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Abstract

Nanoplastics have garnered significant global attention as emerging environmental contaminants due to their
susceptibility to be internalized by organisms, potentially leading to higher ecological and health risks compared
to microplastics. Recently, adsorption has emerged as a promising strategy for nanoplastic removal, and new
adsorbents have demonstrated impressive performance in this regard. In this study, we focused on the removal
of polystyrene nanoplastics (NPs) from aqueous environments using a series of mesoporous Metal Organic
Frameworks (MOFs). We synthesized mesoporous UiO-66 and its derivatives (-OH and -NH;) through direct
solvothermal synthesis in the presence of cetyltrimethylammonium bromide (CTAB) or Pluronic-type triblock
copolymer (P123). The resulting materials had high crystallinity and displayed a hierarchical mesoporosity.
Remarkably, we found that UiO-66-NH, /P123 demonstrated exceptional efficiency in removing NPs, achieving
up to 100 % removal efficiency at an initial concentration of 1 g L. This indicates its potential as a highly
effective adsorbent for nanoplastic removal from aqueous media.

1. Introduction

The use of plastics has transformed our society. Plas-
tics are cheap, light materials, suitable to produce a
wide variety of goods, and are less energy consuming
than alternatives such as glass, metals or even paper.
Consequently, the use of plastics has been rapidly
increasing since the start of its industrial production
in the 1950s. However, the increasing use of plas-
tics is accompanied by a parallel increase in plastic
waste [1]. Plastic particles are defined by their size,
the main factor determining their environmental fate.
Conventionally, plastic debris fragments are defined
as microplastics (MPs) if their longest dimension is
< 5 mm [2,3]. The lower limit of PMs is generally
taken as 1 um below which particles are considered
nanoplastics (NPs) provided that they are produced
from the degradation of larger particles and show
colloidal behavior in aqueous matrices. The accumu-
lation of plastic fragments (biodegradable or not) in
the environment represents a great concern for the
ecosystem and human health [4]. NPs can exhibit
toxicity to a range of aquatic organisms by interfering
basic biological processes such as feeding, reproduc-
tion, and growth. NPs are also suspect to impact hu-
man health upon internalization and accumulation
in different tissues and organs, potentially leading
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to long-term health effects. Besides, as persistent
pollutants, NPs can remain in environment for many
years [3,5,6].

Due to their small size, the detection and removal
of NPs from aqueous matrices pose significant chal-
lenges. To improve water quality, various techniques
are employed. NPs can be effectively eliminated from
water using various methods, including adsorption,
coagulation/flocculation, flotation, filtration, mag-
netic separation, electrochemistry-based, advanced
oxidation processes, photolysis, and photocatalysis.
Although conventional methods like sedimentation,
coagulation, and sand filtration are cost-effective,
their limitations have spurred the development of
novel approaches that are more effective in removing
and monitoring these emerging contaminants [6-14].
Among these approaches, adsorption stands out due
to its cost-effectiveness, wide applicability, and ease
of implementation. Over the past years, diverse ad-
sorbents such as biochar, protein sponges, and metal
hydroxides have been developed specifically for the
adsorption of NPs [15,16]. Sand filters integrated
with activated carbon [17] and aluminosilicate fil-
ters [18] are a viable treatment technology to remove
plastics, but in the micro size range. There are few
studies that mention the removal of NPs [19-21].

The properties of the porous materials, such as
pore size, surface chemistry, and surface area, affect
their adsorption capacity for NPs. The surface prop-
erties of the porous material, including its charge and
functional groups, can also impact the adsorption
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process. If the NP particles are negatively charged,
a positively charged porous material can enhance
adsorption through electrostatic attraction. Also, the
size and distribution of the pores in the porous mate-
rial play a crucial role in determining the adsorption
efficiency for NPs. Therefore, selecting porous ma-
terials with appropriate pore sizes and distributions
can optimize their adsorption capacity for NPs. It is
worth noting that the field of NPs adsorption with
porous materials is still relatively new, and ongoing
research aims to further explore the mechanisms and
optimize the adsorption process. [22,23].

Conventional porous materials show microchan-
nels or pores that are smaller than NPs and there-
fore might not be ideal adsorbents for NPs. Porous
crystalline materials known as Metal Organic Frame-
works (MOFs) have garnered significant attention in
diverse fields such as gas storage, separation, cataly-
sis, sensors, and contaminant removal [24-30]. These
porous materials are formed by assembling metal
ions and organic ligands. MOFs offer high porosity,
tunable structures, and a wide range of functional-
ities. They possess the capacity to incorporate dif-
ferent metal centers, adjustable functional groups,
and charge characteristics. The ability to tailor the
structure of MOFs allows for the precise placement
of functional groups in their structure. As a result,
custom porous environments can be achieved at the
molecular level through the proper choice of building
blocks.

The development of MOFs to absorb NPs, is highly
demanded, however, there are only a few reported
studies on that topic. ZIF-67 demonstrates effec-
tive adsorption and removal of polystyrene (PS)
from water [31]. The application of ZIF-8-based
wood aerogel is effective in the removal of poly(1,1-
difluoroethylene) and PS, exhibiting a notable effi-
ciency in plastic removal [32]. In terms of composite
materials, a proposed method involving nanopillared
structures composed of 2D MOF intercalating carbon
encapsulating FeO nanoparticles (C@FeO), enables
removal of MPs [33]. Another example is zirconium
MOF-based foam that achieves a removal rate of 95 %
and demonstrates improved recyclable efficiency [34].

UiO-66 is a type of MOF material composed of
inorganic metal nodes, typically zirconium (Zr), con-
nected by organic linkers terephthalates [35]. The
resulting three-dimensional structure forms a porous
framework with a large surface area and a high de-
gree of porosity. UiO-66 has gained significant atten-
tion in the field of materials science and chemistry
due to its exceptional stability, high surface area, and
tunable properties. UiO-66 can be modified by incor-
porating different chemical functions in the organic
linker, leading to the creation of various derivatives

with tailored properties.

Wang et al demonstrated that an enlarged meso-
porous surface areas provide sufficient active sites
for MPs adsorption [36]. Most MOFs are catego-
rized as microporous, which implies pore dimensions
typically around 2 nm. This intrinsic microporosity
imposes limitations on some applications of MOFs.
However, expanding the porosity of MOFs to the
mesoporous range, where pore sizes cover from 2
nm to 50 nm, offers significant advantages. Such an
extension enables MOFs to better meet the increasing
demands in applications, particularly when it comes
to the adsorption of NPs.

In this study, we present a novel method for syn-
thesizing mesoporous UiO-66, which includes the
introduction of a surfactant such as cetyl trimethyl
ammonium bromide (CTAB) or P123. This synthetic
strategy allows us to obtain mesoporous UiO-66 ma-
terials, along with their -OH and -NH; derivatives.
Furthermore, we conducted a series of adsorption
experiments for removal of PS NPs with a diameter
of 26 nm.

2. Materials and methods

2.1 Synthesis

The synthesis reactions were performed using sol-
vents as received. All remaining reagents, which
were commercially accessible, were used without
any additional purification. ZrCl4 (Merck), tereph-
thalic acid (BDC, Aldrich), dihydroxyterephthalic
acid (BDC-OH, Biosynth), 2-aminoterephthalic acid
(BDC-NHj, Aldrich), cetyl trimethyl ammonium
bromide (CTAB, Aldrich), poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) triblock
copolymer template (Pluronic P123, Aldrich), 1,3,5-
trimethylbenzene (TMB, Thermo Scientific), acetone,
ethanol (EtOH) and N, Ndimethylformamide (DMF).

Mesoporous UiOs-66 specimens were prepared
through a solvothermal approach, by adopting and
modifying two previously reported methods utilized
to induce mesoporosity in the structure of a differ-
ent MOF. These methods involved the use of cetyl
trimethyl ammonium bromide (CTAB) as a surfactant
[37] and Pluronic P123 [38].

In the first synthesis, a mixture of ZrCly (4.5 mmol)
and BDC (4.5 mmol) or BDC-NH, (4.5 mmol) was
added into 30 mL dimethylformamide (DMF). Then,
CTAB (1.35 mmol) and TMB (0.675 mmol) were
added while stirring. This mixture was then trans-
ferred into a Teflon-lined autoclave and heated in the
oven at 120 °C for 48 h. In the case of UiO-66-OH, a
mixture of ZrCly (4.5 mmol) and BDC-OH (4.5 mmol)
was added to 30 mL acetone. Then, CTAB (1.35
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mmol) and TMB (0.675 mmol) were added while
stirring. This mixture was then transferred into a
Teflon-lined autoclave and heated in an oven at 100
°C for 24 h.

In the second synthesis, a mixture of ZrCly (6
mmol), BDC (6 mmol) or BDC-NH; (6 mmol) and
P123 (0.05 mmol) was added into 40 mL dimethyl-
formamide (DMF) under stirring. This mixture was
then transferred into a Teflon-lined autoclave and
heated in the oven at 120 °C for 48 h. In the case of
UiO-66-OH, a mixture of ZrCl, (6 mmol), BDC-OH
(6 mmol) and P123 (0.05 mmol) was added into 40
mL acetone under stirring. This mixture was then
transferred to a Teflon-lined autoclave and heated in
an oven at 100 °C for 24 h.

For the sake of clarity and henceforth, the sam-
ples are designated as UiO-66-X/CTAB and UiO-
66-X/P123, in accordance with synthesis involving
CTAB and P123 respectively, where X represents ei-
ther OH or NH;. For comparison, microporous UiOs-
66 were synthesized in the absence of surfactant.

Following each synthesis, the obtained solid was
subject to a triple washing process using EtOH and
subsequently dried in an oven at 100 °C. To eliminate
surfactant, two methods were used: either the sam-
ples were extracted with EtOH in a Soxhlet apparatus
at 80 °C for 12 h, or subject to vacuum outgassing at
200 °C for 12 h.

2.2 Characterization

XRD measurements were recorded in the 10-50° 20
range (scan speed = 20 s, step = 0.04°) by powder
X-Ray diffraction (PXRD) using a Shimadzu 600 Se-
ries Diffractometer employing CuKa radiation (A =
1.5418 A). XRD measurements were recorded before
surfactant removal.

FTIR spectra were obtained in a Thermo-Scientific
Nicolet i510 with a Smart iTR-Diamond ATR module.
Spectra were taken in the 4000-800 cm ™! range with
a resolution of 4 cm~! (data spacing of 0.483 cm™1)
using 32 scans.

Transmission electron microscopy (TEM) studies
were carried out on a JEOL JEM 2100 electron mi-
croscope operating at 200 kV. The samples for TEM
were mounted on a microgrid carbon polymer sup-
ported on a copper grid by placing a few droplets of
a suspension of sample in isopropanol on the grid,
followed by drying at ambient conditions. Fluores-
cent pictures were captured in a LEICA TCS-SP5
confocal microscope. Scanning electron microscopy
(SEM) studies were carried out on a JEOL JSM 7600F.

The Ny adsorption/desorption isotherms at 77 K
were measured on a Beckman Coulter SA 3100. The
samples are outgassed under vacuum before start of
the measurements. The specific surface is determined
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by BET method (Brunauer-Emmett-Teller), the micro-
pore volume by t-plot analysis, and the mesopore
volume by BJH.

Surface Zeta potential measurements were per-
formed using dynamic light scattering in a Zeta-
Sizer Nano Series (Malvern Instruments Ltd.). Mea-
surements are performed at 25 °C using comparable
amounts of MOF in ultrapure water. The pH of the
MOF suspension was recorded using a Crison 25 +
pH-meter.

2.3 Adsorption process

The NPs used in this work were Fluoro-MaxTM PS
NPs (Thermo Scientific). These particles have a nom-
inal diameter of 26 nm (confirmed by DLS analy-
sis, Figure S1, Supplemantaty Materials, SM) and
incorporate a non-leaching green, fluorescent dye.
The fluorochrome has an excitation maximum of 468
nm and emitted at 580 nm. The fluorescence was
quantified using a Fluoroskan Ascent FL fluorimeter
(Thermo Scientific) equipped with Ascent Software.

In order to evaluate the MOFs retention capacity,
a series of experiments were conducted by exposing
the MOF materials to NPs dispersed in ultrapure
water. A concentration of 2.5 g L~ was chosen for
the MOF, while the NPs were tested at concentrations
of 0.02g L' and 1 g L~!. In addition to the samples,
negative controls for all materials and NPs samples
were assessed following identical protocols.

The adsorption procedure was performed in glass
vials at room temperature, employing a GFL 3005
shaker operating at 250-300 rpm. The contact be-
tween MOFs and NPs extended from 1 h to 168 h.
After the contact period, the samples were extracted
and filtered using 1 pm syringe filters (Whatman Pu-
radisc 25 PTFE filters) to separate the MOF materials.
The filtered solution was transferred to 96-well plates
for fluorescence analysis. The concentration of NPs in
the filtered solution was calculated from a calibration
curve. We conducted leaching experiments to prove
that the fluorescent compound of the nanospheres
does not leach out from the plastic (Figures 52-54,
SM).

3. Results and discussion

3.1. Mesoporous UiOs-66

The preparation of mesoporous MOFs through di-
rect combination of metal ions and ligands by stan-
dard solvothermal synthesis methods is challenging.
Currently, only a limited number of examples ex-
ist where genuinely mesoporous MOFs exhibit well-
defined and ordered pores throughout their extended
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Figure 1: A. PXRD patterns of (a) UiO-66/CTAB, (b) UiO-66/P123, (c) UiO-66-NH,/CTAB, (b) UiO-66-NH,/P123. B. PXRD

patterns of (1) UiO-66-OH/CTAB, (b) UiO-66-OH/P123.

structures. Synthetic strategies often rely on incor-
porating extended linkers and metal clusters. Never-
theless, the synthesis of elongated ligands typically
involves multiple steps, adding complexity to the pro-
cess. Unfortunately, open MOFs constructed using
this method often find their pores occupied by guest
molecules. Consequently, these guest molecules must
be removed to establish a permanent porosity, a step
that can potentially lead to structural collapses or in-
stabilities within the MOF framework. An alternative
approach involves applying a templating strategy to
create mesopores within the existing microporous
MOFE. This strategy holds significant appeal as it re-
sults in materials with a hierarchical mesoporosity, of-
fering additional structural complexity and enhanced
functionality [39-41].

We modified the synthesis method for mesoporous
UiOs-66 based on the approach used for mesoporous
HKUST-1, which involved the use of CTAB [37] and
P123 [38]. The changes include adjustments in the
molar ratio of metal-ligand, as well as changes in syn-
thesis temperature and time [35]. It is worth noting
that attempts to prepare the material using alterna-
tive synthesis methods, such as those involving citric
acid, tetramethylammonium hydroxide (TMAOH),
or different metal-organic coordination assemblies,
resulted in the formation of amorphous or poorly
crystalline materials [42-44]. The X-ray diffraction
(XRD) patterns of the synthesized materials (based
on UiO-66 and UiO-66-NH;) agreed with the simu-
lated pattern of UiO-66 (Fig. 1A). Attempts to syn-
thesize UiO-66-OH/CTAB and UiO-66-OH/P123 in
DMF were unsuccessful, resulting in an amorphous
powder. However, it is possible to prepare UiO-66
materials using various solvents. Consequently, we
conducted the synthesis in acetone [34], resulting in
the formation of crystalline materials that exhibited

a PXRD consistent with UiO-66. (Fig. 1B).

From the Fourier Transform Infrared (FTIR) anal-
ysis (Figures S5-S7, SM), peaks at 3255 cm~! and
3343 cm~! highlight the likely presence of hydroxyl
and amino groups in the UiO-66-OH and UiO-66-
NH, samples. Peaks in 2950-2987 cm~! region fur-
ther suggest methylene or methyl group inclusions.
The UiO-66 sample exhibits peaks at 1395 cm™!,
1157 cm 1, and 883 cm !, which align with methyl
groups, potential ethers or esters, and aromatic struc-
tures. These spectral attributes are also apparent in
UiO-66-OH and UiO-66-NH,, suggesting a shared
structural basis with the UiO-66 sample. However,
minor differences are observable. A peak at 1120
cm~! in the UiO-66-OH sample, deviating from con-
ventional C-O stretch regions, might denote a modi-
fied hydroxyl group or a distinct molecular setting.
Conversely, UiO-66-NH, demonstrates peaks that
align with amines at 1158 cm~1 and 1100 cm™ !, with
additional bands at 1337 cm~! and 1258 cm~! cor-
responding to C-N modes, hinting at amino group
incorporation. In essence, despite a shared structural
foundation across the samples, spectral deviations in
UiO-66-OH and UiO-66-NH, reveal distinct chemical
alterations, underscoring the introduction or adapta-
tion of certain functional groups.

N, adsorption—desorption measurements at 77 K
were conducted to investigate their textural param-
eters as summarized in Table 1. The corresponding
isotherms are shown in Fig. 2. The data revealed
that UiO-66-OH/P123, UiO-66-NH, /CTAB, and UiO-
66-NH; /P123 (s and v) displayed the highest meso-
porous volume. Mesoporous UiO-66 samples showed
higher surface area compared to -OH and -NH;
derivatives but lower mesoporous volume. The intro-
duction of mesoporosity through CTAB or P123 did
not significantly impact textural properties. Specifi-
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Table 1. Surface areas and pore volumes of mesoporous UiOs-66.
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Sample Treatment” SgET [m?2 g_l]b Vi [cma'-g_1 I Vieso [em3 'g_l] Vicro [c:m“q’-g_1 1
UiO-66/CTAB s 946 483 287 196
UiO-66/CTAB v 977 492 272 220
UiO-66/P123 s 1015 432 207 325
UiO-66-OH/CTAB s 433 213 134 78
UiO-66-OH /P123 s 634 766 683 83
UiO-66-NH, /CTAB s 583 623 541 82
UiO-66-NH, /P123 s 714 528 378 150
UiO-66-NH, /P123 v 506 340 260 80

(a) post-synthesis treatment: s = Soxhlet, v = vacuum outgassing; (b) BET specific surface area; (c) single point
adsorption total pore volume at P/P, = 0.99; (d) t-Plot micropore volume (Vs is calculated by subtracting

Vinicro from Vy).

cally, for UiO-66-OH materials, samples synthesized
with P123 exhibited higher mesoporous volume than
those prepared with CTAB. Conversely, for UiO-66-
NH; materials, the samples synthesized with CTAB
had higher mesoporous volume than those synthe-
sized with P123.

Pore evacuation method did not influence the
results significantly as shown comparing sample
UiO-66/CTAB with surface area 949 m? g—1 and
977 m? g—1 for Soxhlet extraction and vacuum out-
gassing, respectively. However, the sample UiO-66-
NH,/CTAB shows a larger mesoporous volume, in-
dicating that its synthesis creates more mesoporosity
compared to synthesis with P123. Additionally, in
the case of materials with occluded P123, a more
severe treatment might be necessary to remove all
the trapped compounds. The better performance of
neutral surfactants for the synthesis of materials with
hierarchical porosity has been stated elsewhere [39].

Commonly used plastic materials like PS, polyethy-
lene (PE), and polypropylene (PP) exhibit significant
hydrophobic properties, what provides them an ap-
parent negative charge. Zeta potential measures the
effective electric charge on the surface of NPs. Conse-
quently, the charge interactions between NP particles
and adsorbents emerge as a crucial aspect of the ad-
sorption process. A higher positive zeta potential
proves to be more advantageous in the adsorption
of negatively charged particles [45]. Only a few re-
search studies have been conducted to explore the
zeta potential of MOFs, revealing intriguing findings
regarding the electrical charge exhibited by specific
MOFs. From the representative MOFs, ZIF-8, MIL-
101, UiO-66 and MIL-53 show a positively charged
zeta potential, while HKUST-1 exhibits a negatively
charged zeta potential [34,46-49].

In order to assess the potential interaction between
the synthesized MOF materials and NPs, we mea-
sured the zeta potentials of both MOF samples and
PS NPs. As indicated in Table 2, all the synthesized
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mesoporous MOF samples exhibited a positive zeta
potential (at slightly acid pH). Since the NPs pos-
sessed a negative zeta potential of -30 mV, the materi-
als with higher electrostatic interaction with the NPs
would be those with high positive charge. Among
them, UiO-66-OH/CTAB and UiO-66-NH2/P123 dis-
played zeta potential values of + 32.6 mV and + 32.9
mV. The method of surfactant removal was shown
to influence the obtained zeta potential, which was
considerably higher in the samples that underwent
vacuum outgassing.

Table 2. Zeta potential of mesoporous UiOs-66.

Sample Treatment Zeta potential [mV]
UiO-66/CTAB s +20.1+1.2
UiO-66/CTAB v +29.3 £ 1.3
UiO-66/P123 s +102 £ 0.9
UiO-66-OH/CTAB s +32.6 £ 1.7
UiO-66-OH/P123 s +10.5+£22
UiO-66-NH, /CTAB s +228 £ 1.7
UiO-66-NH, /CTAB v +253 £ 1.7
UiO-66-NH, /P123 s +27.7 £ 0.8
UiO-66-NH, /P123 v +32.9 £ 2.6
Fluoro-MaxTM NPs - -30.0 £ 0.4

3.2. Adsorption removal of NPs

To assess the efficacy of retaining NPs in aqueous
media, the samples were exposed to known concen-
trations of NPs. The experiments were conducted
using NPs concentrations in the 20 mg L~! g L~!
range. The higher NPs concentrations were used
to provide accurate removal rates from fluorescence
measurements and were necessary in view of the
high adsorption capacity of the MOFs tested. Expo-
sure times extended up to 1 week to ensure equilib-
rium.

Among the samples, those based on UiO-66-NH,
exhibited a higher percentage of NPs capture com-
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Figure 2: Nitrogen isotherms at 77 K, (A) UiO-66-OH/P123; (B) UiO-66-NH,/CTAB (s); and (C) UiO-66-NH,/P123 (v).

pared to those based on UiO-66-OH. In particular,
sample UiO-66-NH, /P123 (v) achieved 100 % reten-
tion after one week for an initial concentration of
1 g L™1. These results agree with the assumption
that the interaction between the positively charged
MOFs and negatively charged NPs were mainly elec-
trostatic, which might be the primary adsorption
mechanism. The efficacy of NPs removal is influ-
enced by factors such as zeta potential, mesoporosity,
and BET surface area. However, obtaining a direct
and straightforward deduction from these factors
may pose a challenge.

Figure 3: Confocal fluorescence microscopy images of (A) UiO-
66/CTAB (s), 3 h; (B) UiO-66/CTAB (v), 3 h; (C) UiO-66/P123
(s), 3 h; (D) UiO-66-OH/CTAB (s), 3 h; (E) UiO-66-OH/P123
(s), 1 week and (F) UiO-66-NH,/P123 (v), 1 week.

The results showed that the extent of NPs capture
could be explained by the combined effect of the elec-
trostatic interaction favoured by the positive surface
charge of MOFs and the higher mesoporosity that
provided adsorption sites with capacity to accommo-
date NPs in the tens of nm size range. For instance,
UiO-66-OH/P123, with a zeta potential of + 10.5 mV
and a mesoporosity of approximately 90 %, achieved
a 39.9 % NPs removal, whereas UiO-66-OH/CTAB,
with a higher zeta potential of + 32.6 mV but lower
mesoporosity of 63 %, reached a similar removal rate
of 40.5 %. For UiO-66-NH,, there was a clear direct
relationship between the zeta potential values and
the capture percentage of NPs. The samples exhibit

Table 3. Removal performance of mesoporous UiOs-66 (1 g L™
NPs concentration, 1 week).

Sample Treat- Removal (%)
ment

UiO-66/CTAB s 29.2
UiO-66/CTAB v 6.9
Ui0-66/P123 s 414
UiO-66-OH/CTAB s 40.5
UiO-66-OH /P123 s 39.9
UiO-66-NH, /CTAB S 65.0
UiO-66-NH, /CTAB v 69.5
UiO-66-NH, /P123 s 77.7
UiO-66-NH, /P123 v 100

capture percentages of 65.0%, 69.5%, 77.7 %, and
100 % for zeta potential values of + 22.8 mV, +25.3
mV, +27.7 mV, and + 32.9 mV, respectively. Inter-
estingly, UiO-66-NH,/P123 (v) achieved the same
capture rate of 100 %, even though it has a lower zeta
potential compared to the original UiO-66-NH;. This
fact suggests that its high mesoporosity of 76 % com-
pensated for the slightly lower zeta potential, result-
ing in equally efficient NP capture capacity compared
to non-mesoporous UiO-66-NH, specimens.

In our study, we conducted a thorough comparison
by evaluating the capture efficiency of MOFs at an
initial concentration of 1 g L~!, analyzing the mate-
rial performance with a NP-to-MOF ratio of 1 gNPs
gMOF . The utilization of lower NP concentrations
in earlier studies necessitated shorter contact times,
typically between 12 and 24 h (Table 4). This was in
accordance with the lower NP concentrations used,
as the higher initial concentration of NPs employed
in our work needs for a more prolonged interaction
time between the MOFs and NPs. By employing a
higher initial NP concentration, we sought to thor-
oughly investigate the removal capabilities of the
mesoporous MOFs and explore their efficiency in
capturing NPs under more challenging conditions.
This approach provides valuable insights into the
potential application of these MOFs as effective ad-
sorbents for nanoparticle removal, particularly at

Separ. Purif. Technol. 333, 125819, 2024



Removal of nanoplastics using metal organic frameworks

Table 4. Comparison of plastic removal with solid porous adsorbents.

Adsorbent Plastic particles Initial Contact time  Removal Reference
gNPs gMOF ! mgNPs gMOF !

Activated carbon PS (90 nm) 0.008 4h 2.2 [50]
MIL-101 (Cr) PS (50-70 nm) 0.7 35 h 665 [51]

Minerals PS (50 nm) 0.01 5h 7.5 [21]
Coffee grounds PS (100 nm) 0.008 2h 6 [20]
Biochar PS (300 nm) 0.007 30 min 14 [19]
Mesoporous UiO-66 s*  PS (30 nm) 1 3 h, 1 week 33-524 This work

* UiO-66-NH, /P123 (v).

higher NP concentrations encountered in real-world
scenarios.

Confocal fluorescence microscopy allowed obtain-
ing images of the fluorescent PS NPs attached onto
MOFs. Fig. 3 displays the images of several MOF
samples, exposed to PS NPs. The intensity of green
fluorescence revealed the intensity of PS adsorption
and surface coverage, which was clearly higher in
sample UiO-66-NH; /P123 (v), compared to UiO-66-
OH/P123 (s), UiO-66/CTAB and UiO-66/P123 in
agreement with the results of NPs adsorption shown
in Table 3. The efficiency of the regeneration pro-
cess for MOF samples is investigated through cycles
of 30-minute contact with solvents, including EtOH,
MeOH, and a 0.005 M NaOH solution. Examination
of confocal fluorescence microscopy images taken
before and after the regeneration process indicates
its effectiveness (Figure S7, SM).

In order to assess how the inclusion of surfac-
tant affects the final morphology and structure of
the mesostructured samples obtained, we performed
SEM and TEM analyses (Fig. 4). It is important
to note that SEM produces surface images of the
crystals, while TEM generates images of the inter-
nal structure. Despite this distinction, there are not
significant differences in the crystal geometry of UiO-
66-NH, before or after introducing mesoporosity. Ad-
ditionally, it is essential to emphasize that the absence
of perfect geometric faces in the crystals did not im-
ply that the material lacks crystallinity. Through
standard macroscopic techniques like X-Ray diffrac-
tion, we confirmed that the materials are indeed crys-
talline. TEM images reveal that NPs are not enter
the mesopores of the material. Instead, it is probable
that the NPs predominantly adhere to the external
surface of the MOF. Despite this, the mesoporosity
of the MOF plays a crucial role in augmenting the
active surface area, thereby positively influencing the
adsorption process. This phenomenon underscores
the importance of mesoporosity in enhancing the
overall adsorptive capacity of the MOF, even if NPs
primarily interact with the external surface rather
than entering the mesopores.
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4. Conclusions

In this groundbreaking study, we thoroughly investi-
gated the effectiveness of mesoporous UiO-66 for re-
moving PS NPs from aqueous environments. For the
first time, we successfully prepared mesoporous UiO-
66 by incorporating either CTAB or P123 during the
solvothermal synthesis process. The resulting sam-
ples exhibited a remarkable degree of crystallinity,
preserving the original MOF structure. Furthermore,
these synthesized materials demonstrated a meso-
porous volume ranging from 50 to 90 % of the total
pore volume. The as-synthesized mesoporous MOFs
displayed a positive surface charge (zeta potential
as high as +32.9 mV), which allowed electrostatic
interaction with the negatively charged PS NPs (zeta
potential -30.0 mV). In this work we obtained an ex-
ceptional removal efficiency that reached 100 % in the
case of UiO-66-NH, /P123 for a concentration ratio
as high as 1:1 (mass concentration of PS NPs versus
mass concentration of MOF). This result highlights
the potential of UiO-66-NH,/P123 as high-capacity
adsorbent for the removal of NPs from aqueous ma-
trices.
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Figure S1: DLS analysis of PS particles.

Leaching experiments. We conducted experiments to assess the leaching behavior of the
fluorescent compound. The process involved passing the solution through a 10 kDa
membrane filter, followed by measuring the fluorescence of the filtered sample, the retentate
sample, and the tube containing the filtered sample washed with ethanol. Additionally, we
measured the fluorescence of NPs in both MQ water and at a pH of 3.
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Figure S2: Leaching experiments of UiO-66-OH/P123 (s) at 1 week.

MOF MOE + NPs

Fluorescence [RFU]

il raad £ weanbeurd A B Fillamd EREH wanloud A e

Figure S3: Leaching experiments of UiO-66-NH2/P123 (v) at 1 week.
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Figure S4: Leaching experiments of NPs at 1 week.

Ui0-66/P123 [s)

UiD-66/CTAB (s]

Ui0-66/CTAB [v)

Absorhance

UiD-66

T z T T y T ! T : T
1750 1500 1250 1000 750 S04
Wavenumber [cm ,]

Figure S5: FTIR of UiO-66 samples.
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Figure S6: FTIR of UiO-66-OH samples.
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