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ABSTRACT: Due to rapid socioeconomic development, increased
phosphorus concentrations can cause eutrophication of water bodies,
with devastating effects on environmental sustainability and aquatic
ecosystems. In this study, ZIF-8-PhIm was prepared for phosphorus
removal using 2-phenylimidazole via the solvent-assisted ligand
exchange (SALE) method. The structure and composition of ZIF-8-
PhIm were characterized by various methods, including X-ray
diffraction (XRD), scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FT-IR), 'H nuclear magnetic
resonance (NMR), X-ray photoelectron spectroscopy (XPS), and
Brunauer—Emmett—Teller (BET) analysis. Compared to the ZIF-8
material, it exhibited a multistage pore structure with larger pore
capacity and pore size, increased hydrophilicity, exposure of more
adsorption sites, and also stronger electrostatic interaction. Under optimized conditions (T = 298 K, C, = 150 mg/L, dose = 0.2 g/
L), the adsorption capacity of ZIF-8-PhIm reached 162.93 mg/g, which was greater than that of the ZIF-8 material (92.07 mg/g).
The Langmuir isotherm and pseudo-second-order kinetic models were suitable for describing the phosphate adsorption of ZIF-8-
PhIm. The main effects of ZIF-8-PhIm on phosphate adsorption were Zn—O—P bonding and electrostatic interactions. It also had
good regeneration properties. The ZIF-8-PhIm/CS spheres were prepared using chitosan (CS) as the cross-linking agent. The
results of dynamic adsorption experiments on the spheres showed a saturation capacity of 85.69 mg/g and a half-penetration time of
514.15 min at 318 K according to the fitted results.
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1. INTRODUCTION

The increase in phosphorus concentrations in surface and
groundwater systems due to excessive phosphorus discharges
from human activities can cause eutrophication, which can lead
to serious ecosystem damage (e.g., algal blooms), resulting in

phosphorus removal, which had an adsorption capacity of
38.22 mg/g.'* Bazzi et al. synthesized ZIF-8 under microwave
and ultrasonic radiation and found that the microwave-
synthesized ZIF-8 material had a high adsorption capacity of
101.61 mg/g."> Huang et al. prepared a two-dimensional foliar

serious pollution and economic losses.' > Currently, phospho-
rus removal usually relies on adsorption, chemical precip-
itation, and biodegradation.d’_6 Biological and chemical
precipitation methods generate large amounts of sludge,
which will increase the cost of post-treatment of solid
waste.” In contrast, the adsorption method benefits from
high phosphorus removal performance, simple operation, and
low sludge production and has become the most prospective
phosphorus removal and recovery technology.”™'* Trinh et al.
modified tea-activated carbon loaded with nanosilver and used
to remove phosphate, reaching a maximum capacity of 13.62
mg/g.'" Han et al. used lignin as a raw material to produce
magnetic bioactive carbon, and the maximum adsorption
capacity was 21.18 mg/g.'” Natural adsorbents have a wide
range of sources, but the adsorption capacity is low.

In recent years, zeolite-type imidazole skeletons (ZIF-8)
have been considered to be highly prospective adsorbents
owing to their large comparative surface area and the strong
affinity of Zn ions for PO,>~ ions."” Shams et al. used ZIF-8 for
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ZIF (ZIF-L) adsorbent, having a maximum capacity of 75.18
mg/g. ">

The solvent-assisted ligand exchange (SALE) method is an
indirect approach for the synthesis of alternative materials to
replace or exchange organic linkers in the framework of MOFs,
which can be used to improve certain properties.'®”"
Kenyotha et al. used the SALE method to modify the
synthesized ZIF-8 for CO, adsorption, which has a higher pore
volume and pore size with increased CO, uptake.*’

The main challenges in using MOFs as sorbents in practical
applications are the difficulty of recovery in powder form and
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Figure 1. Illustration of the preparation of ZIF-8-PhIm (photograph courtesy of Yu Zhao. Copyright 2023).

the potential for secondary contamination.”' > Biosorbents
from natural and biodegradable polymers have emerged as a
hot topic in the area of adsorption. Chitosan has the
advantages of being nontoxic and biodegradability. The
combination of MOFs with chitosan (CS) is beneficial both
for obtaining formed farticle adsorbents and for increasing the
adsorption capacity.””*

Most MOF materials are microporous, which may prevent
the larger tetrahedral phosphate anions from entering the
cavities within the framework and affect the adsorption
capacity.”® ZIF-8-PhIm was synthesized for phosphate
adsorption using the SALE method with ZIF-8 and 2-
phenylimidazole (2-PhIm). ZIF-8-PhIm not only produced a
multilevel pore structure with increased average pore volume
and pore diameter but also exposed more active sites and had
stronger electrostatic interaction. The structure of ZIF-8-PhIm
was characterized by SEM, XRD, BET, '"H NMR, XPS, and
FT-IR methods. The phosphate adsorption effects of ZIF-8-
PhIm and ZIF-8 were compared by the static adsorption
method, and the regeneration performance and adsorption
mechanism were discussed. ZIF-8-PhIm/CS sphere adsorbent
was synthesized and subjected to dynamic adsorption.

2. MATERIALS AND METHODS

2.1. Chemicals. All reagents for analysis were processed
without additional refinement. The detailed materials are
presented in Text S1.

2.2. Synthesis of Adsorbent. After the preparation of
ZIF-8 by the solvent method, it was modified using the
solvent-assisted ligand exchange method to obtain ZIF-8-
Phlm, and ZIF-8-PhIm was combined with chitosan to obtain
ZIE-8-PhIm/CS spheres. The detailed preparation method is
shown in Figure 1 and Text S2.

2.3. Characterization. The structure of ZIF-8-PhIm and
ZIF-8 was characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), 'H NMR, BET, FT-IR, contact
angle (CA), X-ray photoelectron spectroscopy (XPS) and (-
potential. The specific instruments and parameters are shown
in Text S3.

2.4. Static Adsorption. In the isothermal adsorption
experiments, adsorbents at an addition level of 0.2 g/L were
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added to 1—150 mg/L of the phosphate solution and adsorbed
for 240 min. The procedure was as follows: 0.01 g of adsorbent
was accurately weighed and added to a 100 mL conical flask,
50 mL of different concentrations of phosphate solution was
added, sealed with a rubber stopper, and quickly transferred to
a constant temperature shaker, the temperature of adsorption
was controlled by the constant temperature shaker and the
speed of the shaker was set at 170 rpm/min. After adsorption,
the sample (3 mL) was passed through a 045 um filter
membrane. The measurement of the phosphate solution
concentration was carried out at 700 nm using the ammonium
molybdate spectrophotometric method (Chinese standard
GB11893-89) with an ultraviolet—visible spectrophotometer
(Shunyu Hengping Scientific Instruments Co., Ltd., UV-1000).
The adsorption capacity was measured using eq 1

_ (CO - Ct)'V
£ m (1)

where g, is the adsorption capacity for phosphate at moment f,
mg/g; m is the mass of the adsorbent, g; V is the volume of the
solution, L; C, is the concentration of the initial phosphate
solution, mg/L; and C, is the concentration of phosphate left in
solution at time ¢, mg/L.

2.5. Dynamic Adsorption. The column for the dynamic
adsorption experiments was a custom-made glass adsorption
column with an insulated jacket, 300 mm high and 8 mm inner
diameter. The adsorbent was filled to a height of 200 mm and
the remaining space was filled with glass packing. The
experimental temperature was controlled by circulating water.
The phosphate solution was flowed through the adsorption
column in a top-down manner, using a dual-column micro-
pump to control the flow rate to 1 mL/min. The adsorbed
solution was gathered at regular intervals at the lower end of
the column and the absorbance of the collected solution was
measured.

2.6. Regeneration Methods. 20 mg of the adsorbed
sample was washed with 100 mL of NaOH solution (0.01
mol/L). The sample was whipped at 600 rpm for 8 h, filtered
and washed to neutral, and then desiccated in an oven at 120
°C for 12 h. Then, the next cycle was carried out in a 50 mg/L
phosphate solution.
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3. RESULTS AND DISCUSSION

3.1. Characterization of ZIF-8-Phlm and ZIF-8. Figure 2
displays the XRD images of ZIF-8-PhIm and ZIF-8. ZIF-8-
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Figure 2. XRD images of ZIF-8-PhIm and ZIF-8.%7

PhIm has the same characteristic peaks of ZIF-8.”” The spectra
of ZIF-8-Phlm and ZIF-8 were essentially identical at 7.3°
(011), 10.4° (002), 12.7° (112), 14.7° (022), 16.4° (013), and
18.0° (222), indicating that the backbone of ZIF-8 was
preserved after the substitution of 2-methylimidazole with 2-
phenylimidazole.”®

Figure 3 shows the SEM graphics of ZIF-8-PhIm and ZIF-8.
After an exchange with 2-phenylimidazole, the particle size of
ZIF-8-PhIm became larger, with the average grain size of ZIF-8
being ~185.55 nm, while ZIF-8-PhIm had an average grain size
of 241.74 nm.

From the analysis of the '"H NMR spectrum of ZIF-8-PhIm,
it can be obtained that 2-methylimidazole was partially
substituted by 2-phenylimidazole in ZIF-8 (Figure 4).”” For
ZIF-8-Phlm, the signal of the CH=CH proton in 2-
methylimidazole was observed at 7.19 ppm. The key signals
for the neighbor substitution proton (2/,6’) and the imidazole
aromatic proton (4,5) of 2-phenylimidazole were observed at
7.73 and 7.38 ppm, confirming the substitution of 2-
methylimidazole by 2-phenylimidazole during SALE. The
exchange ratio is ~1:0.04 depending upon the integral
proportion of the CH=CH proton of 2-methylimidazole
(7.19 ppm, 2H) to the ortho-substituted proton of 2-
phenylimidazole (7.73 ppm, 2H).”” The relatively low
exchange rate due to the spatial site resistance effect of the
larger volume of the benzene ring allows the exchange of the
ligand with the imidazole derivative to occur mainly on the
surface of the nanoparticles.””

The N, sorption—desorption isotherm curves and pore size
distributions of ZIF-8-PhIm and ZIF-8 are illustrated in Figure
Sa,b. As can be observed from Figure Sa, the N, sorption—
desorption isotherm curves conformed to a typical type I
isotherm, suggesting that the pores were primarily microporous
in structure.’”® The pore structure parameters and specific
surface area are presented in Table 1.
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Figure 3. SEM images and particle size distributions of (a) ZIF-8 and (b) ZIF-8-PhIm.
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Figure 5. (a) N, adsorption and desorption isotherms of ZIF-8-PhIm and ZIF-8, (b) pore size distribution of ZIF-8-PhIm and ZIF-8, (c) FT-IR
images of ZIF-8-PhIm and ZIF-8, (d) contact angles of ZIF-8-PhIm and ZIF-8,”” and (e) {-potential of ZIF-8-PhIm and ZIF-8.

Table 1. Parameters of the Pore Structure

surface area average pore diameter pore volume micropore volume mesopore volume mesopore volume
sample (m*/g) (nm) (em®/g) &m3/ g) %Dcm3/ g) percentage (%)
ZIF-8-PhIm 1663.79 2.08 0.85 0.54 0.31 36.47
ZIF-8 1700.39 1.85 0.79 0.60 0.19 24.05
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Figure 6. (a) Effect of time on phosphate adsorption (T = 298 K; dose = 0.2 g/L; C, = S0 mg/L), (b) effect of initial concentration on phosphate
adsorption (T = 298 K; dose = 0.2 g/L; t = 240 min), (c) effect of temperature on phosphate adsorption (dose = 0.2 g/L; t = 240 min), (d) effect
of pH on phosphate adsorption (T = 298 K; C, = SO mg/L; dose = 0.2 g/L; t = 240 min), (e) phosphate ion morphology at different pH values,
and (f) effects of ion concentration on phosphate adsorption (T = 298 K; dose = 0.2 g/L;C, = 50 mg/L; t = 240 min).

Although the specific surface area of ZIF-8-PhIm (1663.79
m?*/g) decreased compared to ZIF-8 (1700.39 m*/g), its pore
diameter and pore volume (2.08 nm, 0.85 cm®/g) increased
compared to ZIF-8 (1.85 nm, 0.79 cm?/g), and the proportion
of mesopores increased from 24.05 to 36.47%. This is related
to the larger volume of 2-phenylimidazole during the exchange
process. Thus, ZIF-8-PhIm exposes more active sites than ZIF-
8 and is more favorable for the adsorption of the target
contaminant.

In the FT-IR spectra (Figure Sc), a characteristic peak was
observed at 1704 cm™', belonging to the octave and group
frequency bending vibrations on the benzene ring dcy. The
weak intensity of the characteristic peak is due to the low
exchange ratio of imidazole. For the —OH absorption peak, the
wavenumber changes from 3453 cm ™' (original ZIF-8) to 3425
cm™! (ZIF-8-PhIm), with a noticeable shift toward lower
wavenumbers and an increase in hydrogen bonding.

The droplet image (Figure 5Sd) shows that, unlike ZIF-8
(84.66°), the contact angle of ZIF-8-PhIm is reduced by about
10° to 74.42°%7 This is due to the enhanced hydrogen
bonding, which makes it easier for molecules to bind to water
molecules, thus enhancing hydrophilicity. The hydrophilic
nature of the ZIF-8-PhIm material facilitates the exposure of
adsorption sites."”

The {-potentials are shown in Figure Se. The {-potential of
ZIF-8-PhIm reduced gradually with the increase of pH. The
isoelectric point of ZIF-8-Phlm appeared later than that of
ZIF-8. The conjugation of benzene and imidazole rings in 2-
PhIm leads to a decrease in the density of the electron cloud
on the imidazole ring, which results in an enhanced positivity
of Zn. The more positive charges on the surface of ZIF-8-
PhIm, the more anions are attracted through electrostatic
interactions.
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3.2. Phosphate Adsorption by ZIF-8-Phim. 3.2.1. Effect
of Time. From Figure 6a, with the temperature of 298 K and
the initial phosphate concentration of S0 mg/L, the adsorption
speed was rapid for the two adsorbents in the first 60 min of
contact time, then gradually decreased, and reached equili-
brium after 240 min. This may be because of the large amount
of active sites that were available on ZIF-8-Phlm in the early
stages. With the increase of adsorption time, the binding sites
became increasingly occupied by phosphate ions and the
adsorption of phosphate slowed down.

3.2.2. Effect of Initial Concentration and Temperature. As
can be seen in Figure 6b,c, as the initial phosphate
concentration increases, the increase in adsorption amount
was greater for ZIF-8-Phlm in comparison to ZIF-8. At T =
298 K, C; = 150 mg/L, and t = 240 min, the maximum
capacity for phosphate adsorption of ZIF-8-PhIm reached
162.93 + 4.95 mg/g, higher than that of ZIF-8 (92.07 = 5.90
mg/g) and many previously published ZnO/ZIF-based
adsorbents (54.82—147.63 mg/g, Table 2). As the temperature
increased, the adsorption capacity changed little, but the
adsorption rate of ZIF-8-Phlm increased, suggesting that the
increase of temperature led to the increase of phosphate
thermal movement.*

3.2.3. Effect of pH. pH affects both the charge properties of
the form of phosphorus present in the solution and the
adsorbent surface, which in turn affects the efficiency of
phosphorus removal.’® From Figure 6d, the adsorption
capacity of ZIF-8-Phlm for phosphate was better under neutral
conditions and weaker at pH values less than 4 and greater
than 7.

The ZIF material has an electrical charge on its surface, but
whether or not it has a positive charge depends largely on the
pH of the solution. From Figure Se, the isoelectric point of
ZIF-8-Phlm occurred at pH = 9.42. When the pH is below
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Table 2. Adsorption Capacity of Phosphate on Different
Adsorbents

adsorption capacity

material (mg/g) reference
ZIEF-8 54.82 13
2D ZIF-L 75.18 13
La@ZIF-8 147.63 31
HP-UiO-66(Zr)-OA 186.60 32
HP-UiO-66(Zr)-BA 80.20 32
Fe,0,@ZIF-67 116.59 33
diatomite composited with ZIF-8 13.46 34
ZnO@ZIE-8-US 101.61 15
ZnO@ZIE-8-MW 94.95 15
ZIF-8-PhIm 162.93 + 4.95 this work

9.42, the surface of ZIF-8-PhIm was positively charged,
favoring the adsorption of phosphate. Also, as shown in Figure
6e, pH has a large effect on the form of phosphorus present in
the solution.”” When the pH value is 3, a part of neutral H;PO,
exists in the solution, and the adsorption capacity of the ZIF-8-
PhIm material for neutral H;PO, is weak. As the solution pH
increases, the concentration of H;PO, decreases sharply, the
concentration of H,PO,™ increases, and the electrostatic effect
is enhanced, so the adsorption capacity increases. Under
weakly acidic conditions (pH = 4—7), H,PO,” was the main
species in solution, so the adsorption performance was well.
When the pH was above 7, phosphate in solution was mainly
in the form of HPO,’", which had a higher free energy of
adsorption compared to that of H,PO,” and was not
conducive to adsorption by adsorbent materials through ligand
exchange, resulting in a decline in the capacity of ZIF-8-PhIm
as the pH of the solution increases.’”

3.2.4. Effect of lon Concentration. Chloride ions, sulfate
ions, and carbonate ions were selected to examine the
selectivity of ZIF-8-Phlm for phosphate adsorption. The
obtained results are plotted in Figure 6f. The adsorption
capacity dropped from 123.31 to 91.13 mg/g (carbonate ions),
107.45 mg/g (chloride ions), and 116.56 mg/g (sulfate ions)
at a coexisting ion concentration of 100 mol/L. Of these,
carbonate had a greater effect on adsorption, presumably
because the addition of carbonate caused a significant change
in the pH of the solution. When the concentration of
carbonate ions was 100 mol/L, the pH of the solution was

8.59, so the adsorption capacity was affected by the pH value.
It shows that certain ions may slightly affect phosphate
adsorption, but the effect is not significant.

3.3. Isotherms and Thermodynamics. The Langmuir
isotherm model and the Freundlich isotherm model were
chosen for the fitting of the data.*” According to the results of
the model fit (Figure 7ab and Table 3), the Langmuir

Table 3. Parameters of the Isotherm Models for Phosphate
Adsorption on ZIF-8-PhIm

models 298 K 308 K 318 K

Langmuir qm (mg/g) 174.68 183.27 187.16
K, (L/mg) 0.09 0.08 0.09

R? 0.998 0.986 0.987

Freundlich 1/n 0.35 0.33 0.33
Ke (mg'™ g7' L™) 31.98 36.33 37.99

R? 0.932 0.960 0.961

isotherm model (R*> = 0.998) provided a superior description
of the phosphate adsorption behavior on ZIF-8-PhIm than the
Freundlich isotherm model (R* 0.932). The Langmuir
isotherm model indicated that phosphate adsorption by ZIF-8-
PhIm was a spontaneous process in a single molecular layer
with a relatively homogeneous spread of active centers. Based
on the fit of the Langmuir isotherm model, the theoretical
adsorption could reach 174.68 mg/g. Therefore, ZIF-8-PhIm is
a useful material for phosphorus removal.

Further evaluation of the adsorption can be carried out by
calculating thermodynamic parameters. The thermodynamic
parameters are indicated in Table 4. The AH is +32.65 kJ/mol

Table 4. Thermodynamic Parameters of Phosphate
Adsorption by ZIF-8-PhIm

T (K) AG (kJ/mol) AH (kJ/mol) AS (J/(K-mol))
298.15 —-3.95 32.65 122.81
318.15 —6.40

and the adsorption process is a process of heat absorption. The
AH is higher than 29 kJ/mol, indicating the presence of
chemisorption.”’ AG < 0, which suggests that the adsorption
process occurs spontaneously. AS > 0, which suggests that
phosphate adsorption is a process of increasing entropy.

(a)

= 298K
40 e 308K
20 4 4 318K
0 —— Langmuir Fit
0 2I0 4I0 6'0 8I0 1(')0 1&0 140
C.(mg/L)

= 298K
40 e 308K
20 % 4 318K
0d —— Freundlich Fit
0 20 40 60 80 100 120 140
C.(mg/L)

Figure 7. () Isotherm curves of phosphate adsorption fitting with the Langmuir model and (b) the isotherm curves of phosphate adsorption fitting

with the Freundlich model.
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Figure 8. (a) Kinetic curves of the adsorption fitting with the pseudo-first-order kinetic model, (b) kinetic curves of the adsorption fitting with the
pseudo-second-order kinetic model, and (c) kinetic curves of phosphate adsorption fitting with the intraparticle diffusion kinetic model.

Table 5. Parameters of the Kinetic Adsorption Models for Phosphate Adsorption on ZIF-8-PhIm

models 298 K 308 K 318 K
pseudo-first-order kinetic model k; (min™") 0.037 0.041 0.048
Ge1,ca (Mg/g) 112.34 117.32 120.64
Ge1, exp (M8/8) 123.31 125.73 12827
R? 0.964 0.956 0.961
pseudo-second-order kinetic model k, (g/(mg-min)) 3.109 x 107* 3.669 x 107* 4358 x 107*
e, cat (Mg/g) 133.01 134.04 135.76
der,exp (mg/8) 12331 125.73 12827
R? 0.987 0.983 0.986
the intraparticle diffusion model k;, (mg g~' min'/?) 7.16 6.88 6.61
C 2543 31.59 39.28
R? 0.899 0.871 0.853
Zn2p —— Before adsorption
a P o .
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Figure 9. XPS of ZIF-8-PhIm before and after adsorption: (a) full score, (b) P 2p, (c) Zn 2p, and (d) O 1s.
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3.4. Adsorption Kinetics. Pseudo-first-order, pseudo-
second-order, and VM model were adopted to fit ZIF-8 and
ZIF-8-PhIm adsorption kinetic curves.*~**

The fitting results from Figure 8 and Table 5 show that the
pseudo-second-order kinetic model (R* = 0.987) fitted better
in comparison to the pseudo-first-order kinetic model (R* =
0.964). The adsorption kinetics were not consistent with the
VM model and the pseudo-first-order model. In the intra-
particle diffusion kinetic model, if the fitted curve passes
through the origin and is governed by good linearity, then the
adsorption is dominated by the intraparticle spreading process.
Nevertheless, if the fitted curve does not go through the origin,
the rate-control step is the film spreading process. As illustrated
in Figure 8c, the lines did not go through the origin, which
suggested that the process was dominated by the film
spreading mechanism.*” Therefore, the pseudo-second-order
kinetic model was more suited to characterize the adsorption
process, indicating the presence of chemisorption.

Because the results of the pseudo-second-order kinetic
model fit were closest to the experimental data, the parameters
fitted by the pseudo-second-order kinetic model were
employed to obtain the activation energy. The activation
energy for the ZIF-8-PhIm adsorption process was 13.29 kJ/
mol, lower than 20—30 kJ/mol, which indicated the presence
of physical adsorption.*

3.5. Adsorption Mechanism. In the XPS spectrum of P
2p (Figure 9b), the newly generated peak at 133.18 eV
confirmed the adsorption of phosphate. However, this P 2p
peak was moved 0.52 eV to the lower energy side in
comparison to the pure KH,PO, (133.7 eV), indicating the
strong chemical bonding of phosphate on ZIF-8-PhIm.">"’

Prior to adsorption, the XPS spectrum of Zn 2p showed two
peaks (Figure 9¢c), which can be classified as Zn 2p;,, and Zn
2p,/, orbitals (1021.48, 1044.48 eV), respectively. After
adsorption, the Zn 2p;,, peak moved 0.5 eV and the Zn
2p,/, peak moved 0.7 eV toward the high energy side, revealing
a strong interaction between Zn** and PO,>".

The deconvolution of the O 1s spectrum gave three peaks:
Zn—0-P/P=0 at 531.50 eV, Zn-OH (hydroxyl group
combined with Zn) at $31.71 eV, and P-OH (hydroxyl in
HPO,>"/H,P0O,”) at 532.40 eV (Figure 9d, Table 6).**~>°

Table 6. Binding Energies and Relative Contents in the O 1s
Profiles of ZIF-8-PhIm Before and After Adsorption

before adsorption after adsorption

binding energy binding energy

species (eV) atom % (eV) atom %
O 1s Zn—0O—-P 531.50 531.50 76.35
Zn-OH 531.71 87.08 531.71 3.62
H,O0 533 12.92 533
P-OH 532.40 532.40 20.03

The peak of Zn-OH decreased significantly following the
production of the Zn—O-—P peak compared to before
adsorption, indicating that the Zn-OH group on the surface
can dehydrate with P-OH in the phosphate to produce a
stronger Zn—O—P bond. This indicates that hydroxyl groups
are critical in the process of phosphate adsorption through
strong complexation.

The infrared spectra of ZIF-8-PhIm were characterized.
Figure 10 displays the FT-IR profile of the original and loaded
adsorbent. The functional groups remained basically un-
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Figure 10. FT-IR spectrum of ZIF-8-PhIm before and after phosphate
adsorption.

changed before and after adsorption, which indicated that
the structure of the material was not destroyed. The
characteristic peak at 1042 cm™', representing the asymmetric
stretching vibration of P—O, suggests that the phosphate was
successfully adsorbed. For the —OH absorption peak, the
wavenumber varied from 3425 to 3375 cm™" after adsorption,
significantly shifting toward the lower wavenumbers, indicating
enhanced hydrogen bonding. It is indicated that the phosphate
exchanged ligands with the —OH group on ZIF-8-PhIm.”'

In summary, the mechanism of phosphate adsorption can be
summarized in two key interactions: (1) Zn—O—P bonding
and (2) electrostatic attraction of the negative phosphate ion
to the positive ZIF-8-PhIm surface. The increase in pore size
and pore capacity of ZIF-8-Phlm increased hydrophilicity and
exposed more active sites for adsorption (Figure 11).

3.6. Regeneration Experiment. It could be seen from the
XRD pattern (Figure 12a) that the crystalline shape did not
change after regeneration by a 0.01 mol/L NaOH ethanol
solution. Compared to the fresh adsorbent, the amount of
phosphate adsorbed by the regenerated ZIF-8-PhIm decreased
from 123.31 + 5.64 mg/g initially to 101.81 + 4.16 mg/g after
five regeneration treatments (Figure 12b). This decline may be
due to damage to ZIF-8-PhIm by the alkali regeneration
solution; on the other hand, the regeneration of the minority
chemical bonds between ZIF-8-Phlm and the phosphate may
be incomplete. As a result, ZIF-8-PhIm has good reusability.

3.7. Dynamic Adsorption. 3.7.1. Effect of Temperature.
The performance of ZIF-8-PhIm/CS for phosphate adsorption
was investigated at temperatures of 298, 308, 318 K (Figure
13). From the penetration curve, the saturation adsorption
capacity was obtained by integrating the curve and calculated
as shown in eq 2

v

1000m fo (Co - Cdt (2)

where ¢ is the adsorption capacity of ZIF-8-PhIm/CS, mg/g;
m is the adsorbent weight, g; v is the phosphate solution flow
rate, mL/min; t is the adsorption time, min; C, is the
phosphate concentration of input port, mg/L; C, is the
phosphate concentration of output port at time t, mg/L.

q:
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Figure 11. Mechanism of phosphate adsorption by ZIF-8-PhIm.
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Figure 12. (a) XRD of ZIF-8-PhIm before adsorption and after regeneration and (b) the adsorption capacity of phosphate and regeneration
efficiency of ZIF-8-PhIm after adsorption—desorption cycles (T = 298 K; dose = 0.2 g/L; Cy = 50 mg/L; t = 240 min).
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Figure 13. Breakthrough curves at different temperatures.

The adsorption capacity of chitosan spheres was relatively
low at 1.78 mg/g at 298 K (Figure S1). The phosphate
adsorption capacities of ZIF-8-PhIm/CS spheres were 63.10,

28444

73.41, and 85.69 mg/g, respectively, at different temperatures
(298, 308, 318 K). With temperature increasing, the phosphate
adsorption capacity of ZIF-8-PhIm/CS spheres increased.

3.7.2. Column Adsorption Model. Thomas model and
Yoon—Nelson model were chosen to carry out the fitting of
the breakthrough curves. The fitted results and model
parameters are given in Figure 14 and Table 7. The dynamic
equilibrium adsorption amounts predicted by the Thomas
model at different temperatures were 62.29, 73.30, and 85.69
mg/g (298, 308, 318 K). The predicted results were similar to
the experimental values. In addition, the half-penetration times
for the Yoon—Nelson model fitted at different temperatures
were 373.77, 439.80, and 514.15 min, respectively.

4. CONCLUSIONS

In this study, ZIF-8-PhIm was successfully prepared for
phosphorus removal by the SALE method. The modification
with 2-phenylimidazole resulted in ZIF-8-Phlm with a large
pore size and improved hydrophilicity, which led to exposure
of more active sites for adsorption. Under optimized
conditions, the adsorption of phosphate by ZIF-8-Phlm
reached 162.93 mg/g, which was greater than that of ZIF-8
(92.07 mg/g). The Langmuir isothermal adsorption model and
the pseudo-second-order kinetic model can be used to
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Figure 14. (a) Breakthrough curve of ZIF-8-PhIm/CS spheres fitting with the Thomas model and (b) the breakthrough curve of ZIF-8-PhIm/CS

spheres fitting with the Yoon—Nelson model.

Table 7. Parameters of the Thomas Model and Yoon—Nelson Model of Phosphate Adsorption on ZIF-8-PhIm/CS Spheres

Thomas Yoon—Nelson
T (K) Krp, mL/(min-mg) Gmode MZ/g Gexpr MZ/g R? K, min™" 7, min R?
298 0.221 62.29 63.10 0.987 0.022 373.77 0.987
308 0.236 73.30 73.41 0.995 0.024 439.80 0.994
318 0.275 85.69 85.26 0.991 0.027 514.15 0.990

characterize the phosphate adsorption by ZIF-8-PhIm. The
activation energy of adsorption (E,) was 13.29 kJ/mol. The
mechanism of ZIF-8-PhIm for phosphate adsorption mainly
involved Zn—O—P bonding and electrostatic attraction of
phosphate ions to the surface of ZIF-8-PhIm. ZIF-8-Phlm also
had excellent regeneration properties for phosphate. After five
regeneration cycles, the adsorption capacity of ZIF-8-PhIm
stabilized at 101.81 mg/g. ZIF-8-PhIm/CS hydrogel spheres
were prepared using chitosan as the cross-linking agent.
Dynamic adsorption experiments indicated that the Thomas
model reached a capacity of 85.69 mg/g and the Yoon—Nelson
model had a half-permeation time of 514.15 min at 318 K.
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