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This work explores the capacity of metal—organic framework (MOF)-polyvinyl alcohol (PVA) composites
(MOF@PVA beads) in volatile organic compound (VOC) adsorption. The selected MOFs include HKUST-
1, MIL-68, ZIF-8, A520, ZIF-67, and CAU-10, wherein the MOFs were optimized to be synthesized on a
larger scale of production. Various proportions of the MOF@PVA bead composites were prepared to
evaluate the optimal ratio to yield the best adsorption capacity. Most of the prepared MOF@PVA beads
exhibited a higher VOC adsorption capacity as compared to commercially available activated carbon and
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zeolite adsorbents, proving the universality of the method of preparation. Among the composites, the
MIL-68@PVA beads exhibited the best static VOC adsorption, while HKUST-1@PVA beads exhibited the
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Introduction

Metal-organic frameworks (MOF)' are porous materials
designed with various metal ions and organic ligands. Due to
their high surface area, good crystallinity, multiple pore size
and ordered periodic porosity, they have been developed for
many potential applications such as gas separation and
storage,” drug release,’ and selective catalysis.*

Among the vast applications MOFs are capable of, gas
adsorption is the most popular because of the tunability of
the framework’s porosity, ordered structures, and pore sizes,’
to cater for different types of gases for adsorption. However,
there are still two issues to overcome. First is the cost of MOF
production. The high cost, as well as the utilization of toxic
solvents for the synthesis of some MOFs, makes the process
hard to scale-up. Secondly, the final product of MOF synthesis
is in powder form, which cannot be directly used as an
adsorbent.

In order to address this problem, MOF beads were fabri-
cated with the aid of polymers as binders.® As the procedure in
the literature involved the use of DMF to embed the MOF into
the polymer matrix, a different polymer was selected to be able
to utilize DI water instead. Among various polymers, polyvinyl
alcohol (PVA) exhibited good binding properties and was
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best dynamic low concentration (200 ppm) toluene adsorption capacity.

suitable for the freeze granulation’ method. Previous work
involving the freeze granulation method employs freeze-dryer
equipment,® which may not be available in many areas, so a
more practical approach is needed to be able to replicate the
process. Upon pelletizing the MOFs, highly stable MOF-PVA
beads may be afforded, maintaining the high crystallinity and
gas adsorption capacity, while increasing the mechanical
strength of the overall particle.’

In the published literature, two examples of scalable MOFs,
or MOFs that may be synthesized on a larger scale with no
apparent changes in their properties include HKUST-1'° and
MIL-68(Al)."" These two MOFs may be synthesized on a large
scale without encountering many problems. Other promising
MOFs that may be evaluated for their capability to undergo
large scale production include ZIF-8'> and A520. In-depth
research has revealed the application of MOFs for the removal
of volatile organic compounds (VOCs)."*""” Together with ZIF-
67 and CAU-10, these six MOFs will be evaluated for their
capacity to adsorb VOCs to combat pollution.

Pollution mainly arises from fuel combustion, traffic waste
gas, industrial waste gas and photochemical pollution, cigar-
ettes, oil fumes, building materials, paint materials, and so
on.'® According to the regulations of the European Union (EU),
if the initial boiling point of an organic substance at an atmo-
spheric pressure of 101.3 kPa is less than 250 °C, it is con-
sidered as a VOC. The rising amount of VOCs present in the
environment has led to a massive decline in the quality of air all
around the world, ultimately bringing out a grievous impact on
the health and well-being of the population."®

One example of VOC commonly affecting the general popu-
lation is toluene, as it is commonly encountered among

© 2022 The Author(s). Published by the Royal Society of Chemistry
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household products such as paints, adhesives, synthetic fra-
grances and nail polish. The legal airborne permissible expo-
sure limit (PEL) for toluene is 200 ppm averaged over an 8 hour
work shift>® which is why it is important for adsorbents to be
able to effectively adsorb toluene even at the low concentration
present in the environment. Literature on dynamic low concen-
tration adsorption of toluene is limited and currently the
zeolite material Y@MnO, exhibits the best adsorption capacity
for toluene (50 mg g~ *).*"

The main drawback for MOFs, in comparison to commer-
cially available activated carbon (AC) and zeolites such as ZSM-5
for use in VOC adsorption is the cost of production. Upon
addressing the issues with synthesis, the production costs may
be brought down and MOFs, which possess a better adsorption
capacity, may have the potential to outperform and replace
these commercial products.

In this study, optimization of the appropriate ratio for MOF-
PVA composite beads was evaluated toward their capacity for
VOC adsorption. The adsorption capacity of the MOF@PVA
beads towardsseveral VOCs including acetic acid, acetone,
isopropanol, formaldehyde, and toluene was also assessed, to
make the evaluation more encompassing with the chosen VOCs
serving as representative models for a specific functional
group: toluene for benzene containing compounds, acetone
for those with the ketone functional group, formaldehyde
for those with aldehyde groups, IPA for alcohols, and acetic
acid for those possessing carboxylic acid functional groups.
Dynamic toluene adsorption was performed for selected
MOF@PVA beads.

Experimental

Materials and methods

Chemicals. Copper hydroxide (Cu(OH),, Alfa Aesar), trimesic
acid (H3BTC, Sigma-Aldrich, 95%), ethanol (EtOH, CH;CH,OH,
TEDIA, 99.5%), aluminium chloride hexahydrate (AlCl;-6H,0, Alfa,
>98%), 1,4-benzenedicarboxylic acid (H,BDC, TCI, >98%), 2-
propanol (isopropyl alcohol, IPA, C3H,OH, Uniward, tech. grade,
99%), methanol (MeOH, CH;OH, Merck, >99.5%), zinc nitrate
hexahydrate (Zn(NO;),-6H,0, Merck), 2-methylimidazole (C4HeN,,
Sigma-Aldrich), ammonium hydroxide (NH,OH, Sigma-Aldrich),
aluminum sulfate octadecahydrate (Al,(SO,);-18H,0, Acros), fuma-
ric acid (C4H40,, Alfa), cobalt(n) nitrate hexahydrate (Co(NOs),:
6H,0, Alfa), isophthalic acid (m-C¢H,(COOH),, Sigma-Aldrich),
N,N-dimethylformamide (DMF, C;H,NO, Merck > 99.5%), activated
carbon powder (Showa Chemical Co Ltd), ZSM-5 zeolite powder
(Zeolyst International), acetone (2-propanone, Supelco), acetic acid
(AA, CH3COOH, Merck >99.0%), formaldehyde (HCOH, Merck,
37%), and toluene (methylbenzene, C¢H5CHj;, Merck, 100%) were
used as received without further purification.

Synthesis of HKUST-1. Synthesis was carried out in accor-
dance with the literature'® with minor modifications as follows:
450 g (4.614 moles) of Cu(OH), was dissolved in 4.5 L of DI
water, and in a separate vessel, 540 g (2.571 moles) of H;BTC
was dissolved in 12 L EtOH. The solutions were mixed and
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stirred at room temperature for 2 days to get the initial product
wherein it was further stirred and washed with 6 L EtOH for
24 hours. Afterwards, it was filtered by suction and dried in an
oven at 120 °C for 1 day to obtain 420 g (yield: 54%) of a blue
powdered product.

Synthesis of MIL-68. Synthesis was carried out in accordance
with our previous work"" with minor modifications as follows:
120.7 g (500 mmol) of AlCl;-6H,0 was dissolved in 2 L of IPA,
and 41.7 g (250 mmol) of H,BDC was added afterwards. It was
stirred for 5 days in a 100 °C oil bath and the obtained product
was washed 3 times with 1 L of MeOH and dried in an oven at
75 °C for 1 day to obtain 36.6 g (yield: 70.3%) of the white
powdered product.

Synthesis of ZIF-8. Synthesis was carried out in accordance
with the literature'* with minor modifications as follows:
293.6 g (0.987 moles) of Zn(NOj3),-6H,0 was dissolved in 18 L
of MeOH, and in a separate vessel, 648.9 g (7.9 moles) of 2-
methylimidazole was dissolved in 2 L of NH,OH. The two
solutions were mixed and stirred at room temperature for
1 day and the obtained initial product was stirred and washed
with 2 L MeOH for 24 hours. This was filtered by suction, and
finally dried in a 75 °C oven for one day to obtain 132 g (yield:
58.8%) of a white powdered product.

Synthesis of A520. Synthesis was carried out in accordance
with the literature® with minor modifications as follows: 140 g
(210 mmol) of Al,(SO,4);-18H,0, 50 g (500 mmol) of H,FUM, and
50.64 g (1.266 moles) of NaOH were dissolved in 1.32 L of H,O
and refluxed at 60 °C for 5 hours. The obtained initial product
was washed with 400 mL of H,O for 3 times, then dried in an
oven at 120 °C for 1 day to obtain 58.8 g (yield: 73.5%) of a white
powdered product.

Synthesis of ZIF-67. Synthesis was carried out in accordance
with the literature®® with minor modifications as follows: 44 g
(335 mmol) of 2-methylimidazole was dissolved in 400 mL
MeOH and then 12 g (44.2 mmol) of Co(NO3),-3H,0 was added.
This was stirred for 1 day in an 80 °C oil bath and the product
was washed 3 times with 80 mL MeOH and then dried at 75 °C
in an oven for 1 day to obtain 4.2 g (yield: 24.2%) of a dark
purple powdered product.

Synthesis of CAU-10. Synthesis was carried out in accor-
dance with the literature®® with minor modifications as follows:
5.28 g (31.78 mmol) of isophthalic acid was dissolved in 25 mL
of DMF. In a separate vessel, 20.2 g (30.31 mmol) of Al,(SO,);-
18H,0 was dissolved in 100 mL of deionized water. After
complete dissolution, the two solutions were mixed and
refluxed at 100 °C for 2 hours. The product was washed 3 times
with 20 mL DMF and subsequently with water, and afterwards
dried in an oven at 150 °C for 1 day to obtain 5.52 g (yield:
86.7%) of a white powdered product.

MOF@PVA granulation

PVA/H,0 polymer aqueous solution preparation. 30 g of PVA
powder was added to 270 g of deionized water and stirred for
1 hour in an oil bath at 80 °C to completely dissolve the polymer.

MOF@PVA aqueous solution preparation. In 3 separate
containers, 6 g of MOF powder was carefully weighed, and then

Mater. Adv.,, 2022, 3, 6458-6465 | 6459
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dissolved in 48, 42, and 36 g of deionized water, respectively.
The samples were stirred at room temperature for 2 hours to
dissolve/disperse. Afterwards, 6, 12, and 18 g of the prepared
PVA/H,0 polymer aqueous solutions were added, respectively,
and then stirred for another 2 hours to afford the 10, 20, and
30% MOF@PVA aqueous solutions.

MOF@PVA bead preparation. As shown in Scheme S1 (ESIT),
the MOF@PVA aqueous solution is released dropwise from a
pipette into liquid nitrogen for bead formation. Afterward, the
solid beads were placed in a —10 °C environment while
immersed in EtOH for slow solvent exchange, replacing water
with EtOH. Finally, the round beads were placed in a 75 °C oven
to remove the excess solvent to obtain MOF@PVA beads.

Material characterization

The prepared materials were characterized by powder X-ray
diffraction (PXRD), wherein the patterns were measured using a
Bruker D8 Advance diffractometer with Cu Ka radiation (1 =
1.54056 A) at room temperature operated at 40 kv and 40 mA
current. For surface area and pore size analysis, the nitrogen
adsorption/desorption isotherms were measured using a Micro-
meritics 3Flex Physisorption surface area analyzer. The samples
were degassed under vacuum at 120 °C prior to analysis to
ensure pore vacancy from the guest or solvents. BET surface
areas were calculated from N, adsorption isotherms at 77 K.
Micropore volume and pore size distribution were estimated
by NLDFT fitting of the measured adsorption isotherms.
FTIR analyses were carried out using a Bruker Tensor
27 FT-IR Spectrometer where IR spectra were collected in the
4000-450 cm~ "' range with 4.0 cm ™" resolution. Thermogravi-
metric analyses were carried out using TA Q500 thermogravi-
metric analyzer wherein sample weights were determined from
room temperature to 700 °C with a heating rate of 5 °C
minute ! under 60 mL min ' N, gas flow. A JEOL JSM-7600F
field-emission scanning electron microscope was used to
observe the MOF and MOF@PVA morphology.

VOC adsorption

Activation temperature. To remove residual moisture, sol-
vent, and excess guest molecules, a high-temperature oven was
employed wherein 3 different temperatures were put to the test.
A temperature higher than the boiling point of water at 120 °C,
the melting point of the PVA polymer at 250 °C and a median
temperature at 200 °C were selected. The prepared MOF@PVA
beads were activated at 3 different temperatures and evaluated
for the amount of toluene adsorbed to find the most favorable
activation temperature condition.

VOC capture. Static adsorption experiments were carried out
following the procedures in literature** wherein 0.3 g of the
samples (MOF powder and MOF@PVA beads) were placed in a
vacuumed glass desiccator, together with 40 mL of a series of
VOC solutions for a sufficient time. Sample weights were
measured before and after the VOC adsorption test. The test
environment was carried out in an oven at a constant tempera-
ture of 30 °C. All the static adsorption experiments were
performed in triplicate to ensure the data reproducibility.

6460 | Mater. Adv, 2022, 3, 6458-6465
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Dynamic toluene adsorption. The dynamic adsorption of
toluene was evaluated following the procedures in the
literature®>?® with minor modifications as follows: a schematic
representation of the flow system employed is presented in
Scheme 1, consisting of the toluene VOC generator, U-tube to
hold the MOF@PVA beads, and the detection device, which is
the FTIR. The total flow rate was kept at 1 L min~" with the
concentration of toluene controlled at 200 ppm toluene in N,.
The sample weights were both 0.2 g for MIL-68@PVA beads and
HKUST-1@PVA beads. The VOC concentration at the outlet was
monitored by FTIR, and once the concentration of toluene at
the outlet equaled that of the inlet, it signals that the adsorp-
tion equilibrium was already reached, wherein the adsorption
capacities of the samples were calculated using eqn (1):

V x 1073 (1 (Cin — Cou)dt
o - Jo(Gn = Cow) 0

m

where g. (mg g~") is the saturated adsorption capacity of the
sample, V (L min~") is the flow rate of the carrier gas, Ci,
(mg m ) is the inlet VOC concentration, Coy (mg m™?) is the
outlet VOC concentration at any time ¢, ¢ (min) is the adsorption
time, and m(g) is the weight of the adsorbent.

Adsorption kinetics analysis. Two kinetic models, namely
pseudo-first-order and pseudo-second-order were utilized to
analyze the kinetic behavior of toluene adsorption, expressed
by eqn (2) and (3), respectively:

In(ge — q¢) = Inqe — kyt (2)

i_ ! +i (3)
g k2qd  qe

where g, (mg g~ ') is the adsorption capacity at time ¢, and g.
(mg g~ ') is the adsorption capacity at equilibrium; k; (1 min™ ")
is the rate constant for the pseudo-first-order model and k,
(g mg "min") is the rate constant for the pseudo-second-
order model. The intraparticle diffusion model was also applied
to determine the diffusion mechanism of toluene on the
MOF@PVA beads, expressed by eqn (4):
ge =kt +¢; (4)

where k (g mg™* min *?) is the intraparticle diffusion rate
constant and C; is the constant.?®

Toluene

T=15C

Scheme 1 Diagram for dynamic toluene adsorption.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Material characterization

As a representative sample, the results for the characterization
of MIL-68@PVA beads are presented in Fig. 1. The PXRD
patterns of the synthesized MOFs and MOF@PVA beads are
presented in Fig. S1 (ESIt). Each type of MOF has its own
unique crystal structure, by comparing the theoretical peak
value of the MOF itself with the measured experimental value,
the crystal signals of the selected MOFs and MOF@PVA beads
are consistent with the theoretical values, which proves that the
synthesis is successful and the granulation process did not
adversely affect the crystallinity of the MOFs.

The analysis of the nitrogen adsorption-desorption iso-
therms revealed the pore volume, BET calculated surface area,
and pore size distribution of the prepared samples and showed
the differences between the N, adsorption isotherm and BET
specific surface area of the MOF powder and MOF@PVA beads.
It can be seen from the comparison overlays in Fig. 1c and
Fig. S2 (ESIt) that the amount of N, adsorption after granula-
tion has decreased by a significant amount, and this is due to
the fact that the PVA polymer is not porous. Acting as a binder
in the MOF@PVA beads, it contributes to the weight of the
finished product, thereby decreasing the total surface area of
the sample. To prove this point, HKUST-1, showing an excellent
N, adsorption isotherm (Fig. 2a), was assessed when varying
the ratio of PVA for bead formation and it can be observed that
as the mixing ratio of PVA increases, the specific surface area of
the MOF@PVA beads decreases (Fig. 2c). Likewise, a decrease

——MIL-68@PVA
——MIL-68

a) b)
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—— MIL-68(A) exp.
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Fig. 1 Characterization of MIL-68@PVA beads. (a) PXRD pattern, (b) FTIR,

(c) N2 adsorption isotherm, (d) pore size distribution, (e) MIL-68 powder
SEM image and (f) MIL-68@PVA beads SEM image.
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Fig. 2 HKUST-1@PVA characterization for (a) N, adsorption—desorption
isotherm and (b) pore size distribution and the effect of PVA mixing ratio
on (c) N, adsorption and BET surface area and (d) toluene adsorption
capacity for HKUST-1.

in adsorption capacity was observed with the preliminary
toluene adsorption tests performed upon increasing the PVA
ratio, as presented in Fig. 2d. On the other hand, it can be
observed that the pore sizes of the samples remained the same
even after the granulation process, suggesting that the granula-
tion method may successfully retain the gas adsorption selec-
tivity of the MOFs and the physical adsorption characteristics of
the micropores (Fig. S2 insets, ESIT).

The FTIR spectra elucidate the major functional groups
present on the surface of the samples. For MIL-68 and MIL-
68@PVA beads, the characteristic band at 1717 cm™' was
ascribed to the carboxylate stretching of ligand while the
prominent bands between 3284 and 3572 cm ™" were attributed
to the -OH stretching. The characteristic bands at 1603 cm ™"
were attributed to the asymmetric carboxylate stretching,
whereas the prominent bands at 1423 cm™ " were attributed
to the symmetrical carboxylate stretching (Fig. 1b). The FTIR
spectra of MIL-68 and MIL-68@PVA are well matched with each
other, except for a weak band at 2946 cm " which was attrib-
uted to the C-H stretching (Fig. 1b inset) of alkane on the PVA
polymer. Through the appearance of this signal, it can be
proven that PVA acts as a binder in the MOF@PVA beads,
while retaining the inherent chemical properties of the func-
tional groups of the MOF itself.

The thermogravimetric analyses of the representative MOF
powder and MOF@PVA are presented in Fig. S3 (ESIY). It
should be noted that no activation under high temperature
and vacuum was performed with the materials prior to the TGA.
With MIL-68, a gradual 75% decrease in its weight was
observed from 478 °C to 641 °C, which was ascribed to the
ligand decomposition. In the case of PVA, a gradual 5.9%
decrease in its weight was observed up to 239 °C, which was
ascribed to the liberation of weakly trapped H,O and crystalline
hydrates. A further temperature increase (beyond 250 °C)
resulted in the gradual decomposition of the PVA structure,

Mater. Adv., 2022, 3, 6458-6465 | 6461
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which well matched the literature data.’” The MIL-68@PVA
shows a gradual 14.4% decrease in its weight from the starting
temperature up to 449 °C, which is from the gradual decom-
position of the PVA structure and release of trapped H,O in the
beads. This coincides with the 10% PVA formulation used for
the MOF@PVA granulation wherein the remaining 4.4% is
attributed to the water molecules. Likewise, the weight loss
from 450 °C to 639 °C was ascribed to the ligand
decomposition.

The morphology of the MIL-68 powder and MIL-68@PVA is
presented in Fig. 1e and f, respectively, having been observed
under SEM. It can be seen that there are filamentous PVA
polymers (encircled in red) incorporated in between the MIL-68
crystals in Fig. 1f. This shows that the prepared MIL-68@PVA
beads, effectively utilized PVA as a binder to form the compo-
site beads. Moreover, this also shows that the MIL-68 crystalline
structure was not altered by the granulation process, as a
similar morphology can be observed for both the MIL-68
powder and the MIL-68@PVA beads.

Static state VOC adsorption

Among the three different activation temperatures evaluated,
all the MOF@PVA samples have the highest toluene adsorption
capacity after activation at 200 °C (Fig. S4, ESIf) in the pre-
liminary evaluation. The is due to the fact that at a temperature
of 120 °C, not all of the adsorbed guest molecules may be
evacuated while at a temperature of 250 °C, the PVA polymer is
unstable and may deteriorate and affect the sample. With this,
samples were activated at 200 °C prior to the succeeding
adsorption experiments. Table 1 presents the adsorption capa-
cities of the six different MOF powders and their corresponding
MOF@PVA beads form in comparison to commercially avail-
able activated carbon (AC) and zeolite (ZSM-5). For the VOCs
with an oxygen-containing functional group and kinetic dia-
meters close to 4.7 A (IPA and acetone), the following order of
performance was observed: MIL-68 > A520 > HKUST-1 > ZIF-
8 > ZIF-67 > CAU-10. Having AP** as its central metal an
octahedral structure coordinated with an oxygen atom, MIL-68
forms a strong intermolecular hydrogen bond with the group of

Table 1 Adsorption capacities towards various VOCs

Acetic

Acetone IPA Formaldehyde Toluene acid
HKUST-1 544 £ 38 429 +43 654 £ 11 558 45 688 + 33
HKUST- 503 £45 302 +39 558 +4 385+ 35 616 + 36
1@PVA
MIL-68 799 £+ 45 670 + 42 622 £ 40 733 £52 1065 + 58
MIL-68@PVA 594 + 22 511 +49 564 + 46 673 27 790 + 56
ZIF-8 405 = 20 407 £ 58 404 £ 20 493 £13 N/A
ZIF-8@PVA 371+ 6 309+51389 £6 351 +£7 N/A
A520 646 & 111 460 + 61 456 £ 17 498 +15 607 £ 71
A520@PVA 557 £47 367 £19 418 + 21 408 =8 429 + 38
ZIF-67 387 +£19 380 + 46 N/A 478 £ 77 N/A
ZIF-67@PVA 361 £5 316 +3 N/A 407 £ 28 N/A
CAU-10 331 £ 18 388+ 10 410 £ 12 407 £ 23 381 £ 64
CAU-10@PVA 381 £ 58 310 £ 35 273 + 40 379 £ 15 405 + 14
AC 265 £ 6 268+ 14 363 £ 21 340 +£17 336 = 18
ZSM-5 246 £8 199+19 379 £7 246 + 15 267 £+ 11
6462 | Mater. Adv, 2022, 3, 6458-6465
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the acetone and the hydroxyl group of IPA, so the adsorption
capacity is higher. A520, HKUST-1 and ZIF-8, also show the
good adsorption capacity of isopropanol. The reason is mainly
due to their surface area and porosity. Cu®>" metal is also more
stable as compared to Zn>" metal, even more so, when com-
pared to Co®" metal, which is why ZIF-8 has a better perfor-
mance than ZIF-67.

Compared to the other VOCs that possess a carbonyl group,
the results obtained in the test for formaldehyde capture are
different from those of acetone and acetic acid. For formalde-
hyde molecules, aluminum MOFs hold no advantage over other
MOFs and it is speculated that the reason is due to the fact that
the formaldehyde is a relatively small molecule with an effective
size of only ~ 2.5 A.?® Thereby, HKUST-1, which has the highest
adsorption capacity among the MOFs evaluated, holds the
advantage of being able to adsorb more formaldehyde.

For formaldehyde molecules, the specific surface area is the
main factor affecting the adsorption capacity, but ZIF-8 is an
exception (Fig. S5, ESIT). The reason is that ZIF-8 is not acid
stable, and although the sample did not liquefy in this test, it
has affected the stability of the sample causing a low adsorp-
tion capacity. In the same way, ZIF-67 is not stable in an acidic
environment, thus causing structure collapse, so no data was
obtained for ZIF-67.

For toluene, because of its large kinetic diameter of 5.85 A,
the pore widths of the MOFs will matter (Fig. S6, ESIt). Among
the MOFs with similar specific surface areas, MIL-68 has the
largest hexagonal window with a pore size of 16 A, which is
the only pore that can fit two toluene molecules consecutively.
Multi-layer adsorption can be achieved in a high-concentration
environment, thus MIL-68 possesses the highest toluene
adsorption capacity. As HKUST-1 also has a high specific sur-
face area with a pore width of 11 A, toluene may also be
effectively adsorbed. Moreover, the benzene ring of its trimesic
acid ligand may also act on toluene through the n-n intermo-
lecular force,> generating a relatively higher toluene adsorp-
tion capacity.

As for acetic acid, since the structures of the two MOFs, ZIF-8
and ZIF-67 are not acid-resistant, the samples liquefied during
the adsorption test (Fig. S7, ESIt) so no data may be obtained.
In the results, MIL-68 showed nearly 40% adsorption super-
iority compared to HKUST-1, which has the second highest
adsorption capacity. This is because MIL-68 has a high-porosity
hexagonal window with an extremely high multi-layer adsorp-
tion capacity. The framework is also capable of providing
strong hydrogen bonds for acetic acid with a corresponding
adsorption energy reaching —119.32 kJ mol *,"* thus the high
adsorption capacity is recorded. A summary of the pore sizes of
the MOFs as well as the kinetic diameters of the VOCs are
presented in Table S1 (ESIT) to provide a better comparison.

A comparison of the adsorption capacities of the MOF
powders vs. the MOF@PVA beads, as given in Table 1, shows
a slight decrease in the values. Nevertheless, most of the results
still show significantly good adsorption for various VOCs,
which prove that the prepared MOF@PVA beads successfully
retained the physical and chemical adsorption characteristics

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the MOFs. Compared with the powdered samples, the
MOF@PVA beads have a lower adsorption capacity, with the
exception of CAU-10@PVA beads for acetone adsorption. This is
attributed to the astounding increase in the 9 A pore window as
seen in the inset of Fig. S2f (ESI). It can also be observed that
most of the prepared MOF@PVA beads exhibited a higher VOC
adsorption capacity as compared to commercially available
activated carbon and zeolite adsorbents, proving the univers-
ality of the method of preparation.

Another consideration in the use of adsorbents is the
reusability of the sample. With this in mind, the MOF@PVA
beads were evaluated for their VOC adsorption capacities for 3
continuous cycles. Consistent VOC adsorption across all pre-
pared MOF@PVA beads and across all different VOCs including
acetone, IPA, formaldehyde, toluene, and acetic acid can be
observed in Fig. 3, proving the stability and reusability of the
prepared materials. It is also observed that MIL-68@PVA
proved to be the most promising material among the rest,
showing consistently high VOC adsorption capacities cycle after
cycle. With this, MIL-68@PVA was selected to further evaluate
the reusability of the adsorbent for an extended period
of time of up to 10 cycles. As seen in Fig. S8a (ESIt), the
adsorption capacity of MIL-68@PVA beads within 7 toluene
adsorption cycles did not change significantly. However, the
adsorption capacity fell drastically by ~15% in the 8th cycle.
This is mainly attributed to the partial decomposition of the
PVA polymer, characterized by the yellow discoloration after the
7th cycle as seen in Fig. S8b (ESIt). The discoloration is

. Acetone IPA
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"Adsorplion capacity (mg/g)

i 2 3 1 2 3
Reuse cycle Reuse cycles
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8 2 & 8 8
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Fig. 3 VOCs adsorption capacities of MOF@PVA beads.
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inevitable after exposure to high temperatures for an extended
period of time.*° Besides, it can be observed that no significant
changes in the crystallinity are seen from the PXRD patterns
measured after the 5th and 10th cycle (Fig. S8c, ESIT), thus
considerably high values of toluene adsorption can still be
observed after the 7th cycle towards the 10th cycle. This also
proved the durability of the material under the repeated test
conditions.

Dynamic toluene adsorption

As mentioned earlier, MIL-68@PVA proved to be the most
promising adsorbent among the prepared MOF@PVA beads,
followed by HKUST-1@PVA, which is why these 2 materials
were selected to be further evaluated for their dynamic toluene
adsorption. Fig. 4a presents the breakthrough curves of toluene
adsorption of MIL-68@PVA and HKUST-1@PVA beads which
were used to calculate the adsorption capacities (Fig. 4a inset).
Looking into the data, it can be seen that the MIL-68@PVA
beads, which exhibited excellent static adsorption at high
concentrations, are shown to be far less than HKUST-1@PVA
in terms of dynamic adsorption capacity, wherein the dynamic
adsorption capacity is nearly 3 times greater. From Fig. 4b, it
can be seen that the removal concentration of toluene over time
is much higher for HKUST-1@PVA as compared to that of MIL-
68@PVA. In dynamic low concentration adsorption, the mecha-
nism mainly relies on monolayer adsorption,*' which is why it
is more favorable for adsorbents with smaller pores, as with the
case of HKUST-1 with 11 A pores, in comparison to that of the
16 A hexagonal pores of MIL-68. Moreover, the dynamic toluene
adsorption capacity of HKUST-1@PVA (123.82 mg g~ ') beads
exceeds that of the zeolite Y@MnO,, which is reported to be at
50 mg g >

With this, analyses of the adsorption kinetics were carried
out by fitting the adsorption data to two adsorption kinetic
models. The fitted curves and kinetic parameters are presented
in Fig. S9 (ESIT) and Table 2, respectively. The experimental
data were more suitably fitted for the pseudo-second-order
model as compared to the pseudo-first-order model (correla-
tion coefficient R* = 0.99847, 0.99976), and the g. was close to
the experimental value (Table 2), suggesting that it is influ-
enced by chemisorption.>®

Furthermore, in order to shed more light toward under-
standing the adsorption process, the intraparticle diffusion

Rk
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Fig. 4 Graphs from the dynamic toluene adsorption of HKUST-1@PVA
and MIL-68@PVA beads showing: (a) breakthrough curves (inset: toluene
adsorption capacity) and (b) toluene removal over time.
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Table 2 Kinetic parameters of dynamic toluene adsorption

HKUST- MIL-
Models Parameters 1@PVA 68@PVA
Pseudo-first order g. (mg g™ 158.3266  55.33137
ky (1 min 1) 0.02856  0.03785
R 0.88791  0.87875
Pseudo-second order g, (mg g~ ) 149.925 50.15045
kb(1g 'mg 'min"") 0.01361  0.030698
0.99847 0.99976

model was utilized to determine the diffusion mechanism for
toluene. Fig. 5 demonstrates the plots of g, versus ¢ for the
adsorption of toluene by the MOF@PVA beads, and the linear
fitting data are shown in Table S2 (ESIt). Each plot is divided
into the three stages involved in the adsorption process. The
first stage (I) represents toluene diffusion from the bulk gas
phase to the external surface of the MOF@PVA beads, wherein
the toluene concentration in the gas phase and the external
surface area of the beads were the main factors influencing
toluene adsorption. The second stage (II) is attributed to the
particle diffusion process of toluene from the external surface
into the micropores, which was determined by the pore size
distribution of MOF@PVA. Finally, the third stage (III) portrays
the toluene adsorption on the inner surfaces of the micropores,
until finally reaching equilibrium.?® It is found that the most
distinct difference in the adsorption of the two MOF@PVA
beads comes from stage 2 which involves the rate of the particle
diffusion of toluene from the external surface into the micro-
pores, which is related to the pore size distribution, the specific
surface area, and window type of the materials. As dynamic low
concentration toluene adsorption mainly involves monolayer
adsorption, the smaller pores of HKUST-1 with 9 and 11 A
windows are more conducive to the diffusion of toluene mole-
cules into the pores. Not only does HKUST-1@PVA possess a
higher BET specific surface area of 1721.80 m® g~ ' as compared
to that of MIL-68@PVA’s 1525.84 m” g~ ', its 3D-cage window
can also allow more toluene molecules to be adsorbed as
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Fig. 5 Intraparticle diffusion kinetic plots for toluene adsorption.
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compared to the channel-type MIL-68 pores, as cage-type MOFs
generally possess higher pore occupancy than that of channel-type
MOFs.*?> As for the third stage, adsorption in the micropores is
attributed to the open metal sites of the central metal Cu®" ion of
HKUST-1. The dipole-dipole force of the polar molecule toluene,
and the dense r electron cloud of the ligands provide a strong n-nt
force, so the adsorption rate constant Ky is larger by 3 folds.

Conclusions

In summary, a universal method to synthesize MOF@PVA beads
was presented which can be utilized by a variety of MOFs towards
VOC capture applications. Processing the MOF powders into
MOF@PVA beads not only maintained the crystallinity and porosity
of MOFs themselves, but also increased their potential for commer-
cial and industrial application. Moreover, HKUST-1@PVA beads
were also proved to be an efficient material for dynamic low
concentration toluene adsorption with a capacity of 123.82 mg g™ .
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