adopted in various task-
specific applications in the domain of energy and the environment.
These materials are good candidates for wastewater treatments
due to their high surface area, adsorption capacity, chemical func-
tionalities, specific host-guest interactions, and chemical stability
[15,16].

Zirconium(IV)-based MOFs are known to possess high adsorp-
tion capacity for arsenate species [17,18], which is due to strong
Lewis acid-base interactions between As(V) ions and Zr—OH
groups [19]. UiO-66 (Zr-terephthalate MOF) is the most explored
Zr-based MOF for As(V) adsorption process [20-23], with the max-
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imum adsorption capacity of 303.0 mg g~ ' reported by Wang et al
[24]. Subbaiah et al reported the maximum As(V) adsorption
capacity of 230.3 mg g~ ! over a modulator (benzoic acid)-driven
Zr-fumaric acid MOF [25]. Among Zr-MOFs, MOF-808 (Zr-
trimesate MOF) is another possible candidate, which could be used
for the As(V) removal. Li and coworkers reported MOF-808 for As
(V) removal with the maximum capacity of 24.8 mg g~' [26].
Though the study pointed out MOF-808 application in As(V), it
lacked vital information on parameter optimization and adsorption
mechanism. Besides, many reported studies on As(V) adsorption
over Zr-MOFs lack spectroscopic evidence for the proposed adsorp-
tion mechanism.

In this study, we have reported As(V) adsorption over Zr-based
MOF (MOF-808). The structural and functional characteristics of
Zr-MOF were studied by various analytical techniques. We have
explored the As(V) adsorption mechanism through experimental
and spectroscopic results. Moreover, the preferential As(V) bind-
ing sites in the Zr-MOF have been identified through density func-
tional theory (DFT) calculations. The reusability of the adsorbent
was evaluated for multiple cycles, and the adsorbent stability
was confirmed through powder X-ray diffraction (PXRD) and
Fourier-Transform infrared (FTIR) spectroscopy. The study con-
firmed Zr-MOF as a stable MOF with a high As(V) removal
capacity.

2. Materials and methods

2.1. Chemicals and reagents

Sodium arsenate dibasic heptahydrate (Na,HAsO4-7H,0, ACS
reagent >98%), zirconyl chloride octahydrate (ZrOCl,-8H,0,
reagent grade 98%), trimesic acid (HsBTC, purity 95%), anhydrous
dimethylformamide (DMF, purity 99.8%), sodium hydroxide pellets
(NaOH, purity >97.0%), hydrochloric acid (HCI ACS reagent, 37%),
ICP standards of As(V), Cd(II), Pb(Il), Fe(Ill), Mg(lI), Ca(Il) cations
(1000 + 2 mg L ') were supplied by Sigma-Aldrich, Germany.
Methanol (ACS reagent chemical, anhydrous, 99.8%) was purchased
from Baker®. The reagents were used without further purification.

2.2. Zr-MOF synthesis

A 2.57 g of ZrOCl,-8H,0 and 1.68 g of trimesic acid (H3;BTC)
were dissolved in 40 mL of DMF by magnetic stirring and sonica-
tion. The solution was heated in an oven at 180 °C for 24 h. The
supernatant solid was separated by centrifugation and washed
three times with DMF and methanol. The final product (Zr-MOF)
was dried at 50 °C for 24 h.

2.3. Analytical instruments

The detailed information on the instrumental techniques is
available in Section S1.

2.4. Adsorption studies

The adsorption studies were conducted at room temperature by
soaking 30 mg of the MOF in a 30 mL As(V) ion solution (100 mg
L") for 12 h at pH 7. The conditions were changed accordingly
to understand the effect of experimental parameters on the As(V)
adsorption capacity of the MOF. The solution pH was adjusted
using NaOH/HNOj5 solutions (0.1 mol L™!). The pH measurement
was conducted on a Thermo Scientific pH meter. The regeneration
of the As-loaded composite was done using a 0.1 mol L~! NaOH/
HCl aqueous solution. The adsorption capacity (q., mg g~ ') at equi-
librium was calculated using Eq. (1).

Journal of Molecular Liquids 356 (2022) 118957

— *
g = Co= GOV a0
where V, m, Co, and C. are the volume of aqueous solution (L),
amount of the adsorbent (g), initial concentration (mg L~!), and
equilibrium concentration (mg L™!), respectively.

The breakthrough study was conducted in a narrow glass col-
umn with 0.04 g of the MOF packed with glass wool. A multi-
element solution containing 5.0 mg L~! each of As(V), Cd(II), Fe
(1), Pb(1II), Ca(1II), and Mg(Il) at pH 7 was passed through the adsor-
bent bed at a fixed flow rate of 0.5 mL min~!. The effluent As(V)
concentration was measured every 5 min. The breakthrough and
exhaustive capacity of As(V) were calculated using Eq. (2).

_GQ by C
a=pr [T @)

where Cop-initial concentration (5.0 mg L7!), Q-flow rate
(0.5 mL min~'), m-the mass of MOF (0.04 g), and t,-breakthrough
time.

2.5. Computational protocol

Information on DFT calculations is available in Section S2.

3. Results and discussion
3.1. Zr-MOF characterization

The FTIR spectra of Zr-MOF and Hs3BTC linker are shown in
Fig. 1b. In the FTIR spectrum of H3BTC, bands at 1704, 1606, and
1452 cm™! are related to the stretching vibrations of C=0 and
C=C in the linker. Whereas the broadband at 3600-2600 cm ! cov-
ers distinct bands for —COOH and C—H stretching [29]. In the FTIR
spectrum of Zr-MOF, the broadband for —COOH disappeared, and
the band at 1704 cm™! shifted. The broadband around
3400 cm~! was assigned to the O—H stretching vibrations in
Zr—OH and adsorbed water molecules. The band at 1656, 1617,
and 1387 cm™! were assigned to the various stretching modes of
Zr-carboxylate bonds. The C=C stretching vibrations of the aro-
matic skeleton are attributed to the band at 1441 cm~' [30]. Bands
in the 1200-800 cm™! range were attributed to the C—H bending
modes, respectively [30]. The bands observed at 711 and
657 cm~! were due to the asymmetric vibrations of the Zr—(is-
0) bridges in the MOF's structural framework. The band at
460 cm™! corresponded to the stretching vibrations of Zr—O(car-
boxylate) bonds [31]. Thus, the H3BTC linkers chemically coordi-
nated with the Zr ions in the MOF.

The Raman spectrum of Zr-MOF is shown in Fig. 1c. The peak at
415 cm~! was assigned to the Zr—O—C (carboxylate) stretching
modes. The peaks at 806 and 866 cm~' were attributed to the
C—H bending mode, and the high-intensity peak at 1002 cm™!
was associated with the stretching vibrations of C=C (aromatic
ring). The asymmetric and symmetric stretching modes of car-
boxylate bridges were observed at 1587 and 1469 cm™!, respec-
tively [32,33].

The thermogravimetric analysis (TGA) profile of Zr-MOF was
generated in the temperature range of 30-600 °C (Fig. 1d). In the
TGA profile, three main mass loss stages were observed in the stud-
ied range. The first mass loss was recorded in the 30-110 °C range
for the evaporation of physically adsorbed water molecules., which
accounted for the ~8% of mass loss. The mass loss in the second
stage (110-400 °C) was associated with the removal of chemically
bonded water molecules and physically adsorbed solvent (DMF/
methanol) molecules. The thermal degradation of MOF started
after 400 °C, which was considered the third stage of mass loss
[34,35]. Thus, MOF was thermally stable up to 400 °C.
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Fig. 1. (a) PXRD patterns, (b) FTIR, (c) Raman spectra, and (d) TGA profile of Zr-MOF. The PXRD pattern of Zr-MOF is shown in Fig. 1a. The pattern has a high-intensity broad
peak in the 5-15° range with the maxima at 8.2°. The reported zirconium trimesate MOF (MOF-808) has peaks at 26 = 8.32° and 8.69° (Fig. S1) [27]. The broadening of the
diffraction peaks was due to the low crystallinity of the MOF formed due to the use of ZrOCl,-8H,0 as Zr precursor. Ardila-Suérez et al used different Zr precursors for the
fabrication of MOF-808, and the sample synthesized using ZrOCl,-8H,0 precursor showed the lowest crystallinity [28].

The X-ray photoelectron spectroscopy (XPS) full scan of Zr salt,
H5BTC, and Zr-MOF are shown in Fig. 2a. The Zr-MOF has peaks for
Zr 3d, Cl 2p,C1s,and O 1 s at their respective binding energy. The
small presence of Cl (1.2%) was due to the residual chloride ions
from the Zr-salt precursor (Table S1). The high-resolution XPS
(HRXPS) C 1 s spectrum of Zr-MOF has four contributions at
284.7, 286.0, 288.6, and 290.8 eV, which were assigned to the
C=C (aromatic), C—0, 0—C=0, and satellite, respectively (Fig. 2b,
Table S2) [36,37]. The HRXPS O 1 s spectrum of Zr-MOF deconvo-
luted into three peaks at 530.1, 531.6, and 532.7 eV corresponding
to the Zr—O—Zr, Zr—0—C, and Zr—OH, respectively (Fig. 2c,
Table S3) [21]. The HRXPS Zr 3d spectrum has two peaks at
182.7 (Zr 3ds;2) and 185.1 eV (Zr 3ds,z) for Zrg clusters in Zr-MOF
(Fig. 2d) [37]. The Zr 3ds), peak at 183.2 eV for Zr-salt shifted to
182.7 eV in Zr-MOF due to a change in the electron density on Zr
of Zr-MOF (Table S4).

3.2. Zr-MOF stability

The acid/base stability of a MOF is one of the important aspects
of its application in wastewater treatment [38]. In the present
study, the Zr-MOF stability was evaluated in the pH range of 4-9
(same range adopted for pH-dependent study) using FTIR and
PXRD (Fig. 3). In the FTIR spectra, the band corresponding to
O—H bonds broadened along with the increase in intensity due
to the adsorbed water molecules. The bands in the range of
1700-1300 cm™' (carboxylate stretching) and 700-400 cm™!
(Zr—0) fully overlapped with that of the synthesized MOF
(Fig. 3a). Moreover, the PXRD patterns of MOF remain unaltered
in the entire pH range with no evolution of peaks for ZrO,
(Fig. 3b) [39]. Thus, it was confirmed that the Zr-MOF was highly
stable in the studied pH range.

3.3. Effect of parameters

The effect of adsorbent dosage was studied in the 5-70 mg
range without changing other parameters (Fig. 4a). The adsorption
capacity increased with the increasing dosage from 5 to 10 mg,
which was followed by a consistent drop beyond 10 mg. With
the increasing dosage, the number of adsorption sites increases
for the As(V) ions, which improves the adsorption capacity. But,
after a specific dosage (the equilibrium dosage), the increasing
adsorption sites become less relevant as the % adsorption efficiency
increases slightly, but the adsorption capacity decreases to a larger
extent [40].

The effect of As(V) concentration was studied in the 5-350 ppm
range (Fig. 4b). The adsorption capacity increased linearly with the
increasing concentration and reached a maximum of 278 mg g~!
(77% removal) for an initial concentration of 350 ppm. The increas-
ing concentration of As(V) ions for a limited number of adsorption
sites increased the As(V) concentration gradient near the solid-
liquid interface. This large availability of As(V) ions resulted in a
rapid mass transfer and improved adsorption capacity [20].

Solution pH plays an important role in the adsorption of a pol-
lutant over the adsorption surface. The variation in pH alters the
adsorbent surface polarity and the distribution and speciation of
As(V) in water. These alterations decide the adsorption capacity
and interaction mechanism [24]. The effect of pH was studied in
a broad pH range of 4-9 (Fig. 4c). The adsorption capacity signifi-
cantly increased between pH 5-6, which was followed by a steep
rise with the further increase in solution basicity. Similar pH-
dependent profiles have been reported in previous studies as well
[20]. Though the adsorption capacity was higher at high pH values,
the adsorption capacity of 67 mg g~! was maintained even at a low
pH. The adsorption capacity of 86 mg g~! at pH 7 suggested its



R. Paz, H. Viltres, Nishesh Kumar Gupta et al.

Intensity ( Counts)

Intensity (10’ Counts)

&

°
—Zr-MOF »
i
o

j{/(\

—H,BTC

Journal of Molecular Liquids 356 (2022) 118957

1200 1000 800 600 400
BE (V)
C1s_2Zr-MOF
80
60+
404
20+
T T |
294 291 288 285
BE (eV)

a)
O1s_Zr-MOF c)
160+
2 2
N c
3
o
I © 420
(=]
o
2
7] .
@ 8o
9
£
40
536 534 532 530 528
BE (eV)
T
200 0
b) Zr3d_zr-MOF d)
3B 75
g ~
3 2
o
g 50
>
=
[72]
=
9 254
£
T - 0 T T T
282 189 186 183 180
BE (eV)

Fig. 2. (@) XPS survey spectra of Zr-MOF and precursors; high-resolution XPS (HRXPS) (b) C1s,(c) O 1 s, and (d) Zr 3d spectra of Zr-MOF.

Transmittance (%)

a) b)
RAETTWNWTTY N\
E — Zr-MOF
pH 4 : Y.
A AT pH 4
—\ pH 5 ) - 3
: 13 pH 5
. = . 2
. . : ‘®
PH 6 oy A WY S
: : 1] E pH 6
pH7 C 3
: : : pH 7
pH 8 3
pH 9 : 3
3500 2800 2100 1400 700 10 20 30 40 50

Wavenumber (cm™')

2 Theta (degree)

Fig. 3. (a) FTIR spectra and (b) PXRD patterns of Zr-MOF soaked in aqueous solutions at specific pH for 12 h.

4



R. Paz, H. Viltres, Nishesh Kumar Gupta et al.

110

a)
1004
_ 90-
=2
O 80+
E
g 704
¢}
60
50 4
40+
0 10 20 30 40 50 60 70
Adsorbent dossage (mg)
100 5
c)
80 I
. -5
2 60
D °Y7 -10
E
£ 401 --15
e}
-20
20+
- -25
0- --30
4 5 6 7 8 9
pH

Journal of Molecular Liquids 356 (2022) 118957

b)
250 -
—~ 200+
K
)
£ 150+
g 100
504
0-
0 50 100 150 200 250 300 350
As (V) initial concentration (mg/L)
100 -
Jx
T .~ 80+
°3
o O
g_ é 60 4
[
— E
3 T 40+
=
20 -
0.

200 400 600 800 1000 1200 1400
Contact time (min)

Fig. 4. Effect of (a) Adsorbent dosage; (b) As(V) concentration; (c) pH; (d) contact time on As(V) removal efficiency over Zr-MOF. Conditions: Zr-MOF mass = 30 mg, [As

V)] = 100 mg L™, volume = 30 mL, time = 12 h (changed accordingly).

applicability in the treatment of contaminated groundwater with-
out pH alteration. The relationship between solution pH and the
adsorption capacity of MOF could be established by identifying
the MOF surface polarity and the speciation of As(V) ions as a func-
tion of pH. The zeta potential was measured as a function of pH,
where the point of zero charges was ~5.6. Thus, the MOF surface
was positively charged at pH < 5.6 and negatively charged at
pH > 5.6. The speciation of arsenate is pH-dependent where
H3AsO4 (at pH < 2.1), H,AsO; (2.1 < pH < 6.7), and HAsO;~
(pH > 6.7) predominates in the aqueous phase [20]. Though the
MOF surface was slightly positive and the As(V) species was H-
AsOy in the pH range of 4-5, the adsorption capacity was compar-
atively low. At the same time, the adsorption capacity was high at a
higher pH, even with a negatively charged surface and negatively
charged As(V) species. Thus, it was evident that the electrostatic
interaction was not responsible for the adsorption process. In neu-
tral to alkaline solutions, the As(V) adsorption process is governed
by the ligand-exchange mechanism [25]. As reported earlier, the
adsorption of oxo-anions over Zr-based MOFs like UiO-66 [20,24]
and MOF-808 [37] involves the substitution of terminal coordi-
nated aqua or hydroxyl ligands on the Zrg clusters (Zr—OH/
Zr—OH,) with the oxyanions via monodentate and bidentate
modes. The main adsorption pathway involves a ligand exchange
of the bridging hydroxyl groups on the Zr-sites with the arsenate
ions. Another pathway involved exchanging certain organic linkers
of the MOF framework with arsenate leading to the formation of
arsenic complexes. These binding modes have been investigated
in the mechanism section in detail.

The arsenate uptake capacity as a function of contact time was
studied for a long duration of 24 h (Fig. 4d). The adsorption capac-
ity increased rapidly in the initial phase of the adsorption process
(6 h), which was followed by a slow adsorption process in the
remaining 18 h of contact time. By analyzing the time-dependent
profile, it was evident that the large As(V) concentration gradient
and abundant adsorption sites led to rapid adsorption in the initial
phase. This was followed by the slowing of the adsorption process
due to the low As(V) concentration near the solid-liquid interface
and poor mass transfer phenomenon to access the internal adsorp-
tion sites.

The As(V) adsorption capacity of Zr-MOF was compared with
the reported Zr-based based adsorbents in the literature (Table 1).
The adsorption capacity of Zr-MOF (MOF-808) was more than 11
times higher than the one reported for MOF-808 [26]. The maxi-
mum As(V) adsorption capacity of 303.0 mg g~ ! was reported for
UiO-66 [24]. Though the adsorption capacity of our MOF is slightly
low compared to that of UiO-66, the working pH of 2 and large stir-
ring time of 48 h are the major drawbacks to the reported work.
The MOF reported here is efficient in neutral pH solution and
requires only 12 h of soaking.

3.4. Kinetics and isotherm

The PFO, PSO, Elovich, and IPD models were used to describe the
adsorption kinetics (Fig. 5a-d). The equations of these models and
parameters are listed in Table S5. The correlation coefficient (R?) of
PFO (0.95) was higher than the PSO (0.63) and Elovich model
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Table 1
The adsorption capacity of reported Zr-based adsorbents for As(V) removal.
Adsorbent Experimental conditions qe
-1
pH Dosage (g L) Time (h) (mgg™)
Ui0-66 [24] 2.0 0.5 48 303.0
Zr-fumarate MOF [25] 6.8 1.0 12 2303
Defected nanoscale UiO-66 [20] 7.0 1.0 3 200.0
Hierarchically porous UiO0-66 [21] 6.0 0.05 7 248.8
Ui0-66 [22] 9.2 1.0 24 68.2
Ui0-66-NH, [41] 7.0 0.5 48 76.9
Fe;0,@Ui0-66 [23] 7.0 0.2 4 33.1
MOF-808 [26] - 0.2 4 2438
Zr-immobilized nanoscale carbon [42] 25 1.0 48 110.0
Ceria-incorporated zirconia [43] 7.0 1.0 2 171
ZrO,-immobilized alginate beads [44] 5.0 2.5 240 28.5
Zr-MOF [Present study] 7 1.0 12 278.0
2.004 ® Experimental data a) 10- ® Experimental data b)
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Fig. 5. (a) Pseudo-first-order (PFO); (b) pseudo-second-order (PSO); (c¢) Elovich; (d) intra-particle diffusion (IPD) kinetic fit; (e) Langmuir and Freundlich; (f) Dubinin-
Radushkevich (D-R) isotherm fit for As (V) adsorption.
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(0.91), which indicated that the As(V) adsorption kinetics followed
the PFO model (Table S6). The intra-particle diffusion (IPD) model
was employed to understand whether the diffusion mechanism
played any role in the As(V) adsorption process. The kinetic data
fitted in three regions, which were related to three adsorption pro-
cesses for As(V) (Fig. 5d). The calculated rate constant (Kj,) fol-
lowed the order: Kip; > Kip1 > Kips (Table S6). In the first step
(Kip1), the adsorption process started with the migration of As(V)
ions from the bulk aqueous phase to the Zr-MOF surface. The sec-
ond step (Kjp2) occurred after the saturation of the external surface.
After saturation of external sites, As(V) ions entered the MOF pores
with increasing resistance to diffusion. In the last step (Kjp3), arse-
nate diffused into the pores until the equilibrium was reached
[20,38].

The experimental data were fitted with Langmuir, Freundlich,
and D-R isotherm models to better understand the arsenic adsorp-
tion mechanism onto Zr-MOF (Fig. 5e-f, Table S7) [38]. The corre-
lation coefficient value for the Freundlich model (R* ~ 0.99) and
the Langmuir model (R? ~ 0.98) were close to unity. This suggested
that the As(V) adsorption process was driven by physicochemical
forces over MOF surface having sorption sites of different energies
(Table S8) [45]. The separation factor (R;) computed from the Lang-
muir model remained between 0 and 1, suggesting a favourable As
(V) adsorption process over Zr-MOF. Moreover, the free Gibbs
energy value was negative, which confirmed the spontaneity of
the adsorption process [22].

3.5. Adsorption mechanism

The As(V) adsorption mechanism over Zr-MOF was probed
using various spectroscopic techniques. The FTIR spectra of fresh
and As(V)-loaded Zr-MOF are shown in Fig. 6a. The decreased
broadness of the O—H band after As(V) adsorption hinted towards
significant removal of hydrogen-bonded Zr—OH entities. This is the
first indication of the involvement of these Zr-bound groups in the
As(V) adsorption process. The relative decrease in the intensity of
carboxylate bands suggested the replacement of some of the car-
boxylate linkers with the arsenate ions [24].

A more detailed investigation of the As(V) adsorption process
over Zr-MOF was supported by XPS analysis. The HRXPS Zr 3d
spectrum of Zr-MOF before and after As(V) adsorption is shown
in Fig. 6b. The Zr 3ds), peak at 182.7 eV for fresh MOF shifted to
182.3 eV after As(V) adsorption. This shift to lower binding energy
after As(V) adsorption has been reported in a previous study by He
et al [22]. The shift in binding energy shift was due to the change in
the electron density around the Zr-sites. The ligand-exchange
mechanism involved the formation of the Zr—0O—As bond via the
substitution of Zr-coordinated hydroxyl groups by As(V) ions. Since
the As—O group is more electronegative than O—H, the Zr-sites
experienced a decrease in electron density after Zr—O—As forma-
tion, which was reflected as a shift in the Zr 3d binding energy
[37]. The HRXPS O 1 s spectrum of Zr-MOF before and after As(V)
adsorption is shown in Fig. 6¢. The HRXPS O 1 s spectrum of As-
adsorbed MOF has four contributions as opposed to three contribu-
tions observed for fresh MOF. The new peak at 531.3 eV was
assigned to the Zr—O—As/As=0 bonds. The peak at 533.3 eV was
assigned to the As—OH bonds [46]. The peak at 532.7 eV for Zr—OH
in the fresh MOF disappeared after the As(V) adsorption process.
Thus, it was conclusive that the As(V) adsorption occurred on the
protonated Zr—O(p3)—Zr sites, which provided Zr—OH for the sub-
stitution process. Another observation was the decreased Zr—0O—C
contribution in MOF from 63.5 to 45.0% after As(V) adsorption
(Table S3). Wang et al predicted another possible As(V) interaction
mode involving the Zr—O—C bond between Zr and linker. The
adsorption could occur by forming Zr—0—As bonds at the expense
of Zr—O0—C(linker) bonds [24]. Although the reported work had no
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spectroscopic evidence to back the claim, the decreased Zr—O—C
proportion after adsorption confirmed the breaking of the Zr—O—C
bond and the formation of the Zr—O—As bond in this study. The
HRXPS As 3d spectrum of As-adsorbed MOF was compared with
the As 3d spectrum of NaH;AsO,4 salt to ascertain the adsorbed
As species over Zr-MOF, (Fig. 6d). In the HRXPS As 3d spectrum
of As-adsorbed MOF, the contributions at 44.7 and 45.8 eV were
assigned to the As 3ds;, peak of As(IlI)-O and As(V)—O, respec-
tively. Viltres et al have reported inconsistencies occurred during
quantification of As oxidation states using the XPS analysis. The
exposure to X-ray during XPS analysis could lead to the formation
of As(III) species, which is wrongly interpreted as a reduction of As
(V) species during the experimental phase [46]. The same observa-
tion was recorded in the HRXPS As 3d spectrum of NaH,AsO, salt,
which showed a presence of 4.6% of As in the trivalent state
(Table S9). But, the large proportion of As(Ill) ions (23.3%) in Zr-
MOF could not be from the X-ray exposure alone and was conclu-
sive of the partial reduction of As(V) species to As(Ill) during the
adsorption process.

3.6. DFT calculations

Since the bulk phase of MOF-808 contains identical structural
units (Fig. 7a), we have considered the single building unit of
MOF-808 and performed the structural optimization to reduce
the computational cost and time. The computed optimized struc-
ture of a single building unit of MOF-808 is depicted in Fig. 7b.
In Fig. 7b, the bond length C—C (close to O), C—C (in C ring),
C—H, C—0 (close to H), C—O0 (close to O), C—O0 (close to Zr), Zr—O
(close to C), Zr—O (close to Zr), Zr—O (close to H), and O—H is
1.49, 1.40, 1.09, 1.25, 1.29, 1.27, 2.24, 2.09, 2.27, and 0.96 A,
respectively.

We have studied As(V) adsorption via different modes on the
relaxed structure of a single building unit of MOF-808. To under-
stand the adsorption mechanism involving the breaking of frame-
work bonds, followed by the adsorption of As(V) ions, we have
considered two specific sites on a single building unit of MOF-
808. Which were represented as A (breaking of Zr—O(carboxylate))
and B (ligand exchange with the Zr—(p5-OH) bridges), indicated in
Fig. 7b. These two binding modes were proposed by Wang et al
[24]. We have computed the optimized geometry, binding energy,
and Zr—O(As) bond length shown in Fig. 8. On-site A, a single unit
of MOF-808 remained identical, and As(V) ions bound to the two
Zr-sites as a mononuclear bidentate complex after the breaking
of two Zr—O(carboxylate) bonds. The computed Zr—O(As) bond
length was 2.14 A, and the binding energy was 4.11 eV. Slight dis-
tortion in the single unit of MOF-808 was noticed due to the break-
ing of framework Zr—O(carboxylate bonds). The B configuration
involved the ligand-exchange mechanism of —OH groups on the
Zr—(p3-OH) bridges with As(V) ions. The computed bond length
and binding energy were calculated as 2.42 A and 4.38 eV, respec-
tively. Among sites A and B, the maximum binding energy was
obtained for site B. For this reason, it was the most preferred site
for As(V) adsorption onto the MOF, which is also strongly backed
by the spectroscopic analysis.

Furthermore, we have also studied the direct interaction of As
(V) ions on a single unit of MOF-808, labelled as a C site in
Fig. 7b. The optimized structure for As(V) adsorption is depicted
in Fig. 8. For this configuration, we have calculated the binding
energy and bond length as 0.84 eV and 2.36 A, respectively. The
computed binding energy for the C site is much lesser than that
of the A and B sites. Thus, based on energy considerations, the
direct interaction of As(V) with the Zr-sites (C site) was unfavour-
able, and the ligand-exchange (B site) mechanism was the most
favourable mechanism involved in the As(V) adsorption process.
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3.7. Co-adsorption of cations

Like anionic removal applications, Zr-based MOFs have been
explored for the removal of cationic heavy metals like Cd(Il) [47]
and Pb(II) [48]. Since industrial wastewater and even contami-
nated groundwater have a matrix of heavy metals and alkaline
earth metals, it is required that the single MOF should be able to
remove these cationic and anionic metal species simultaneously.
Moreover, the presence of additional pollutants may reduce the
As(V) removal capacity of the MOF. The literature has established
that other than phosphates, no other anion interferes with the As
(V) adsorption process [22]. Darezereshki et al reported a decrease
in the As(V) removal performance of magnetite in the presence of
divalent and trivalent heavy metal cations [49]. In the present case,
we have studied the simultaneous removal of As(V), heavy metals,
and alkaline earth metal ions (Fig. 9a). In the complex solution of
ions, Zr-MOF could effectively adsorb As(V), Cd(II), Fe(III), Pb(II),
Ca(Il), and Mg(II), where the adsorption capacity was 93.8, 38.8,
36.5, 43.6, 57.7, and 44.7 mg g~ !, respectively. As(V) adsorption
breakthrough curve in a multi-element solution (As, Cd, Fe, Pb,

Ca, and Mg) is shown in Fig. 9b. The breakthrough curve demon-
strated that 25 mL of the contaminated water was filtered by the
adsorbent bed without any trace of As(V) ion in the effluent solu-
tion. Thus the breakthrough capacity was calculated to be
3.43 mg g !. After this, the presence of As(V) in the effluent water
was observed and the material was fully consumed after passing
60 mL of the contaminated water with the maximum exhaustive
capacity of 5.61 mg g .

3.8. Reusability

Regeneration and reusability are important criteria to judge the
adsorption process on the grounds of affordability and sustainabil-
ity. The eluent for stripping As(V) from the loaded MOF should be
economical, non-toxic, and non-corrosive to the MOF. In general,
the use of an acid or a base (pH swing method) is highly sought
after eluent for the stripping of arsenate [25,50]. In the present
work, we have studied both HCl and NaOH as eluents for regener-
ation purposes. The adsorption and desorption efficiency of Zr-
MOF with HCI and NaOH are shown in Fig. 10. Since low adsorption
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Fig. 9. (a) Removal performance of As(V) and other cations. Conditions: Mass = 30 mg, [lon] = 100 mg L' each, volume = 30 mL, time = 12 h. (b) Breakthrough curve for As(V)

adsorption in a multi-element study. Conditions: Mass = 40 mg, [lon] = 5 mg L' each, flowrate = 0.5 mL min ™.

9

1



R. Paz, H. Viltres, Nishesh Kumar Gupta et al.

100 +

Journal of Molecular Liquids 356 (2022) 118957

Il Adsorption Capacity
I Desorption Capacity

80 1

[=2]
o
L

Qm (mg/g)
3

1 2 3 4 5
Number of cycles

Il Adsorption Capacity

b)
I Desorption Capacity

1 2 3 4 5
Number of cycles

dsorption for 15t cycle

Adsorption for 5t cycle (HCI)

Transmittance (%)

Adsorption for 5t cycle (NaOH)

d)

Adsorption for 15t cycle

Adsorption for 5t cycle (HCI)

Intensity (a.u)

Adsorption for 5th cycle (NaOH)

3000 2000 1000
Wavenumber (cm'1)

4000

10 20 30 40 50
2 Theta (degree)

60

Fig. 10. Regeneration and reusability tests of Zr-MOF with (a) HCl; (b) NaOH; (c) FTIR spectra and (d) PXRD patterns of Zr-MOF after reusability test. Conditions:
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capacity was observed in the acidic range, HCI as the stripping
agent was effective in stripping out the sorbed As(V) ions. A
~90% desorption efficiency in each cycle failed to regenerate all
the adsorption sites in the Zr-MOF, which was reflected as
decreased adsorption capacity in subsequent cycles. Though the
adsorption capacity gradually decreased with the increasing num-
ber of cycles, the adsorption capacity was still favourable till the
5th cycle (Fig. 10a). NaOH as eluent showed poor regenerability
compared to HCI (Fig. 10b). Since the desorption efficiency was less
convincing, the adsorption-desorption capacity in subsequent
cycles was even lower than observed for HCl. Thus, it was con-
firmed that HCl was the suitable eluent, and Zr-MOF was highly
efficient in As(V) removal for multiple cycles.

The stability of Zr-MOF after multiple adsorption-desorption
cycles was probed using FTIR and PXRD analysis. In the 5th adsorp-
tion cycle, the FTIR spectra of Zr-MOF overlapped with the FTIR
spectrum of the 1st adsorption cycle. Moreover, no significant dif-
ference was observed in the spectra with NaOH or HCl as eluent
(Fig. 10c). In the PXRD pattern of Zr-MOF (5th adsorption cycle
NaOH), the two low-intensity peaks observed at 27.5° and 38.5°
were assigned to the —111 and 120 reflections of monoclinic
ZrO, (ICDD File No. 37-1484) [51]. The ZrO, formed due to the pre-
cipitating effect of NaOH. The diffraction peaks corresponding to
Zr0O, were absent in Zr-MOF when HCl was used as the eluent

10

(Fig. 10d). Thus, the stability of Zr-sites in MOF during regeneration
with HCl was partly responsible for its better efficacy than NaOH.

4. Conclusion

In the present work, we have reported zirconium trimesate
MOF (Zr-MOF) for the adsorptive removal of As(V) ions from an
aqueous solution. The synthesized MOF was characterized by var-
ious spectroscopic techniques to evaluate its physicochemical
properties. The MOF showed appreciable adsorption capacity in
the pH range of 4-9 with higher adsorption capacity in the basic
condition due to the ligand-exchange process. The maximum
adsorption capacity of 278 mg g~! was comparable to the reported
values of Ui0-66 MOF in the literature. The adsorption process was
driven by a diffusion mechanism on a heterogeneous surface
involving physicochemical forces. FTIR and XPS analysis confirmed
two adsorption pathways for As(V) adsorption involving Zr—OH
(n3)—Zr and Zr—O—C (linker) sites. These adsorption pathways
were strongly backed by DFT calculations. The XPS analysis also
confirmed the presence of As(Ill) formed due to the reduction of
As(V) species. The MOF showed significantly high adsorption
capacity for cations and As(V) ions in a multi-element solution.
The Zr-MOF was successfully regenerated by 0.1 mol L~! HCI solu-
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tion without compromising with the MOF structural integrity.
Thus, the study presents Zr-MOF as a novel adsorbent for the treat-
ment of As-contaminated wastewater.
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