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Nanoplastics are becoming a concern for the
environment and are gaining significant attention due to their
challenging removal process and ability to transport coexisting
pollutants. Because of their mobility, small size (<1 pm), and
accumulation tendency, nanoplastics are toxic for terrestrial and
aquatic living organisms and humans, causing inflammation and
oxidative stress. In this study, we investigated the removal of
polystyrene nanoplastics (PSNPs) from water using a chromium-
based metal—organic framework (Cr-MOF/MIL-101). Cr-MOF
was synthesized via a hydrothermal method using chromium
nitrate and terephthalic acid and characterized via different
analytical approaches. A 96% removal efficiency was achieved
with initial concentrations of 5 and 70 ppm and adsorption kinetics
followed the pseudo-first-order model. The adsorption isotherm at
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room temperature was best fitted with the Freundlich adsorption model, and the maximum adsorption capacity of 800 mg/g was
achieved. The electrostatic interaction between PSNPs and Cr-MOF was the most dominating mechanism responsible for
adsorption. The Cr-MOF showed acceptable regeneration capacity for cyclic removal of PSNPs.

nanoplastics, microplastics, MOFs, water treatment, plastic pollution

Plastics have vast applications owing to their versatile qualities
like high stability, low density, and low cost." These qualities
are responsible for the increased global demand for plastics and
further increased global production, which was more than 381
million metric tons in 2019.>° The increased production and
use of plastics have increased the plastic waste generated
globally to more than 242 million tons in 2016." However,
plastics have low biodegradability; even then, they may get
shredded into smaller pieces generating micron- and nanosize
plastics.” Micro-/nanoplastics can be generated through two
primary and secondary sources. Primary sources include the
micro/nanoplastics that are synthesized originally for applica-
tions like abrasive agents and exfoliants in cosmetics, etc.
However, secondary sources include the micro/nanoplastics
generated through fragmentation and degradation of larger
particles.””

In addition to the lack of biodegradability, nanoplastics can
act as adsorbents for other toxic pollutants like heavy metals,
pesticides, and antibiotics, which make them highly toxic.'~"*
Nanoplastics are potentially more dangerous than micro-
plastics because their smaller size enables them to pass through
cell membranes and may create toxicological effects on their
surroundings and pose a risk to humans harming gastro-
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intestinal tract and kidney functions."*™'® Among the various

types of nanoplastics, polystyrene is one of the most used
plastics for manufacturing CDs, toys, styrofoam (food
containers and packing products), automobile parts, laboratory
ware, and office supplies.'” Polystyrene (PS) provides around
90% of the world’s plastic needs and is commonly prevalent in
the environment.”® In this regard, the negative effects of nano
size and micron size PS on living organisms have been reported
by researchers.””>* Also, polystyrene nanoplastics (PSNPs)
showed resistance in destabilizing compared to other nano-
plastics, making their removal more challenging.*®

Several cutting-edge methods, such as membranes, agglom-
eration, electrocoagulation, and traditional activated sludge,
can potentially remove micro-/nanoplastics, but these sectors
are still in need of in-depth investigation to be sophisticated for
the acceptable removal of nano- and microplastics.”*™>*
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Figure 1. Synthesis process for Cr-MOF through a hydrothermal reaction at 200 °C for 15 h.

Additionally, these technologies have certain unavoidable
drawbacks, such as high energy requirements, inability to
handle small-sized (micro-/nanoplastics) pollutants, challeng-
ing scaling-up process, and lack of reproducibility.”” Therefore,
there is a great need to investigate new methods for the
effective removal of nanoplastics. Among these methods,
adsorption can be considered a possible approach to removing
micro-/nanoplastics from water due to its gentle working
conditions, lower energy consumption, and negligible by-
products. Carbon-based materials (such as granular activated
carbon® and CuNi carbon material®') and layered double
hydroxides®” have been researched as potential adsorbents for
the removal of nanoplastics from water. However, these
adsorbents lack functionality toward different types of
nanoplastics and have deficient adsorption capacity. Metal—
organic frameworks (MOFs) are porous, crystalline materials
constructed by the assembly of metal ions and organic ligands,
which showed great performance in various applications like
gas storage, separation, catalysis, sensing and contaminant
removal, etc.”> ** Owing to the high porosity, tunable
structure, and rich functionality, MOFs show promising
properties such as structural and surface tunability as a
potential adsorbent for nanoplastics removal from water.*”~*'
Previous research has demonstrated the use of Zr-based-MOFs
(Ui0-66-OH@ME-3) and Co-based-MOFs (ZIF-67) for the
removal of micro-/nanoplastics. However, these MOFs
showed limited adsorgtion capacity (about 34.5 mg/g) toward
micro-/ nanoplastics.4 43

Hence, we report using Cr-based-MOFs for efficient removal
of polystyrene nanoplastics (PSNPs) from water with
enhanced adsorption capacity. We report complete isotherm
adsorption experiments, including equilibrium study and
kinetic study, at different concentrations of PSNPs and varying
operating conditions. We also comprehensively investigate the
adsorption mechanism of PSNPs on Cr-MOF.

The polystyrene nanoparticles were obtained from Polysciences
(Warrington, PA, USA), with a slight anionic surface charge from the
sulfate ester groups. Chromium nitrate (98.5%), terephthalic acid
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(>99%), and N,N-dimethylformamide (>99%) were acquired from
VWR (Radnor, PA, USA). All the chemicals were used without
purification.

The Cr-MOF was successfully synthesized by the hydrothermal
method according to the literature with slight changes.** Briefly, 0.83
g of terephthalic acid and 2 g of chromium nitrate were mixed in 70
mL of water. Next, 0.15 mL of hydrofluoric acid was added to the
mixture under stirring conditions at room temperature and stirred for
1S min. This mixture was then transferred into an 80 mL Teflon-lined
autoclave and heated in the oven at 200 °C for 1S h. After cooling the
autoclave to room temperature, the mixture was washed with N,N-
dimethylformamide three times and dried in the oven at 60 °C for 12
h, and fine green powder was collected. The synthesis process of Cr-
MOF is shown in Figure 1.

Fourier transform infrared (FTIR) spectroscopy (AVATAR, Thermo
Nicolet, spectrophotometer) was used to study the functional groups
and covalent bonds in the PSNPs and Cr-MOF before and after
adsorption. The crystallinity of Cr-MOF was studied using X-ray
diffraction (XRD) patterns, acquired with Cu Ka radiation (Bruker
D8, Advance X-ray powder diffractometer) and Co Ka radiation
(Bruker D8, Billerica) at 298 K and at 26 ranging from 0 to 40°. The
Brunauer—Emmett—Teller (BET) surface area, pore size, and pore
volume of Cr-MOF were analyzed by an ASAP 2020 (Micromeritics)
at a pretreatment temperature of 110 °C. The { potentials of PSNPs
and Cr-MOF at different pHs were measured using a Nano ZS zeta-
sizer (Malvern Pan-analytical, Malvern). The surface morphology of
PSNPs and Cr-MOF before and after adsorption was investigated
using scanning electron microscopy (ThermoFisher Scientific
APREO). All the samples were gold-coated using gold sputtering
before SEM analysis to avoid the charging of samples by the electron
beam. The elemental composition of all the materials was examined
via energy-dispersive X-ray spectroscopy (EDX) (ThermoFisher
Scientific APREO).

A stock solution of 100 ppm of PSNPs was prepared by diluting the
original commercial solution (2.5% w/v concentration) with MiliQ
water and sonicated for 20 min in a sonication bath. The adsorption
of PSNPs on Cr-MOF was carried out at ambient temperature (25
°C). The effect of adsorption conditions like pH of the solution,
contact time, and adsorbate concentration on the adsorption capacity
of Cr-MOF was studied. Aqueous solutions of PSNPs of two different
concentrations (S and 70 ppm) were prepared by diluting the stock
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Figure 2. SEM images of (a) Cr-MOF and (b) PSNPs (samples were gold-coated before SEM analysis). (c) FTIR of PSNPs and Cr-MOF. (d)
XRD pattern of Cr-MOF. (e) N, adsorption—desorption of Cr-MOF (BET). (f) BET analysis of Cr-MOF.

solution for pH and kinetics studies. A specific amount (4 mg) of the
Cr-MOF was added to 40 mL of the PSNPs solution, followed by
stirring at 220 rpm for 24 h. The pH value of each solution was
adjusted from 2 to 10 using 0.1 M NaOH or 0.1 M HClI solution. The
solution was filtered after 24 h adsorption using a syringe filter, and
the final concentration of PSNPs in the filtrate was measured with a
UV—vis spectrophotometer at a wavelength of 254 nm. This
wavelength was obtained depending on the full spectrum scanning
(200-800 nm) of the solution using UV—vis. The adsorption
capacity of Cr-MOF was calculated using the following formula:
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(1)

where q is adsorption capacity (mg/g), C, is the initial concentration
of PSNPs (mg/L), C;is the equilibrium concentration of PSNPs (mg/
L), V is the volume (L), and W is the weight of Cr-MOF (g).

To study the adsorption mechanism of PSNPs on Cr-MOF, the
experimental data were fitted with different kinetic and isotherm
models. Three different kinetic and isotherm models were
investigated in this study. The Langmuir adsorption model indicates
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Figure 3. { potential and size (z-average) of (al) 100 ppm of Cr-MOF, (b1) S ppm PSNPs, and (c1) 70 ppm PSNPs at different pHs and T = 25
°C. Consistent { potential for Cr-MOF at various pHs was obtained with a standard deviation of less than 2.5%. Intensity-based particle size
distribution of (a2) 100 ppm of Cr-MOF, (b2) S ppm PSNPs, and (c2) 70 ppm PSNPs at their original pH = § and T = 25 °C.

a homogeneous monolayer adsorption process with a finite number of where g, and g represent the adsorption capacity at equilibrium and at

sites with an equal affinity toward adsorbate.* The nonlinear version any time of the adsorption (mg/g), respectively, k; is the pseudo-first-
of the Langmuir model is given by eq 2. order rate constant (min~!), and t is the time (s).

QK. C. The pseudo-second-order (PSO) rate equation assumes chemical

9. = 1+ KC, @) adsorption of adsorbates and second order adsorption of adsorbates

onto the surface of the adsorbent.*” The PSO equation is expressed as
where K; is the Langmuir constant that relates the affinity of

adsorbate toward active sites (L/mg), C,. is the equilibrium qezkzt
concentration of adsorbate (mg/L), Q, is the maximum adsorption q= T+ okt
capacity (mg/g), and q, is the adsorption capacity at equilibrium taky (6)
(mg/g).

The Freundlich isotherm model assumes heterogeneous surfaces or where k, is the pseudo-second-order rate constant.
distribution of active sites with varied affinities and stronger active The intraparticle diffusion model (IPD) was first presented by
sites are occupied first.** The nonlinear version of the Freundlich Webber and Morris (1963) and it only predicts the internal diffusion
isotherm can be expressed as of the adsorbate. The IPD identifies the rate-limiting phases or

_ 1/n mechanisms of the adsorption process and is expressed as*’
4. = KiC, (3) PR P
0.5

where K is the Freundlich constant relating the adsorption capacity g, =Kt + C (7)
(LY" mg!=/" g71) and 1/n is the adsorption intensity of the adsorbent
(dimensionless). where kg is the IPD rate constant (mg/(g-h®%)) and C is a constant

The Temkin isotherm model directly considers the adsorbent and for any experiment (mg/g).

adsorbate interactions. This model assumes that the heat of

adsorption declines linearly with the coverage of adsorbate

molecules.”” The linearized version of the Temkin isotherm model To study the regeneration of Cr-MOF, the exhausted MOF (Cr-MOF
is as follows: saturated with PSNPs) was regenerated with different solvents,
Q.,=BInK;+BlnC, (4) including methanol (99.8% pure), ethanol (99.5% pure), and 0.005 M
NaOH. The exhausted MOF was separated from the MOF-PSNPs
mixture using a 0.1 ym filter (Whatman Schleicher & Schuell). The

separated MOF was then dispersed into the solvents and shaken for

where B = RT/b, B is the isotherm constant, R is the gas constant, T is
the absolute temperature (K), b is related to the adsorption heat, and
K is the Temkin isotherm equilibrium constant.

The pseudo-first-order (PFO) model suggests the physical 15—20 min and separated using a 0.1 ym filter. The separated MOFs

adsorption of adsorbate and is widely applied for the adsorption in were washed with plenty of DI water to remove the adherent solvents.
solid—liquid systems.”® The experimental data were fitted using the After the regeneration of MOF with NaOH, the surface charge of the
following equation: MOF was regained by adding 0.01 M HCI into the MOF-water
(g - q) solution until pH = 5 was achieved. After the complete desorption
In——— = —k;t process, the MOF was dried in an oven for 2—3 h at 60 °C and used

e (%) for the next adsorption cycle.
747 https://doi.org/10.1021/acsaenm.2c00174
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Figure 4. Adsorption performance of Cr-MOF toward (a) S ppm and (b) 70 ppm PSNPs at different pHs and constant temperature of 25 °C with
the adsorbent concentration of 100 ppm. A maximum adsorption of more than 96% was obtained at pH S in both cases of initial concentration of

PSNPs (S and 70 ppm).

The SEM analysis was employed to examine the surface
morphology of PSNPs and Cr-MOF (Figure 2a,b). Crystals of
Cr-MOF with octahedral geometry’' and spherical PSNPs
nanoparticles were observed, as depicted in Figure 2a,b. The
sizes of Cr-MOF crystals and PSNPs in the SEM images were
200—400 and 50—70 nm, respectively.

FTIR analysis of PSNPs and Cr-MOF examined the
functional groups in the PSNPs and Cr-MOF (Figure 2c).
The broad band observed at 3074, and 3325 cm™" represents
the O—H stretching vibration of water adsorbed on the
surface of Cr-MOF and PSNPs. Also, these bands represent
the C—OH groups present in Cr-MOF. The FTIR of Cr-
MOF showed peaks at 1399 cm™" due to the presence of O—
C—O symmetric vibrations in COOH groups and at 1626
cm™ due to the C=C stretching of the benzene ring. The
peak at the lowest wavenumber 589 cm™ was associated with
Cr—O vibration in Cr-MOF.>> There are three absorption
peaks at the wavenumbers 1650, 1493, and 1452 cm™! due to
the presence of aromatic C=C stretching vibration in benzene
rings. The absorption peaks at the wavenumbers of 747 and
697 cm ™! correspond to C—H out-of-plane bending vibration,
which states the presence of only one substituent in the
benzene ring. The XRD pattern of Cr-MOF is shown in Figure
2d and Figure S1. The five characteristics peaks at angles 5.27°,
8.57°, 9.18° 10.46° and 16.69° match with the literature,
which confirmed the successful synthesis of Cr-MOF.**™>°
These angles were indexed to the indices (51 1), (822),(7 S
3), (102 2), and (13 9 ), similar to the previously reported
literature.”® The peaks observed at small angles characterize
the mesoporous nature of MOF. The adsorption and
desorption of N, on the Cr-MOF surface, as shown in Figure
2e, states that a type I adsorption isotherm was followed,
suggesting monolayer adsorption on microporous solids. A
small hysteresis loop at the higher relative pressure end is
observed due to the presence of voids formed by crystal
arrangements.”” The BET surface area of Cr-MOF was 2281.8
+ 137.2 m*/g, with a pore size of 2.91 + 0.34 nm and pore
volume of 0.23 + 0.05 cm®/g (Figure 2f). These values are
similar to previously reported values in the literature that
confirmed the successful synthesis of Cr-MOF.>®

Figure 3 shows the { potential of Cr-MOF (100 ppm) and
PSNPs (S and 70 ppm) at different pHs. The { potential of Cr-
MOF was observed to decrease with increasing pH from 2 to
10 (Figure 3a)). The positive charge of Cr-MOF at pH = S was
due to the unsaturated chromium ions present in the MOF.>”
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The point of zero charge (pH,,) for Cr-MOF was observed at
pH 7.5, similar to what was found in the literature.®® The ¢
potential of PSNPs decreased with increasing pH (Figure
3bl,c1).°" The negative charge on PSNPs throughout the pH
range is due to the anionic charge on the surface of PSNPs
from sulfate esters. Across the pH range of measurement, the
change of { potential values of S ppm PSNPs was slightly more
noticeable compared with that at 70 ppm. This behavior may
be due to the higher effect of H" and Cl™ ions on the surface
charge of PSNPs at a lower concentration.

The Z-average particle size of Cr-MOF obtained from DLS
analysis was observed to vary with pH, ranging from around
600 to 1600 nm (Figure 3al). The intensity-based particle size
distribution of Cr-MOF measured at pH = 5 and T = 25 °C
showed a size of around 500 nm, which matched the SEM
image size observation (Figure 3a2). The increase in the
particle size of Cr-MOF at pH 6 and 8 can be related to the ¢
potential of Cr-MOF in this pH range. Any particles with {
potential closer to the isoelectric point (PHch) are unstable
and tend to agglomerate (approximately in the range +30 to
—30 mV).”” This must be the reason for the significant
increase (from ~700 to ~1600 nm) in the particle size of Cr-
MOF at pH 6 and 8, with { potential ranging from +10 to —10
mV. The size of PSNPs was in the range 60—70 nm
throughout the pH range and at both 5 and 70 ppm
concentrations, which states the negligible effect of pH and
concentration on the particle size of PSNPs. The intensity-
based size distribution of both 5 and 70 ppm PSNPs showed a
narrow size distribution of 40—100 nm (Figure 3b2,c2). No
agglomeration of PSNPs was observed due to the higher
stability of particles with { potential less than —30 mV and
higher electrostatic repulsion present between the particles.

The adsorption of PSNPs on Cr-MOF was observed to be
highly dependent on the pH. The maximum adsorption of
more than 96% was obtained at pH S in both cases of initial
concentration of PSNPs (S and 70 ppm) (Figure 4). The
adsorption trend shows the parabolic behavior by increasing
adsorption from acidic pH 2 to pH §, and then, a decrease of
adsorption was noticed by increasing the pH from S to pH 10
for both S and 70 ppm initial concentrations of PSNPs. This
behavior was due to the electrostatic interaction between
PSNPs and Cr-MOF, which might be the primary adsorption
mechanism. These results agree with the { potential (Figure 3)
measurements as discussed earlier. At pH 4 and S, the
negatively charged PSNPs and positively charged Cr-MOF
promoted the electrostatic attraction and hence increased the
adsorption. Whereas at pH 6—8, the { potential of Cr-MOF is
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Figure S. Molecular structure of (a) Cr-MOF and (b) PSNPs with sulfate ester functional groups. Three main mechanisms of electrostatic, acid—
base, and 77— interaction are dominant adsorption mechanisms of PSNPs on Cr-MOF.
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Figure 6. (a) FTIR analysis, (b1) SEM analysis, and (b2) EDX analysis of Cr-MOF after adsorption of PSNPs. Both analyses showed the existence
of PSNPs on the Cr-MOF surface, confirming the adsorption of PSNPs on the surface of Cr-MOEF.

closer to its isoelectric point, resulting in increased MOF
particle size. This increased size of MOFs, i.e., aggregation,
resulted in reduced interaction active sites of MOFs for
PSNPs, reducing adsorption efficiency. In addition, the lower
adsorption efficiency in this range of pH might be due to the
lower positive surface charge of MOFs compared to acidic pH
(Figure 3al).

No significant adsorption was attained at pH 10 because at
this pH the surface charge of MOF becomes negative and the
PSNPs surface charge was negative, which caused repulsion
between these two components. Higher adsorption (80%) was
observed at pH 2 in the case of 70 ppm PSNPs compared to
40% adsorption for S ppm. This behavior might be due to the
higher negative surface charge of 70 ppm (ZP = —45 mV)
compared to S ppm (ZP = —25 mV) at pH = 2. Reduced
adsorption was observed for both concentrations from pH = 5
to pH = 2. This behavior might be justified based on the fact
that the PSNPs have sulfate groups on the surface, which
provided a negative surface charge at pH = 5. However, these
sulfate groups showed lowered ionization at lower pH due to
the presence of excess H' ions. Hence, the electrostatic
interactions between the Cr-MOF and PSNPs are reduced, and
other adsorption mechanisms, such as acid—base interactions,
became dominant.”> Another explanation for this behavior
might be the fact that the excess H" at acidic condition interact
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with PSNPs and prevent the interaction between PSNPs and
MOE.** The adsorption mechanisms involved in removing
PSNPs using Cr-MOF are shown in Figure 5. Mainly, three
types of adsorption mechanisms governed the adsorption,
including (i) electrostatic interaction between the positively
charged Cr-MOF and negatively charged PSNPs, (ii) z—x
interactions of the benzene ring present in terephthalic acid of
Cr-MOF and polystyrene,®™° and (jii) acid—base inter-
actions of the chromium node and the sulfate ester group.®®
FTIR, SEM, and EDX analyses were employed to examine
the loaded Cr-MOF (Cr-MOF with adsorbed PSNPs) after 24
h of adsorption to obtain more detailed information about the
adsorption process. The FTIR analysis of Cr-MOF after
adsorption showed similar peaks to that of fresh Cr-MOF.
Only one additional peak at wavenumber 697 cm™ was
observed in the FTIR analysis of Cr-MOF after adsorption,
stating the presence of PSNPs on the surface of Cr-MOF
(Figure 6a).°”’° The SEM analysis of Cr-MOF after
adsorption has shown the PSNPs covering the surface of Cr-
MOF (Figure 6b1). The EDX and EDX-EDS analysis of Cr-
MOF after adsorption showed the presence of chromium from
the Cr-MOF and sulfur from the sulfate groups present on the
surface of PSNPs (Figure 6b2 and Figure S2). The presence of
sulfur proves the adsorption of PSNPs on the surface of Cr-
MOF, as sulfur was only present on the surface of PSNPs.
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Table 1. Kinetics Parameters of Adsorption of PSNPs on Cr-MOF

Pseudo first order Pseudo second order
Conc. 1 1
C, = Cye Kut — =Kt +—
(ppm) LT ., * ¢
K R? K> R?
5 0.558 0.97 1.783 0.41
70 0.128 0.98 0.002 0.71
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Figure 7. Removal performance of PSNPs with time onto 100 ppm of Cr-MOF at pH S, T = 25 °C and with the initial concentrations of PSNPs

(a) S ppm and (b) 70 ppm.

Table 2. Intraparticle Diffusion Model Parameters of Adsorption of PSNPs on Cr-MOF

intraparticle diffusion parameters

q =Kt + C
conc. (ppm) Ky (mg/gh®%) R Cy(mg/g) C, (h%) Ky(mg/gh®?) R Cy(mg/g) C, (b%)
S 12.28 0.98 +14.87 —1.21 0.31 0.79 43.26 —140.14
70 155.53 0.99 —72.46 +0.47 35.57 0.9 463.55 —13.03
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Figure 8. Intraparticle diffusion model fitting for adsorption of PSNPs onto 100 ppm of Cr-MOF at pH S, temperature 25 °C, and with the initial
concentration of PSNPs (a) S ppm and (b) 70 ppm. g, is the transient adsorption capacity at time t.

Kinetic experiments were performed to determine the pattern
of adsorption between PSNPs and Cr-MOF. Among the two
kinetics models, the pseudo-first-order kinetics showed a better
fit to the experimental data in both cases of initial
concentration of PSNPs with an R* value of more than 0.9
(Table 1) (Figure S3). Based on the fitted model, and as it was
discussed earlier, the physical adsorption mechanism (i.e.,
electrostatic interactions) was more dominating than chemical
adsorption for the adsorption of PSNPs on Cr-MOFE.”' In
addition, the FTIR analysis of Cr-MOF after adsorption
(Figure 6a) did not show the formation of any new peaks or
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shift in the peaks, suggesting no new chemical bonds were
formed between Cr-MOF and PSNPs during the adsorption
process.

Based on the pseudo-first-order model, the adsorption of
98% was obtained in 6 h for S ppm PSNPs and adsorption of
96% was obtained in 24 h in the case of 70 ppm PSNPs
(Figure 7). The rate constant values (K, K,) were higher at
the lower initial concentrations (S ppm) of PSNPs compared
to the 70 ppm PSNPs. The faster adsorption at a low initial
concentration of adsorbate was justified due to the higher
active sites to adsorbate ratio.”

The adsorption process can typically be broken down into
three separate phases. First, the adsorbate (PSNPs) is
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transported from the bulk liquid to the external surface of the
adsorbent (Cr-MOF) (external mass transfer). Next, the
adsorbate diffuses in the pores of the adsorbent (intraparticle
diffusion), and interaction occurs inside the adsorbent and on
the external surface (adsorption). The intraparticle diffusion
model equation is mentioned in Table 2, in which g, is the
transient adsorption capacity at time ¢, Ky is the intraparticle
diffusion rate constant, and C is the intercept that provides
information about the boundary layer thickness.”' The
intercept value (C) is directly proportional to the thickness
of the boundary layer, which means that, when the value of the
time-intercept is larger, the effect of boundary layer thickness is
larger.”* Usually, the time-axis intercept is considered for the
intraparticle diffusion study, but some literature has also
reported the g-axis intercept. In this study, both time axis and
g-axis intercepts are reported because positive values of both g-
axis intercept and time axis intercept are obtained.

As shown in Figure 8, two distinct diffusion regions are
obtained, which implies that more than one process influences
the adsorption. The first area of the plot is assigned to the
external mass transfer process, whereas the second region is
assigned to the intraparticle diffusion process.”” The plots of g
versus £° do not pass through the origin, which states that
intraparticle diffusion is not the only process that affects the
adsorption rate. For both PSNPs concentrations, the higher
K4, as compared with the Ky, value suggests that the
adsorption of PSNPs onto Cr-MOF took place at a faster
rate through external mass transfer than intraparticle
diffusion.”® The Kj, value for 70 ppm initial concentration
PSNPs is larger than that of 5 ppm initial concentration,
suggesting a faster rate of external mass transfer in the case of
70 ppm due to the greater concentration gradients (active
driving force). For the S ppm initial concentration of PSNPs,
the negative time-axis intercept suggests a low boundary layer
thickness effect and instantaneous adsorption. Whereas, for 70
ppm initial concentration of PSNPs, a positive time-axis
intercept was obtained, which states a high boundary layer
effect on adsorption. The 70 ppm initial concentration PSNPs
required more time to achieve equilibrium as compared with
the 5 ppm PSNPs, which might also be due to the higher effect
of boundary layer thickness. Hence, it can be deduced that, at a
higher adsorbate concentration, the boundary layer effects
were more significant and determined the required time to
reach equilibrium. Comparing Ky, and Ky, for both S and 70
ppm concentrations, it can be concluded that intraparticle
diffusion (lower Kg, than Ky;) is the rate-limiting step of the
adsorption process.

Equilibrium adsorption experiments were performed at the
initial concentration of PSNPs ranging from 5—100 ppm, pH
S, temperature 25 °C, and 100 ppm of Cr-MOF, to study the
effect of the initial concentration of PSNPs on adsorption.
Three adsorption isotherm models, namely, Langmuir,
Freundlich, and Temkin, were applied to fit the experimental
data. The equilibrium adsorption capacity of Cr-MOF
increased with the increasing initial concentration of PSNPs
owing to the higher mass transfer (Figure 9). The maximum
PSNPs concentration tested here is 90 ppm, which showed an
increased adsorption capacity of 800 (mg/g). This increasing
trend shows the potential of proposed Cr-MOF for the
removal of PSNPs concentrations higher than 90 ppm. The
fitting parameter values and correlation coeflicient for
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Figure 9. Effect of initial concentration of PSNPs on adsorption at pH
S, temperature 25 °C, and adsorption time of 24 h. Q, is adsorption
capacity at equilibrium.

Langmuir, Freundlich, and Temkin models are mentioned in
Table 3 and Figure S4. The Freundlich model showed the best
fitting, suggesting multilayer adsorption of PSNPs onto the
surface of Cr-MOF and the heterogeneous surface of the
adsorbent. The multilayer physical adsorption behavior can be
supported based on the BET analysis results (Figure 2f) that
showed that the pore size of Cr-MOF was ~3 nm and the
particle size of PSNPs was ~65 nm (Figure 3b1,cl), stating no
pore diffusion took place due to the small pore size of
adsorbent. This also was suggested by the intraparticle
diffusion model that diffusion of adsorbates into the MOF
pores is the limiting adsorption step.

The desorption experiments were performed using sodium
hydroxide, ethanol, and methanol for regenerating the Cr-
MOF (Figure SS). NaOH and ethanol were selected for the
regeneration due to the existence of hydroxide and ethoxide in
their structure.”” Based on the FTIR analysis (Figure SS5a),
both solvents could regenerate the Cr-MOF completely since
no sign of PSNPs was observed and they provided almost
similar adsorption efficiency in the second cycle. The NaOH-
regenerated Cr-MOF showed 85% adsorption, and the
ethanol-regenerated Cr-MOF showed 75% adsorption in the
second adsorption cycle (Figure SSb). Since both solvents
showed complete desorption of PSNPs from the surface of the
Cr-MOF (based on the FTIR data) and based on the fact that
physisorption was the main adsorption mechanism, the
reduction in adsorption should be due to physicochemical
changes in the Cr-MOF during the regeneration process. Since
higher efficiency was achieved using NaOH for the
regeneration of MOFs in the second cycle, further
adsorption—desorption cycles were performed using NaOH.
The adsorption efficiency of regenerated Cr-MOF decreased
from 91 + 4.3% for the first adsorption cycle to 81 + 15% for
the second, 79 + 16% for the third adsorption cycle, and,
finally, reduced to 68 + 15% for the fourth adsorption cycle as
shown in Figure 10a. Cr-MOF showed acceptable adsorption
loss (~10%) for the third regeneration cycle and then showed
around 10% more loss in the fourth regeneration. To
investigate the possible reasons for the loss in adsorption
after regeneration, the effect of water and NaOH on the MOF
structure was explored.

To check the effect of water on the physicochemical stability
of Cr-MOF, the Cr-MOF was immersed in water for 1 and §
days, and the surface chemistry and crystal pattern of the
MOFs were analyzed by FTIR and XRD. The FTIR of the
water-immersed MOF showed no changes in the FTIR pattern
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Table 3. Equilibrium Constants for Adsorption of PSNPs on Cr-MOF

Langmuir Freundlich Temkin
QmaxKLCe
Q= —mal
1+ K.C Q, = KzC M/ Q. =Bln K;+BInC,
Quax(mg/g) K (L/mg) R K (mg(1-1/n)LY"g™") n R B Ky(L/mg) R’
319.49 6.91 0.86 25191 2.16 0.97 115.93 20.14 0.80
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Figure 10. (a) Four cycle regeneration of Cr-MOF using NaOH for the removal of S ppm PSNPs using 100 ppm regenerated Cr-MOF. (b) FTIR

analysis of water-immersed Cr-MOF for 1 and S days and regenerated Cr-MOF after every regeneration cycle. (c) XRD pattern of water-immersed
Cr-MOF after 1 and S days. (d) XRD pattern of regenerated Cr-MOF using NaOH.
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of Cr-MOF that confirmed that water did not change the of Cr-MOF during regeneration.74 The FTIR of regenerated
surface chemistry of MOF (Figure 10b). The XRD results of MOFs showed lower intensity at all the representative
Cr-MOF immersed in water for 1 and S days showed no wavenumbers 1626 (C=C), 1399 (O—C—O0), 747 (C—
change in crystallinity, stating the water did not affect the H), and 589 cm™' (Cr—O), which might be because of the

structure of MOFs (Figure 10c). However, the XRD analysis of NaOH interaction with MOF during regeneration and
Cr-MOF regenerated with NaOH after every adsorption— alteration of these bonds.
desorption cycle showed changes in the crystallinity of MOFs, In addition to the change in MOF structure during the
including the elimination of peaks indexed as 511, 822, 1022, regeneration, the lower adsorption of regenerated MOF might
and 1395 and intensity reduction of height indexed as 753 be due to the change in size and surface charge of MOF. The z-
(Figure 10d) due to the use of NaOH for regeneration. The average size of Cr-MOF after regeneration with ethanol and
elimination of peaks or lower intensity suggests the alteration NaOH was obtained as 1434 + 618 and 3442 + 1808 nm,
of crystallinity, as the NaOH might have affected the structure respectively. The increased size of Cr-MOF after regeneration
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compared to the fresh Cr-MOF size (400—600 nm) (Figure
3al,a2) might be the reason for the lower adsorption
performance of Cr-MOF after regeneration because the
aggregated MOF provided less adsorption active sites. In
addition, a lowered { potential of regenerated Cr-MOF with
both solvents of ethanol (ZP = +14.2) and NaOH (ZP =
+2.66) was observed as compared to the { potential (ZP = +20
at pH = S) of fresh MOF (Figure 3al). Since electrostatic
interaction was the dominant adsorption mechanism, the
decreased { potential might be another reason for the lower
adsorption performance in the second adsorption cycle.
Methanol as a regeneration solvent resulted in MOFs, which
could provide only 60% adsorption. Considering methanol is a
toxic solvent and owing to its lower regeneration efficiency,
methanol was found not to be a suitable regenerator solvent.”*

This work investigated the adsorption capacity and removal
efficiency of polystyrene nanoplastics (PSNPs) from water
using Cr-MOF as well as the effect of different experimental
conditions on the adsorption capacity. It was found that the
removal of PSNPs is mainly dominated by electrostatic
attraction between negatively charged PSNPs and positively
charged Cr-MOF, and about 96% removal was obtained at
both S and 70 ppm initial concentration of PSNPs. Cr-MOF
was successfully synthesized by the solvothermal method and
showed promising potential with an enhanced affinity toward
PSNPs. The highest removal efficiency of PSNPs was obtained
at pH 5, whereas negligible removal was obtained at pH 10.
The experimental data showed that the pseudo-first-order
kinetics model is a better fit, stating the physical adsorption of
PSNPs on Cr-MOF. The adsorption capacity of Cr-MOF
significantly increased with an increasing initial concentration
of PSNPs, and a maximum adsorption capacity of 800 mg/g
was achieved. The isotherm study showed a better fit for the
Freundlich adsorption model, suggesting the heterogeneous
nature of the adsorption of PSNPs on Cr-MOF. The
regeneration of MOFs with ethanol and sodium hydroxide
showed complete desorption of PSNPs from the surface of Cr-
MOFs; however, the regenerated MOFs showed lower
adsorption performance.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaenm.2c00174.
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