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Removal of diclofenac sodium from water using
a polyacrylonitrile mixed-matrix membrane

embedded with MOF-808+
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MOF-808, owing to the synergistic effect of its large surface area and surface charge matching, showed
a diclofenac sodium (DCF) removal capacity as high as 630 mg g%, and the ability to adsorb 436 mg g~*
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DCF in two hours, outperforming many common Zr-MOFs under the same conditions. Importantly,

a series of free-standing mixed-matrix membranes made by combining polyacrylonitrile with MOF-808
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rsc.li/rsc-advances filtration method.

Owing to the escalating demand for human health and survival
products, pharmaceuticals and personal care products (PPCPs)
have been widely utilized, resulting in their ubiquitous presence
in the natural environment.! However, most PPCPs resist
complete biodegradation, posing a new and urgent challenge
for their removal. Diclofenac sodium (DCF), one of the most
commonly used PPCPs, is already detectable in surface water,
causing potential risks to human health and the aquatic
environment.?

Therefore, it is important and urgent to develop an efficient
method for removing DCF from water, and numerous removal
methods have been reported, such as adsorption, an advanced
oxidation process, coagulation, and membrane processes.
Using porous nanostructure materials as adsorbents is one of
the most accessible and cost-effective methods for removing
DCF from water. Thus, there is an urgent need to develop
adsorbents with high DCF adsorption efficiency. Metal-organic
frameworks (MOFs), a class of porous materials composed of
organic linkers and inorganic nodes, have witnessed significant
advances over the last few decades.? Thanks to their high crys-
tallinity, diverse building blocks, and controllable pore shape/
size, MOFs are useful in a variety of molecule separation and
catalysis areas, as well as in biomedicine, sensor development,
and PPCP removal applications.*
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were fabricated and exhibited high efficiency of removing DCF from water via an easily accessible

Membrane-based technologies offer an excellent alternative
for removing pollutants, because of their advantage over powder
nanoparticles in operation time, usability, and convenience.
Traditional nanofiltration (NF) and reverse osmosis (RO)
membranes show good separation performance in their reject-
ing almost all materials with particle sizes larger than the pore
size, but difficulties in achieving selective molecule rejection. As
a promising alternative, mixed-matrix membranes (MMMs) have
garnered the interest of researchers for the ease in regulating
their separation performance through the selection and modi-
fication of filler material and the superiority in the mass
production of large-area membranes, which is important in
industry applications.® For example, ZIF-8-based MMMs exhibit
high selectivity and permeability for the C;Hg/C;H, pair.® Amino-
functionalized ZIF-7-based MMMs are very attractive for appli-
cations such as natural-gas sweetening or biogas purification.”
Otherwise, MMMSs containing stable MOFs are also used for
removing pollutants from water, because it is possible to
improve the pollutant adsorption performance and selectivity of
membrane adsorption by adjusting the pore size and structure of
the MOFs. For instance, MMMs containing UiO-66-NH, show
exceptional capabilities at adsorbing Cr'' ions from water.?®
While several investigations have shown the potential applica-
tions of MOFs in DCF adsorption and of MMMs in pollutant
removal, there have been few reports dedicated to preparing
MOF-based MMMs for effective removal of DCF from water.

MOF-808, a well-known and accessible Zr-based MOF, has
been used for DCF removal, due to its excellent framework
stability.” Although the highly effective DCF adsorption perfor-
mance of MOF-808 has been shown, useable MOF-based MMMs
for removing DCF from water are not available. Herein, not only
was proof provided for the remarkable DCF adsorption capacity
of MOF-808, surpassing those of many typical Zr-MOFs
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Scheme 1 Schematic diagram of the process involving the adsorption
of DCF by MOF-808-based MMMs via an easily accessible filtration
method.

including NU-1000, UiO-66, and UiO-66-NH,, under the same
experimental conditions, but the synergistic effect of high
surface area and strong electrostatic attraction between DCF
and MOF-808 was also tested and confirmed. Importantly,
a series of MOF-based MMMs containing different MOF-808
loadings was prepared through an easy casting method; also
a facile filtration for removing DCF from the aqueous solutions
was exploited (Scheme 1).

We first prepared powdery MOF-808, whose purity was
confirmed according to the good consistency between experi-
mental powder X-ray diffraction (PXRD) and simulated patterns
(Fig. S11). Its BET surface area (1991 m* g~ ') was calculated
from N, sorption isotherms at 77 K and matched those previ-
ously reported (Fig. S41)." The scanning electron microscopy
(SEM) image acquired of MOF-808 particles displayed a clear
regular octahedral morphology (Fig. S51), and corresponding
size distribution analysis showed dimensions of the MOF-808
particles ranging from 80 nm to 200 nm, with a D (50) value
equals to 136 nm (Fig. S61). Furthermore, PXRD patterns
confirmed that MOF-808 can maintain its crystallinity after
being soaked for 24 h in various aqueous solutions with pH
values from 1 to 12 (Fig. S71). In summary, we successfully
prepared nano-sized MOF-808 with high porosity and excellent
stability, having the potential to adsorb DCF from aqueous
solutions.

To evaluate the DCF adsorption performance of MOF-808, an
adsorption isotherm study was performed first. Both Langmuir
and Freundlich models, as shown in Fig. 1a, were used to
describe the adsorption behaviour; the relevant mathematical
expressions and fitting results are given in eqn (S1) and (S2) and
Table S1.f As can be seen from the results, the R of the Lang-
muir model (0.998) was slighter higher than that of the
Freundlich model (0.994), indicative of the Langmuir model
fitting better the behaviour of monolayer adsorption. According
to the Langmuir model, the maximum adsorption capacity
(Qmax) was 630 mg g, superior to those of most reported Zr-
based MOFs, Cu-based MOFs, Fe-based MOFs, and Al-based
MOFs, each with a Q. value under 600 mg g~ (Table
S2).1*2 Also, the adsorption capacity of MOF-808 at a low DCF
concentration (1 mg L") was determined according to the
Langmuir isotherm slope (Quax X K = 157 L g~ ') to be 157 mg
g~ ', better than those of most MOFs and activated carbon
materials.”> In short, the adsorption isotherm confirmed the
high DCF adsorption capacity and affinity of MOF-808.
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Fig. 1 (a) and (b) DCF adsorption isotherms and kinetics of MOF-808.
(c) DCF adsorption capacities of indicated MOFs. (d) Zeta potential
results for DCF and indicated MOFs.

In addition, the dependence of the DCF adsorption perfor-
mance of MOF-808 on time was also examined (Fig. 1b). Rapid
adsorption occurred in the initial forty minutes, and about
84.2% (Q, = 421 mg g ) of the DCF was removed in the first
hour, and the final adsorption capacity, i.e., at two hours,
reached 436 mg g~ '. To characterize the adsorption behaviour
of MOF-808, pseudo-first-order and pseudo-second-order
models were tested to characterize the kinetics of adsorption
process (Fig. 1b); the relevant mathematical expressions and
corresponding kinetics parameters are presented in eqn (S3)
and (S4) and Table S3.7 The correlation coefficient (R*) of the
pseudo-second-order kinetics model (0.986) was higher than
that of the pseudo-first-order model (0.977), indicative of the
pseudo-second-order model fitting the data better, and indica-
tive of the presence of specific interactions between MOF-808
and DCF. Based on this model, the DCF adsorption capacity
at equilibrium (Q.) was predicted to be 483 mg g™, close to the
experimental results (Q,y), indicative of chemisorption being
the main interaction in the adsorption process.

To further appraise the DCF adsorption performance of
MOF-808, another three zirconium-based MOFs, namely UiO-
66, UiO-66-NH, and NU-1000, were also investigated. As seen
in Fig. 1c, UiO-66 and UiO-66-NH, showed much lower DCF
adsorption capacities than did MOF-808 in two hours. Consid-
ering the higher surface area of MOF-808 than those of UiO-66
and UiO-66-NH, (MOF-808: 1991 m”> g~ '; Ui0-66: 1110 m* g~ %;
Ui0-66-NH,: 1112 m” g~ '),"* we supposed that achieving a high
surface area can be conducive to improving DCF adsorption
performance. As for NU-1000 with its large surface area (2320
m® g~ "), though exhibiting much higher DCF adsorption
capacity than UiO-66 and UiO-66-NH,, its performance was also
poorer than that of MOF-808. Meanwhile, the adsorption
isotherms of the three MOFs also confirmed the difference
between their DCF adsorption capacities and that of MOF-808.
As shown in Fig. S12 and Table S4,} the adsorption behaviours
of the three MOFs were also fitted well by the Langmuir model.
Also, their calculated Q. values were 323 mg g~ for NU-1000,
216 mg g~ ' for UiO-66 and 121 mg g~ ' for UiO-66-NH,, all lower
than the value of MOF-808.
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The above results showed that, apart from high surface area,
there could be another factor impacting the DCF removal
performance of MOFs. Considering that DCF can become
partially dissociated in aqueous solution, forming the nega-
tively charged anion DCF~ and positively charged Na® and
considering that different MOFs have distinctive charges, we
inferred that electrostatic attraction between DCF~ and MOFs is
the critical factor accounting for its high DCF removal perfor-
mance. To validate this hypothesis, zeta potential measure-
ments of MOFs and DCF were taken. The results (Fig. 1d)
indicated MOF-808 to be significantly positively charged, while
DCF and other MOFs to be negatively charged. Thus, the charge
matching would make for stronger electrostatic attraction
between the negatively charged DCF and positively charged
MOF-808 than that between DCF and other negatively charged
MOFs, resulting in a higher DCF adsorption capacity. Thus,
a synergistic effect of large surface area and surface charge
matching was concluded to endow MOF-808 with high DCF
adsorption performance.

Inspired by the excellent DCF adsorption performance of
MOF-808, a series of free-standing MMMSs, with different mass
ratios of MOF-808 to PAN, were fabricated, done so by casting
the solution containing MOF-808 particles and polymers onto
a smooth glass plate. The details of the preparation procedure
are shown in ESI.} The obtained membranes are denoted as M-
X (M: membrane, X: mass percentage of the composite of MOF-
808 and PAN made up of MOF-808). We prepared five different
membranes, as shown in Fig. S13,7 including pure PAN
membrane, M-20%, M-40%, M-60%, and M'-60%, to investigate
the DCF removal capacities of MOF-808-based MMMs.

First, the presence of MOF-808 in the obtained membranes
was clarified and analysed using PXRD (Fig. 2a). All the MMMs
yielded PXRD patterns matching that of MOF-808, and the
intensities of the PXRD signals grew as the MOF-808 content
was increased from 20% to 60%, indicating the presence of
MOF-808 particles in the membranes and the increasing MOF-
808 content from 20% to 60%. In contrast, the pure PAN
membrane did not show crystallinity. These results revealed
that MOF-808-based MMMs were prepared successfully. The
surface and cross-sectional morphologies of the membranes
were characterized using SEM. As shown in Fig. 2b-e, S14 and
S15,1 the surfaces of all the MMMs were similar to that of the
pure PAN membrane, but there were homogeneous distribu-
tions of MOF-808 at the surfaces of the MMMs, according to the
EDS mappings. Moreover, each of the membranes showed
a loose and porous structure, with a thickness of ~10 pm for
each of M-20%, M-40% and M-60%, and ~7 um for M’-60%, all
favourable for removing DCF from aqueous solution. Besides,
neither cracks nor deformations were observed in the
membrane surface after subjecting the membrane to a bending
operation, taking M-60% as an example, which confirmed the
toughness of the MMMs (Fig. S167).

Following the successful preparation of MOF-808-based
MMMs, we further evaluated the DCF extraction ability of
these membranes by using an accessible vacuum filter device
(Fig. S177). Herein, the DCF removal efficiency (RE), calculated
from the difference between DCF concentration before and after
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Fig. 2 (a) PXRD patterns of the prepared membranes. (b) Surface
morphology of M-60%. (c) EDS mappings of the surface of M-60%. (d)
Cross-sectional view of M-60%. (e) EDS mappings of the cross-
sectional structure of M-60%.

five filtrations, was employed to evaluate the performances of
the MMMs; see corresponding detailed equation in eqn (S5).7
As seen in Fig. 3a, M-PAN could not remove DCF from an
aqueous solution even after filtering five times. On the other
hand, all the MMMSs exhibited a distinct removal of DCF from
the first to fifth filtration (Fig. S18t), with an increasing removal
capacity as the MOF-808 content was increased from 20% to
60%. Note that M-60% could remove 91% of the DCF from an
aqueous solution, the most of any of the MMMs, attributed to it
having the highest MOF-808 content. In addition, membrane
thickness also influenced the efficiency of removing DCF. As
depicted in Fig. 3b, M’-60%, with a thinner membrane,
exhibited poorer DCF removal capacity than did M-60%, prob-
ably due to the presence of fewer MOF-808 particles in the
thinner membrane, which apparently adsorbed fewer DCF

@ 4 (b)
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91 91

10ml 20mi Soml
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Fig. 3 (a) Removal efficiency levels of indicated membranes. (b)
Removal efficiency levels of M-60% with indicated thicknesses. (c)
Removal efficiency levels of M-60% for indicated volumes of the DCF
solution. (d) Removal efficiency levels of M-60% for indicated DCF
concentrations.
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molecules and hence displayed a poorer performance. The
performances of M-60% for DCF with different volumes and
concentrations were also tested. As shown in Fig. 3¢, M-60%
could remove 76% and 38% of the DCF when the solution
volumes were 20 mL, and 50 mL, respectively. Besides, M-60%
could only remove 67% and 56% of the DCF when the
concentrations of DCF in the solution were, respectively,
30 mg L™ " and 10 mg L~ (Fig. 3d). Several plausible reasons for
these results could be put forth, including low affinity of
adsorbent and low strength of adsorption of diclofenac on the
MOF-808 pores, according to previous reports.’>'* In summary,
the obtained MOF-808-based MMMSs can remove DCF from an
aqueous solution via an easily accessible filtration method, and
the capacity of MMM to remove DCF could be adjusted by
changing the MOF content and membrane thickness, and be
influenced by aqueous volume and DCF concentration.

To study the adsorption mechanism of the MMMs, the pore
sizes of the obtained membranes were investigated. As shown in
Fig. S22, the pores of all the membranes had dimensions
greater than 100 nm, much larger than DCF (0.96 x 0.708 x
0.472 nm), and hence excluding the effect of membrane rejec-
tion and confirming the adsorption of MOF-808, corresponding
to the experimental vacuum filtration results. In addition,
adsorption isotherms of M-60% were acquired and its adsorp-
tion kinetics was analyzed. As shown in Fig. 4a and Tables S5
and S6,7 the Langmuir model fitted these data better than did
the Freundlich model (R*: 0.999 > 0.980), indicative of similar
adsorption behaviours for M-60% and pure MOF-808; and the
Qmax Was 222 mg g~ ', comparable to that activated carbon.™
However, the adsorption kinetics of M-60% was slightly better
with the pseudo-first-order model than with the pseudo-second-
order model (R*: 0.989 > 0.983). This result was indicative of
a distinct adsorption process that could be attributed to the
different diffusion paths of MMMs and pure MOF-808, with
DCF taking more time to reach MOF-808 of MMMs, and leading
to the lower adsorption capacity of MMMs at the same
condition.

In conclusion, our study has revealed an outperforming DCF
adsorption capability of MOF-808 through a comparison of
MOF-808 with three other zirconium-based MOFs (NU-1000,
Ui0-66, and UiO-66-NH,). The high performance can be
ascribed to the synergistic effect of high surface area and
surface charge matching between MOF-808 and DCF in the
adsorption process. We successfully fabricated a series of free-
standing MOF-based MMMs through a straightforward
casting method and determined their abilities to remove DCF
from aqueous solutions using an accessible vacuum filtration

(@ )
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Fig. 4 (a) DCF adsorption isotherm of M-60%. (b) DCF adsorption
kinetics of M-60%.
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technique. The findings and efficient approach in this work
offer a significant advance in the field of water purification,
addressing the urgent need for effective methods to remove
pharmaceutical pollutants from our water sources.
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