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Abstract: Petrochemical wastewater contains p-nitrophenol, a highly toxic, bioaccumulative and
persistent pollutant that can harm ecosystems and environmental sustainability. In this study,
ZIF-8-PhIm was prepared for p-nitrophenol removal from petrochemical wastewater using solvent-
assisted ligand exchange (SALE) with 2-phenylimidazole(2-PhIm). The ZIF-8-PhIm’s composition
and structure were characterised using the XRD, SEM, FT-IR, 'H NMR, XPS and BET methods.
The adsorption effect of ZIF-8-PhIm on p-nitrophenol was investigated with the static adsorption
method. Compared to the ZIF-8 materials, ZIF-8-Phlm exhibited stronger 7-m interactions, produced
a multistage pore structure with larger pore capacity and size, and had increased hydrophilicity and
exposure of adsorption sites. Under optimised conditions (dose = 0.4 g/L, T = 298 K, Cy = 400 mg/L),
ZIF-8-PhIm achieved an adsorption amount of 828.29 mg/g, which had a greater p-nitrophenol
adsorption capacity compared to the ZIF-8 material. The Langmuir isotherm and pseudo-second-
order kinetic models appropriately described the p-nitrophenol adsorption of ZIF-8-PhIm. Hydrogen
bonding and 7-7t interactions dominated the p-nitrophenol adsorption of ZIF-8-PhIm. It also had
relatively good regeneration properties.
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1. Introduction

Phenolic aromatic compounds are among the most widespread pollutants in the
effluents of petroleum and petrochemical industries. These compounds can cause surface
water pollution, posing a significant threat to human health and the environment [1-4]. Of
these compounds, p-nitrophenol (4-NP) is a nondegradable, bioaccumulative, persistent
and highly toxic pollutant. The main methods for p-nitrophenol removal from wastewater
include adsorption, precipitation, redox reactions, membrane separation and biological
methods [5-7]. However, adsorption is commonly used because it is safe, efficient and
easy to implement [8,9]. Zhao et al. [10] used steel slag to remove p-nitrophenol with an
adsorption amount of 109.66 mg/g. Dos Santos et al. [11] modified montmorillonite clay,
and its p-nitrophenol adsorption ability was 122.09 mg/g. According to Alvarez-Torrellas
et al. [12], the p-nitrophenol adsorption using peach stones was 234 mg/g. There are
numerous natural adsorbent sources, but their adsorption capacity is low, making research
on novel adsorbents crucial.

Metal-organic backbones (MOFs) are crystalline materials composed of organic linkers
and metal ions with high porosity, abundant unsaturated coordination, high chemical
stability and large specific surface area [13-15]. Lin et al. [16] synthesised HKUST-1,
which exhibited an impressive p-nitrophenol adsorption capacity of 371 mg/g. Similarly,
Miao et al. [17] produced a silver(I)3,5-diphenyltriazole MOF, AgTz-1, which adsorbed
143.5 mg/g p-nitrophenol. Zhi et al. [18] produced amino-MIL-53(Al) sandwich-structure
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membranes with a p-nitrophenol adsorption capacity of 297.85 mg/g. Although ZIF-8 is
a popular MOF research topic, only a few studies have investigated its interaction with
p-nitrophenol in water.

The solvent-assisted ligand exchange (SALE) method is an indirect approach to syn-
thesising materials that replace or exchange organic linkers in MOFs, thereby improving
certain properties [19-21]. Kenyotha K. et al. [22] used the SALE method to modify ZIF-8
for CO, adsorption, which resulted in a higher pore volume and size with increased CO,
uptake.

Most MOF materials are microporous, which may prevent the entry of larger anions
into the framework cavities and affect their adsorption capacity [23]. ZIF-8 was modified
with 2-phenylimidazole using the solvent-assisted ligand exchange method. The intro-
duction of 2-phenylimidazole enhanced its 7t-7r interaction with p-nitrophenol. The small
number of defects produced during the ligand exchange not only created a multilevel pore
structure with an increased average pore volume and pore diameter in ZIF-8-PhIm but
also exposed more active sites. ZIF-8-PhIm’s composition and structure were characterised
using the XRD, SEM, FT-IR, BET, XPS and 1H NMR methods. The p-nitrophenol adsorption
effects of ZIF-8 and ZIF-8-PhIm were compared using a static adsorption method. The
regeneration performance and adsorption mechanism were also studied.

2. Results and Discussion
2.1. Characterisation of ZIF-8-Phlm and ZIF-8

Figure 1a illustrates the XRD spectra of the ZIF-8-PhIm and ZIF-8. The XRD spectrum
of ZIF-8-PhIm 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) [24], indicating that the ZIF-8 backbone was preserved.

Figure 1b,c display the SEM graphics of the ZIF-8-PhIm and ZIF-8. The particle size of
the samples increased after the modification, with an average size of approximately 175 nm
for ZIF-8 and 229 nm for ZIF-8-PhIm. This was due to the recrystallisation of the ZIF-8
during the exchange process [25].
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Figure 1. (a) XRD results of ZIF-8-PhIm and ZIF-8; SEM images of (b) ZIF-8 and (c) ZIF-8-PhIm.

According to the 'H NMR spectral data of ZIF-8-PhIm (Figure S3, Supplementary
Materials), 2-phenylimidazole successfully replaced a portion of 2-methylimidazole with
an exchange ratio of approximately 1:0.04 [22]. The low exchange rate may be due to the
spatial barrier effect of the larger benzene ring, and the exchange occurred mainly on the
surface [26].

Figure 2a depicts the pore size distributions and N; adsorption—desorption isotherm
curves of the ZIF-8-PhIm and ZIF-8. The N, adsorption—desorption isotherm curves
conformed to the typical type I isotherm, indicating that the pore structure was mainly
microporous [27].

The pore structure parameters and specific surface area are provided in Table 1. The
specific surface area of ZIF-8-PhIm (1663 m?/g) decreased compared to that of ZIF-8
(1700 m2/ g), but the pore volume and size (0.85 cm3/ g; 2.08 nm) of ZIF-8-PhIm increased
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compared to that of ZIF-8 (0.79 cm®/g; 1.85 nm), and the proportion of mesopores increased
from 24.05% to 36.47%. This is due to the small number of defects created during the
exchange process [28-30].

According to the FI-IR image (Figure 2b), the -OH absorption peak exhibited a wave
number change from 3453 cm~! to 3425 cm~! in ZIF-8-PhIm, with a noticeable shift
towards lower wave numbers and an increase in hydrogen bonding. The characteristic
peak at 1704 cm~! belongs to the octave and group frequency bending vibration §CH on
the benzene ring, while the weak peak intensity was due to a relatively low exchange ratio
of imidazole.

The droplet image (Figure S4, Supplementary Materials) shows that the contact angle
of ZIF-8-Phlm (74.42°) decreased by approximately 10° compared to ZIF-8 (84.66°). This
reduction was due to the strengthened hydrogen bonding, which promoted the binding
of molecules with water molecules, thus enhancing the hydrophilicity. The hydrophilic
nature of the ZIF-8-PhIm material facilitated the exposure of the adsorption active sites.

Figure 2c demonstrates that the zeta potential of ZIF-8-PhIm decreased gradually as
the pH increased. Its isoelectric point occurred at pH = 9.42, while that of ZIF-8 was at
pH =7.77. Ata pH <9.42 of the solution, the ZIF-8-PhIm surface exhibited a positive charge.
The conjugation of the benzene and imidazole rings in 2-Phlm resulted in a decreased
electron cloud density on the imidazole ring, leading to the enhanced positivity of Zn.
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Figure 2. (a) N adsorption and desorption isotherms and pore size distributions of ZIF-8-PhIm and
ZIF-8; (b) FT-IR results of ZIF-8-PhIm and ZIF-§; (c) zeta potential of ZIF-8-PhIm and ZIF-8.
Table 1. Parameters of the pore structure.
Surface Area Ave.rage Pore Pore Volume Micropore Mesopore Mesopore
Sample (m2/g) Diameter (cm®/e) Volume (cm®/g) Volume Volume
& (nm) & & (cm3/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

2.2. p-Nitrophenol Adsorption by ZIF-8-Phlm
2.2.1. Effect of Time

As shown in Figure 3a, at T = 298 K and Cy = 50 mg/L, the adsorption rate of 4-NP for
both adsorbents initially increased rapidly during the first 20 min of contact time and then
gradually decreased, reaching an equilibrium after 120 min. This was probably due to the
abundance of available adsorption active sites on the adsorbent surface in the early phases.
As time progressed, the binding sites became increasingly occupied by p-nitrophenol ions,
resulting in a slower adsorption rate.
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Figure 3. (a) Effect of time on p-nitrophenol adsorption (T = 298 K; dose = 0.4 g/L; Cy = 50 mg/L);
(b) effect of initial concentration on p-nitrophenol adsorption (T = 298 K; t = 180 min; dose = 0.4 g/L);
(c) effect of temperature on p-nitrophenol adsorption (t = 180 min; dose = 0.4 g/L); (d) effect of pH
on p-nitrophenol adsorption (T = 298 K; dose = 0.4 g/L; Cy = 50 mg/L; t = 180 min); (e) effect of ion
concentration on p-nitrophenol adsorption (T = 298 K; t = 180 min; Cy = 50 mg/L; dose = 0.4 g/L).

2.2.2. Effect of Initial Concentration

Figure 3b demonstrates that ZIF-8-PhIm exhibited a greater increase in adsorption
with an increasing initial p-nitrophenol concentration than did ZIF-8. At a temperature of
298 K, adsorption time of 180 min, and initial concentration of 400 mg/L, the adsorption
capacity of ZIF-8-PhIm reached 828.29 £ 6.95 mg/g, which was higher than that of ZIF-8
(749.47 £ 7.29 mg/g) and many previously published adsorbents (Table 2). This was
likely due to the multistage pore structure of ZIF-8-PhIm, which features a larger pore
capacity and size, increased hydrophilicity, and exposure to more adsorption sites than
ZIF-8 materials.

2.2.3. Effect of Temperature

Figure 3c illustrates that the amount of ZIF-8-PhIm adsorbed increased with tem-
perature in an initial concentration range of 25400 mg/L. This temperature-dependent
variation in the adsorption amount increased with an increasing initial concentration. This
was due to the increased thermal motion of the molecules, which facilitated diffusion into
the pore size.

2.2.4. Effect of pH

A solution of 0.1 mol/L sodium hydroxide and hydrochloric acid was used to adjust
the pH of the p-nitrophenol solution. The adsorption capacity of ZIF-8-Phlm at different
pH values was determined at T = 298 K and Cy = 50 mg/L (Figure 3d). p-Nitrophenol
had a pKa of 7.15 and existed mainly in the ionic form at pH > 7.15 and molecular form
at pH <7.15. At pH < 9.42, the ZIF-8-Phlm surface was always positively charged. With
a pH between 3 and 7, the adsorption capacity was significantly reduced due to the
partial damage to the adsorbent structure and loss of active centres [31]. When the pH
increased from 7 to 9, p-nitrophenol was primarily present in the anionic form, leading
to an electrostatic interaction between p-nitrophenol and the positively charged surface
of ZIF-8-PhIm. However, when the pH was raised from 9 to 13, the negative charge on
the ZIF-8-Phlm’s surface gradually increased. Therefore, the p-nitrophenol adsorption by
ZIF-8-PhIm was favoured by electrostatic repulsion, but the adsorption capacity decreased.
Additionally, at higher pH values, excess hydroxyl ions competed with p-nitrophenol
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molecules for adsorption sites, further reducing the adsorption capacity. However, the
decrease in the adsorption capacity with an increasing pH from 7 to 13 was minimal,
indicating that the electrostatic effect was weak and probably not dominant.

2.2.5. Effect of Ion Concentration

Sodium and calcium ions were selected to examine the selectivity of ZIF-8-PhIm
for p-nitrophenol adsorption. Figure 3e shows that at a temperature of 298 K and an
initial concentration of 50 mg/L, the adsorption amounts decreased from 129.5 mg/g to
122.67 mg/g for sodium ions and 124.72 mg/g for calcium ions when the concentration
of coexisting ions was 100 mmol/L. This indicates that certain ions may slightly affect
p-nitrophenol adsorption, but the effect is minimal.

Table 2. Adsorption amount of p-nitrophenol on different adsorbents.

Material Optlmgz;%ﬁ;l)s;)srptwn Adsorption Capacity (mg/g) Reference
HKUST-1 Cp 200 mg/L; T293 K 371 [16]
MOF-AgTz-1 Cp 50 mg/L; T298 K 143.5 [17]
NH,-MIL-53 Cp 800 mg/L; T298 K 297.85 [18]
Platanus leaves Cp 300mg/L; T298 K 622.73 [32]
AC-NH,-MIL-101(Cr) Cp200mg/L; T298 K 182.3 [33]
PS-CH,-[CoNH,;MIm][Br] Cp 10,000 mg/L; T298 K 1269.8 [34]
ZnAl-layered double hydroxides Cp 120 mg/L; T298 K 101.6 [35]
MgCo-3D hydrotalcite nanospheres Cp 300 mg/L; T298 K 625.2 [36]
ZIF-8-PhIm Cp 400 mg/L; T298 K 828.29 + 6.95 this work

2.3. Isotherms and Thermodynamics

The Langmuir and the Freundlich isotherm models were selected for fitting [37].

Langmuir isotherm model: G = L + Ce 1)
e QmKL qm
1
Freundlich isotherm model: g,= K¢C/ )

where C,—the p-nitrophenol concentration at adsorption balance (mg/L); g.—the adsorp-
tion amount of the ZIF-8-PhIm at equilibrium (mg/g); Kr—the Langmuir adsorption
constant (L/mg); Kr—the Freundlich model constant (mg/g) (mg/ L)Y/"; and gm—the
theoretical maximum single molecule adsorption amount (mg/g).

The results of the model fitting, as provided in Figure 4a,b and Table 3, show that
the Langmuir isotherm model (R? = 0.981) provided a better description of the adsorption
behaviour of ZIF-8-PhIm compared to the Freundlich isotherm model (R% = 0.926). This
indicates that the p-nitrophenol adsorption by ZIF-8-PhIm was a spontaneous process with
a single molecular layer, and the active centres were distributed relatively homogeneously.
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Figure 4. (a) Isotherm curves of p-nitrophenol adsorption fitting with the Langmuir model; (b) isotherm
curves of p-nitrophenol adsorption fitting with the Freundlich model.
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Table 3. Parameters of the isotherm models for p-nitrophenol adsorption on ZIF-8-PhIm.

Model 298 K 308 K 318 K

qm (mg/g) 1105.04 1108.91 1117.72
Langmuir K (L/mg) 0.03 0.03 0.03
R? 0.981 0.985 0.987
1/n 0.53 0.52 0.50

Freundlich Kr ((mg/g)(mg/ L)/m 69.54 77.37 87.26
R? 0.926 0.928 0.925

Further evaluation of the adsorption process was performed by calculating the ther-
modynamic parameters.

Cs
K== 3
L= G (©)]
AG = — RTInK;, @)
AS AH
KL=~ &t ®)

where R—gas constant, 8.314 ] /(mol-K); T—temperature (K); K.—adsorption equilibrium
constant; Cs—p-nitrophenol concentration adsorbed by the adsorbent at the adsorption
balance (mg/L); and C,—p-nitrophenol concentration in solution at the adsorption balance
(mg/L).

The thermodynamic calculations shown in Table 4 indicate that the adsorption process
was heat-absorbing, as indicated by the positive value of AH for adsorption (+27.85 k] /mol).
As the value of AH was less than 29 k] /mol, this suggests the presence of physical ad-
sorption [38]. Additionally, the negative value of AG (AG < 0) indicates that the process
of p-nitrophenol adsorption was spontaneous. Finally, the positive value of AS (AS > 0)
suggests that the adsorption process increased entropy.

Table 4. Thermodynamic parameters of p-nitrophenol adsorption by ZIF-8-PhIm.

T (K) AG (kJ/mol) AH (kJ/mol) AS (J/(K-mol))
298.15 ~1.98
318.15 ~3.89 27.85 9545

2.4. Adsorption Kinetics

A detailed study of the adsorption kinetics was important to examine the adsorption
behaviour of ZIF-8-PhIm on p-nitrophenol. Therefore, two kinetic models, the pseudo-
first-order model and the pseudo-second-order model, were chosen to fit the experimental
data [39,40].

Pseudo-first-order equation: In(q. — q¢)= In(g.) — k1t (6)

Pseudo-second-order equation: L % + L
9 kg g
where V—the solution volume (L); m—the adsorbent weight (g); C;—the p-nitrophenol
concentration (mg/L) at a certain time (t); g—the adsorption amount (mg/g) at a certain
time (t); g.—the amount of adsorption at adsorption balance (mg/g); k;—the rate constant
for the pseudo-first-order model (min~1); k,—the rate constant for the pseudo-second-order
model (g/(mg-min)).
The fitting results, provided in Figure 5a,b and Table 5, show that the pseudo-second-
order model (R? = 0.989) was better fitted for characterising the adsorption behaviour of
ZIF-8-PhIm on p-nitrophenol compared to the pseudo-first-order model (R? = 0.969).

@)
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Figure 5. (a) Kinetic curves of adsorption fitting with the pseudo-first-order kinetic model; (b) kinetic
curves of adsorption fitting with pseudo-second-order kinetic model.

Table 5. Parameters of the kinetic models for the adsorption of ZIF-8-PhIm.

Model 298 K 308 K 318K
ki (min~1) 0.23 0.25 0.29
Pseudo-first-order kinetic Qel, cal (Mg/g) 125.12 126.61 127.28
model Qet, exp (NG/8) 129.51 131.27 128.27
R? 0.969 0.971 0.973
k; (g/(mg min)) 24 %1073 2.7 x 1073 33 x 1073
Pseudo-second-order de2, cal (Mg/ ) 133.41 134.32 134.35
kinetic model qe2, exp (MG/8) 129.51 131.27 132.70
R2 0.989 0.992 0.991

Since the pseudo-second-order model was better fitted for p-nitrophenol adsorp-
tion, the parameters of this model were selected to determine the activation energy. The
activation energy was calculated using the Arrhenius equation, which is expressed in
Equations (8) and (9):

k=A x EXP(—Ea/RT) 8

In(k) = In(A) — Ea/RT ©)

where R—the gas constant, 8.314 ] /(mol-K); k—the reaction rate constant at a temperature
of T (min~!); A—the finger front factor (min~!); T—the temperature (K); Ea—the reaction
activation energy (J/mol).

The activation energy fitting straight line for the adsorption of ZIF-8-Phlm is depicted
in Figure S6 (Supplementary Materials). The activation energy obtained from the fitting was
11.54 k] /mol, which was less than 30 k] /mol, indicating that the p-nitrophenol adsorption
process was a typical type of physical adsorption [41].

2.5. Adsorption Mechanism

The Zn 2p spectrum before adsorption displayed two peaks at 1044.48 eV and 1021.48 eV
(Figure 6a), corresponding to Zn 2p; /, and Zn 2p3/, orbitals, respectively. However, after
adsorption, these peaks were shifted towards lower binding energies by 0.41 eV and 0.21
eV, respectively. This suggests that the electrons of the p-nitrophenol overlapped with the
external electrons of Zn?*, causing an increase in the density of the outer electrons and
enhancing the shielding effect [36].

Figure 6b shows the O 1s spectra. Before adsorption, two peaks were observed at
532.98 eV and 531.71 eV, corresponding to adsorbed H,O and Zn-OH, respectively [42].
After adsorption, a new peak was observed at 530.80 eV, corresponding to Zn-O [43].
The reduction in the Zn-OH content and the appearance of the Zn-O peak suggest that
p-nitrophenol molecules covered Zn-OH and that hydroxyl groups were involved in the
ZIF-8-PhIm adsorption on p-nitrophenol (Table 6) [44]. The presence of the Zn-O peak
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was also attributed to the coordination of a partially unsaturated metal (Zn) site in ZIF-
8-PhIm with the nitro group in p-nitrophenol. Compared to H,O, p-nitrophenol is more
electronegative, providing Zn with numerous electrons in the vacant orbital. Therefore, in
an aqueous solution, the partial water molecule coordinated to Zn of ZIF-8-PhIm (Lewis
acid) was displaced by p-nitrophenol (strong Lewis base), thus forming a coordination
bond [36,45,46]. Table 6 shows the binding energies and relative contents in the O 1s profiles
of ZIF-8-PhIm before and after p-nitrophenol adsorption.

(a) s O1s
1021. i .
=" After absorption 021.07 I\ efdre adsorption
—— Before absorption I ~ Zn-OH
\

- 1044.27—, | \

3 /\ [ Zn 2p,;, 3 H,0,
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£ ) || z

B / -\ 102148 | | 2
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Figure 6. XPS of ZIF-8-PhIm before and after p-nitrophenol adsorption: (a) Zn 2p; (b) O 1s.

Table 6. Binding energies and relative contents in the O 1s profiles of ZIF-8-PhIm before and after
p-nitrophenol adsorption.

Speci Before Adsorption After Adsorption
pecies
Binding Energy (eV) Atom (%) Binding Energy (eV) Atom (%)
Zn-O 530.80 530.80 65.83
Ols Zn-OH 531.71 87.08 531.71 2294
H,O 532.98 12.92 532.99 11.23

Figure 7 displays the FT-IR spectra before and after adsorption. The functional groups
remained unchanged after adsorption, indicating that the ZIF-8-PhIm structure was unal-
tered during adsorption. The wave number of 1558 cm ! corresponded to the asymmetric
stretching vibration absorption peak of -NO,, while the wave number of 833 cm ™! corre-
sponded to the para-substitution of the benzene ring, indicating the successful adsorption
of p-nitrophenol. The -OH absorption peak exhibited variations in the wave number from
3430 cm ! to 3421 cm ! after adsorption, moving towards a lower wave number, indicating
hydrogen bond formation. Thus, the hydrogen bonding interaction can be identified as a
hydrogen bond formed by Zn-OH with -OH and -NO; [10].

3
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c \
I / \
£ |
\ 1/ )
/ .No_‘,/w L\
3421 “ ‘
1
—— After absorption \
—— Before absorption
4000 3000 2000 1000

Wavenumber(cm™)

Figure 7. FT-IR spectrum of ZIF-8-PhIm before and after p-nitrophenol adsorption.
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Additionally, the benzene ring’s composition in ZIF-8-Phlm attracts benzene ring-
containing compounds through 7-7t superposition interactions [47-50].

Conclusively, the mechanism of p-nitrophenol adsorption, as shown in Figure 8, can
be attributed to the key interactions, including hydrogen bonding, -t interaction and
weaker electrostatic attraction of the p-nitrophenol negative ion to the positive surface of
ZIF-8-PhIm. Simultaneously, increasing the pore size and volume of the material increased
the hydrophilicity and exposed more active sites for adsorption.

1T —T1T interaction .
(o)

%.
~ Vv
Y,
7, ////& ......
(@)

Hydrogen bonding

Figure 8. Adsorption mechanism of p-nitrophenol on the ZIF-8-PhIm.

2.6. Regeneration Experiment

The reusability of the adsorbent is crucial for practical applications, from both an
economic and practical perspective. The XRD pattern (Figure 9a) showed that the crystalline
shape remained unchanged after regeneration. However, compared to the fresh adsorbent, p-
nitrophenol adsorption by the regenerated ZIF-8-Phlm decreased from 129.51 + 2.88 mg/g
initially to 104.43 & 3.13 mg/g after five regeneration treatments (Figure 9b). Therefore,
ZIF-8-PhIm demonstrates good reusability.
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Figure 9. (a) XRD of ZIF-8-PhIm before adsorption and after regeneration; (b) regeneration effi-
ciency and adsorption capacity of the ZIF-8-PhIm after adsorption—desorption cycles (T = 298 K;
dose = 0.4 g/L; t = 180 min; Cyp = 50 mg/L).

3. Materials and Methods
3.1. Chemicals

2-Methylimidazole (2-Melm), analytical purity, Shanghai Bide Pharmaceutical Tech-
nology Co., Ltd., Shanghai, China; zinc nitrate hexahydrate, analytical purity, Shanghai
Titan Co., Ltd., Shanghai, China; 2-phenylimidazole (2-Phlm), analytical purity, Shanghai
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Bide Pharmaceutical Technology Co., Ltd., Shanghai, China; methanol, analytical purity,
Shanghai Titan Co., Ltd., Shanghai, China; p-nitrophenol, analytical purity, Beijing Bailing-
way Technology Co., Ltd., Beijing, China; sodium hydroxide, analytical purity, Shanghai
Titan Co., Ltd., Shanghai, China; sodium chloride, analytical purity, Shanghai Naisheng
Biotechnology Co., Ltd., Shanghai, China; hydrochloric acid, analytical purity, Shanghai
Naisheng Biotechnology Co. Ltd., Shanghai, China; calcium chloride, analytical purity,
Shanghai Naisheng Biotechnology Co., Ltd., Shanghai, China.

3.2. Synthesis of Adsorbent

ZIF-8 was synthesised using the solvent method. First, 1.49 g of Zn(NO3),-6H,O
(5 mmol) and 1.64 g of 2-Melm (20 mmol) were dissolved separately in 60 mL of methanol.
The two solutions were then mixed and stirred for 24 h at ambient temperature. The
product was obtained by centrifuging at 7000 rpm for 30 min and washed thrice with
methanol. Finally, the product was oven-dried at 70 °C.

For the synthesis of ZIF-8-Phlm, 0.1 g of ZIF-8 was sonicated for 3 min in 20 mL of
methanol. The solution was then transferred to a glass vial, and 2-PhIm was dissolved
in 30 mL of methanol and added to the ZIF-8 solution. The bottle was sealed and kept
for 72 h at 60 °C. After cooling the solution, the formed solid was washed with methanol
and separated by centrifugation at 7000 rpm for 30 min. Finally, ZIF-8-PhIm was obtained
by drying for 24 h at 70 °C. The molar ratio of ZIF-8 to 2-phenylimidazole was 1:5. The
detailed preparation method is displayed in Figure 10.

Zn(NO;),'6H,0 2 Melm

té
Stirring, 24h@
thangl

ZIF-8 2 Phlm

[

GO'C 72h

Figure 10. Diagram of the preparation of ZIF-8-PhIm.

3.3. Characterisation

X-ray powder diffraction (XRD) measurements were conducted using an X-ray diffrac-
tometer (D8 Advance, Bruker Ltd., Karlsruhe, Germany) with a scan rate of 10° per min,
a range of 5-90°, and a scan step of 0.01°, using copper alpha radiation of 40 mA and
40 kV. A scanning electron microscope (SEM) (Nova Nano SEM 450, EFI, Hillsboro, OR,
USA) with an acceleration rate of 20 kV was used to obtain the SEM images. X-ray pho-
toelectron spectroscopy (XPS) was conducted with an X-ray photoelectron spectroscope
(ESCALAB 250 XI, Thermo Fisher Scientific, Waltham, MA, USA) at a 12 kV and 6 mA
current under Al Ko radiation. BET testing was performed with a fully automated specific
surface and porosity analyser (ASAP 2460, Micromeritics, Atlanta, GA, USA). The FT-IR
analysis was performed with an infrared spectrometer (Nicorette 6700, Thermo Fisher
Scientific, Waltham, MA, USA). The hydrogen spectroscopy (‘'H NMR) was performed
using a 600 M NMR spectrometer (Ascend 600, Bruker Ltd., Karlsruhe, Germany) with
deuterated trifluoroacetic acid as the deuterium reagent. The contact angles (CAs) were
measured using an optical contact angle meter (OCA 20, Dataphysics, Stuttgart, Germany)
to determine the contact angle of a sample with water. The zeta potential was measured
with a Zetasizer analyser (Microtrac S3500SI, Magik Instruments Co., Orlando, FL, USA).
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3.4. Static Adsorption

In the adsorption experiments, 0.4 g/L of adsorbents was added to 25-400 mg/L of
4-NP solution and adsorbed for 180 min. The experimental procedure involved weighing
precisely 0.01 g of adsorbent (ZIF-8 or ZIF-8-PhIm), adding it to a 50 mL conical flask. Then,
30 mL of p-nitrophenol solution, with varying initial concentrations, was added to the flask.
The flask was then capped with a rubber stopper and transferred quickly to a thermostatic
shaker. The adsorption temperature was adjusted with the thermostatic shaker and set at
a fixed speed of 170 rpm/min. After adsorption, the sample (3 mL) was filtered through
a 0.45 pm filter membrane, and the p-nitrophenol concentration was measured at 310 nm
using a UV-1000 UV-Vis spectrophotometer (Shunyu Hengping Scientific Instruments Co.,
Ltd., Shanghai, China).

The adsorption capacity was measured using Equation (10):

g = M (10)

m
where g;,—the adsorption capacity of the p-nitrophenol at time (t), (mg/g); Ci—the re-
maining concentration in the p-nitrophenol solution at time (t), (mg/L); Co—the initial
concentration of the p-nitrophenol, (mg/L); V—the volume of the p-nitrophenol solution
(L); m—the mass of the adsorbent (g).

3.5. Regeneration Method

After the batch adsorption experiments, the suspension was centrifuged to extract the
saturated adsorbent. The obtained adsorbent was swept for 4 h at 200 °C with 4 L/min
of hot air. The reusability of the adsorbent was studied for five cycles at a temperature of
298 K and initial concentration of 50 mg/L.

4. Conclusions

This study successfully prepared ZIF-8-Phlm via the SALE method for p-nitrophenol
removal from water. At a temperature of 298 K and initial concentration of 400 mg/L,
ZIF-8-PhIm demonstrated a higher adsorption capacity (828.29 mg/g) than ZIF-8 due
to the increased pore size, capacity and hydrophilicity, which exposed more active sites
for adsorption. The mechanism of p-nitrophenol adsorption mainly involved hydrogen
bonding, -7t interaction and weaker electrostatic interaction. The Langmuir isothermal and
pseudo-second-order kinetic models were used to characterize the p-nitrophenol adsorption
by ZIE-8-Phlm, with an activation energy (Ea) of 11.54 k] /mol. The adsorption process was
found to be single molecular layer physical adsorption. After five regeneration cycles at a
temperature of 298 K and an initial concentration of 50 mg/L, the adsorption capacity of
ZIF-8-Phlm stabilised at 105.43 mg/g, indicating good reusability.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules28104195/s1, Figure S1: Adsorption capacity of zif-8 synthesized
by different zinc nitrate:2-methylimidazole ratios. Figures S2: Adsorption capacity of ZIF-8-PhIm
synthesized with different ZIF-8:2-phenylimidazole molar ratios. Figure S3: ITH NMR spectra (in
Trifluoroacetic Acid-d) of ZIF-8 and ZIF-8-PhIm. Figure S4: Contact angles of ZIF-8-PhIm and ZIF-8.
Figure S5: TGA and DTA curves of ZIF-8-PhIm. Figure S6: Activation energy fitting straight line for
adsorption of ZIF-8-PhIm.
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