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Abstract: In order to promote the improvement of the rural living environment, the treatment of
rural domestic sewage has attracted much attention in China. Meanwhile, the rural regions’ sewage
discharge standards are becoming increasingly stringent. However, the standard compliance rate
of total phosphorus (TP) is very low, and TP has become the main limiting pollutant for the water
pollutants discharge standards of rural domestic sewage treatment facilities. In this study, waste
eggshell (E) was employed as a calcium source, and waste peanut shell (C) was employed as a
carbon source to prepare calcium-modified biochar adsorbent materials (E-C). The resulting E-C
adsorbent materials demonstrated efficient phosphate (P) adsorption from aqueous solutions over
the initial pH range of 6–9 and had adsorption selectivity. At an eggshell and peanut shell mass
ratio of 1:1 and a pyrolysis temperature of 800 ◦C, the experimental maximum adsorption capacity
was 191.1 mg/g. The pseudo second-order model and Langmuir model were best at describing the
adsorption process. The dominant sorption mechanism for P is that Ca(OH)2 is loaded on biochar
with P to form Ca5(PO4)3OH precipitate. E-C was found to be very effective for the treatment of
rural domestic sewage. The removal rate of TP in rural domestic sewage was 91–95.9%. After
adsorption treatment, the discharge of TP in rural sewage met the second-grade (TP < 3 mg/L) and
even first-grade (TP < 2 mg/L). This study provides an experimental basis for efficient P removal by
E-C adsorbent materials and suggests possible applications in rural domestic sewage.

Keywords: phosphate adsorption; modified biochar adsorbent materials; rural domestic sewage;
discharge standard

1. Introduction

China is a big agricultural country with nearly 500 million rural people. Due to
population growth and the improvement in social and economic living standards, the
increase in rural domestic sewage is becoming one of the main environmental problems
in rural areas [1]. In recent years, in order to reduce pollutant emissions and improve the
rural living environment, rural domestic sewage treatment has received more and more
attention by the Chinese government. Meanwhile, rural areas’ sewage discharge standards
are becoming more and more stringent [2]; currently, thirty-one provinces and cities have
issued rural sewage discharge standards in China.

The most conventional treatment methods for domestic sewage in rural regions consist
of an operational sequence of aerobic/anoxic/aerobic processes. Anaerobic–anoxic–oxic
(A2O) is one of the most typical schemes in China. However, some reports have observed
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that the efficient removal of COD, NH3-N, and total phosphorus (TP) is hard to realize [3].
In the study by Yang et al., surrounding Erhai Lake in Yunnan Province, centralized rural
sewage treatment facilities had good removal efficiency. However, some centralized sewage
treatment facilities could not meet the water pollution discharge standards, in particular,
the average standard compliance rate of TP was only 4.26%. TP has become the main
limiting pollutant for the discharge standards of rural domestic sewage treatment facilities.
Therefore, improving TP treatment efficiency for meeting discharge standards in rural
regions is an important target of future research [4].

Different biological, chemical, and physical techniques have been created and widely
applied in previous studies to manage and treat the phosphorus (P) present in wastew-
ater [5,6]. Among these methods, the adsorption method is the most attractive since it
is economically feasible and simple in real application. In addition, the nutrient-loaded
adsorbents can be further utilized as a soil conditioner and fertilizer [7,8]. Therefore, it
is an important research topic to prepare cost-effective adsorbents with good adsorption
performance. Recently, the modified biochar synthesized from calcium-rich waste achieved
a good P adsorption effect. For example, when marble waste was employed as a Ca source,
agricultural waste was used as a carbon source to synthesize modified-biochar composites
to remove P from waste streams, and the maximum P removal capacity of the composites
was 263.17 mg/g. The methods of producing modified biochar are economical, environmen-
tally friendly and green [9]. Tobacco straw was employed as the carbon source, while oyster
shell was used as the source of Ca to create a modified-biochar adsorbent with a maximum
P adsorption capacity of 88.64 mg/g [10]. According to statistics, the crop straw output was
819.7 tons, of which peanut shell straw, wheat straw and corn straw accounted for 8.9%,
21.6% and 28.9% in China, respectively [11]. Most peanut shells are disposed of by landfill
or incineration, resulting in an impact on the environment and the waste of resources.
The preparation of biochar from peanut shells is a low-cost, sustainable, win–win and
green production method that can reduce peanut shell’s environmental pollution [12]. Pure
biochar is effective at adsorbing organic pollutants and cations [13,14], but the P removal
rate is low by biochar from unmodified peanut shell waste, and modified biochar by metal
is usually chosen to achieve P adsorption [11,15]. Eggshells contain calcium carbonate
(~94%) and organic matter (~6%) [16]. By 2018, the world had generated approximately
8.6 million metric tons of eggshell waste [17]. Additionally, eggshells have the potential
to be a source of calcium for the creation of Ca-modified biochar, which has the ability to
absorb P and then be used as a phosphate fertilizer [16].

The removal of P in wastewater from pig farm, cattle farm, pond and human urine
by Ca-modified biochar has been reported [9,10]. So far, the reports on the P treatment
of rural domestic sewage by Ca-modified biochar are limited. In this study, in order
to improve TP treatment efficiency to meet discharge standards in rural regions, waste
eggshell was used as a Ca source and peanut shell waste as a carbon (C) source to synthesize
adsorbent material (E-C) by pyrolysis. Some adsorption models were used to observe the
adsorption performance of P by E-C. The mechanisms of P adsorption on the prepared E-C
were analyzed. The feasibility of E-C as an adsorbent for TP removal was also assessed
using rural domestic sewage. This study combines agricultural waste recycling with
phosphorus pollution control, and we provide a possibility scheme for effective phosphorus
removal/recovery from rural domestic sewage.

2. Materials and Methods

2.1. Experimental Materials

The peanut shells were obtained locally in Jiaxing (China). Before usage, they were
air-dried and then ground to pass through 40 mesh sieves (0.425 mm). Waste eggshells
were obtained from a mess hall in Jiaxing. They were dried at 60 ◦C in an oven after being
cleaned three times. Additionally, there were then ground to pass through 40 mesh sieves
(0.425 mm) before use. All chemical reagents (such as KH2PO4, HCl, NaOH, KCl, KNO3,
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K2SO4 and KHCO3) were of analytical grade and purchased from Aladdin Industrial
Corporation (Shanghai, China).

2.2. Preparation of Adsorbents

The predetermined weights of the eggshell and peanut shell power were determined
in a mass ratio of 1:1. Deionized water was then added to the mixture, and then the mixture
was blended overnight with a magnetic mixer. The mixture was placed in a 105 ◦C oven to
dry. The dried mixture was transferred to a quartz boat, and then the mixture was placed
in the tube furnace and calcined for 2 h under a nitrogen atmosphere at 800 ◦C. The heating
rate was set at 5 ◦C/min. A pure peanut shell prepared biochar was named BC.

2.3. Phosphorus Adsorption Experiments

In this study, all adsorption experiments were carried out in batches. E-C adsorbent
materials were placed in a 100 mL glass vial with a stopper containing 40 mL of P solutions.
The vials were oscillated (180 rpm) in a shaker bath (HZQ-F100 Taicang, China) at pH 7 and
25 ◦C. The E-C adsorbent dose was 250 mg/L. Then, the suspension was filtered through
a 0.45 μm PES syringe filter, and the filtered solution was used to detect the phosphorus
concentration. A total of 0.1 mol/L NaOH or HCl was used to adjust the initial pH values
of the solutions. KH2PO4 was used as a phosphorus source in the solutions because the
main form of phosphate in the range of 2.13–7.20 is H2PO4

− [18]. All experiments were
performed in triplicate.

To evaluate the equilibrium adsorption parameters, adsorption isotherm experiments
were conducted as follows: E-C dose, 250 mg/L; initial P concentrations of 5, 10, 25, 50, 100,
150 and 200 mg/L; initial pH, 7.0; and adsorption time, 24 h.

Adsorption kinetic tests were conducted as follows: E-C dose, 250 mg/L; initial P
concentration, 100 mg/L; initial pH, 7.0; and adsorption time, 1–1440 min.

The effect tests of common competing substances (Cl−, NO3
−, SO4

2− and HCO3
−) on

P removal by E-C were evaluated as follows: E-C dose, 250 mg/L; initial phosphate con-
centration, 100 mg/L; Cl−, NO3

−, SO4
2− and HCO3

− concentrations, 100 and 1000 mg/L;
and adsorption time, 24 h.

The effects of different initial pH values on P removal by E-C were evaluated as
follows: E-C dose, 250 mg/L; initial P concentration, 100 mg/L; initial pH of 6.0, 7.0, 8.0
and 9.0; and adsorption time, 24 h.

Rural residential sewage from two centralized rural sewage treatment facilities in
Jiaxing (Zhejiang province) were utilized to assess the E-C adsorbent’s suitability for
actual phosphorus sewage. The first centralized rural sewage treatment facility was the
anaerobic–anoxic–oxic (A2O) process (named as F1), and the design capacity was 50 t/d.
The second centralized rural sewage treatment facility was an A2O process (named as F2),
and the design capacity was 20 t/d. Every three days, a sample of rural home sewage was
taken from the secondary sedimentation tank. A total of 40 mL of rural home sewage was
collected in 100 mL glass vials with stoppers containing 0.01 g of E-C adsorbent materials,
and the vials were oscillated (at 180 rpm) in a shaker bath for 4 h at 25 ◦C.

All experiments were repeated three times. The equilibrium adsorption capacity
(qe, mg/g) and adsorption capacity at different times t (qt, mg/g) was calculated as follows:

qe = (C0 − Ce) V/m (1)

qt = (C0 − Ct) V/m (2)

where C0 (mg/L) represents the initial P concentration, Ce (mg/L) represents the P concen-
tration at equilibrium, and Ct (mg/L) represents the P concentration at time t; V (L) is the
volume of the solution; and m (g) is the adsorbent mass.
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2.4. Characterization and Analytical Method

The concentration of phosphorus in solution was determined using ammonium molyb-
date spectral photometry using an ultraviolet spectrophotometer (SHIMADZU UV-2450,
Kyoto, Japan) according to the standard method [11]. The surface elements and morpholo-
gies of adsorbents before and after adsorption of P were studied using scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM-EDS) (Regulus-810, Hitachi,
Tokyo, Japan). The diffraction patterns of adsorbents before and after P adsorption were
studied using an X-ray diffractometer (XRD, Bruker D8 Advance X-ray diffractometer,
Karlsruhe, Germany). An FTIR spectrometer (Thermo Scientific Nicolet IS50, Waltham, MA,
USA) was used to study the characterization of the functional groups in the adsorbents
before and after P adsorption. A fully automated physisorption instrument (JW-BK200B,
Beijing, China) was used to detect the specific surface area, pore volume, and average pore
size of the adsorbents.

3. Results and Discussion

3.1. Basic Physicochemical Properties of Biochar

By weighing the samples before and after pyrolysis at 800 ◦C, the resulting mass loss
(49.3%) during the preparation of the E-C adsorbent material was achieved. The basic
physicochemical properties and major elements of the E-C and BC adsorbent materials
are shown in Table 1. BC showed a specific surface area of 9.203 m2/g, average pore
size of 2.95 nm, and pore volume of 0.083 cm3/g; the corresponding values for E-C were
64.956 m2/g, 6.46 nm and 0.105 cm3/g, respectively.

Table 1. Specific surface area, pore volume, average pore size and major elements of E-C and BC.

Adsorbent Physical Properties Major Elements

Specific Surface Area
(m2/g)

Pore Volume
(cm3/g)

Average Pore
Size (nm)

C
(%)

O
(%)

Ca
(%)

E-C 64.956 0.105 6.46 33.23 45.1 21.3

BC 9.203 0.083 2.95 78.5 13.53 1.26

The eggshell decomposed into CO2 and CaO during high-temperature pyrolysis [19].
The formation of CO2 broadens the material’s pore size as an activation substance, and it
can therefore be used to produce activated carbon [20]. In addition, the adsorbent’s pore
volume and specific surface area may increase by adding eggshell to the biochar [21].

The pore volume and surface area of the E-C were higher than those of the BC.
Biochar’s adsorption performance largely depends on its porosity and specific surface area.
The larger the adsorbent’s specific surface area and higher the porosity, the more surface
adsorption sites there will be and the higher the adsorption performance [10,22,23]. After
24 h of adsorption, the P adsorption capacity of BC was only 5.3 mg/g, but the E-C reached
191.1 mg/g. This showed that Ca from CaCO3 in eggshells was successfully introduced
into the E-C adsorbent materials.

3.2. Adsorption Kinetics

Figure 1 shows the kinetic behavior results of P onto the E-C adsorbent materials.
Clearly, during the initial hour the adsorption processes of E-C for P was rapid, with
the rate slowing down until reaching an equilibrium within 4 h. The adsorption process
involves the initial rapid diffusion of ions from the solution onto the surface of the external
adsorbent. This is then followed by a slow adsorption process through the diffusion of ions
into the pores on the inner surfaces of the adsorbent [20].

4
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Figure 1. P adsorption kinetics onto E-C (dosage: 250 mg/L; temperature: 25 ◦C; initial P concentra-
tion: 100 mg/L; and pH = 7).

The pseudo-first-order model and pseudo-second-order model were used in the study
of E-C adsorbent materials’ adsorption kinetics for P in aqueous solutions:

Pseudo-first-order kinetic equation: qt = qe(1 − e−k
1

t) (3)

Pseudo-second-order kinetic equation: t/qt = 1/k2qe
2 + t/qe (4)

where qt is the P adsorption amounts at time t, and qe is the P adsorption amounts at
equilibrium time; k1 is the first-order kinetics’ adsorption rate constant, and k2 is the
second-order kinetics’ adsorption rate constant. The results showed that the coefficient of
determination simulated with the pseudo-second-order model (R2 = 0.99) is higher than the
pseudo-first-order model (R2 = 0.83) (Figure 1), which suggested that the pseudo-second-
order kinetic model can well describe the adsorption kinetic process of P onto E-C, and
a monolayer chemisorption occurred on the adsorbent surface. Based on the analysis of
the pseudo-second-order theory and the chemisorption characteristics of E-C adsorbent
materials, chemisorption was the main rate-limiting step of P adsorption by E-C [10,24].

3.3. Adsorption Isotherms

In this study, the isothermal experiments were carried out with different initial P
concentrations (5, 10, 25, 50, 100, 150 and 200 mg/L). Langmuir and Freundlich adsorption
isotherm models were used in the study of E-C adsorbent’s adsorption isotherms for P in
aqueous solutions:

Langmuir: qe = KLqmaxCe/(1 + KLCe) (5)

Freundlich: qe = KFCe
1/n (6)

where qe (mg/g) is the equilibrium adsorption amount, KL (L/mg) is the Langmuir ad-
sorption equilibrium constant, qmax (mg/g) represents the maximum adsorption capacity,
Ce (mg/L) represents the P equilibrium concentration, KF (mg(1−1/n)L1/n/g) represents
the Freundlich adsorption constant representing the adsorption capacity of the adsorbent
materials, and n represents an indication of linearity.

The fitted adsorption isotherms of P onto the E-C adsorbent materials are shown
in Figure 2. The fitting effect of the Langmuir model on the experimental data is better
than that of the Freundlich model in this study (Figure 2). The corresponding fitting
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parameters for the Langmuir model are as follows: qmax = 195.8 mg/g, KL = 0.39 L/mg,
and R2 = 0.95. The corresponding fitting parameters for the Freundlich model are as
follows: KF = 47.3 mg(1−1/n)L1/n/g, 1/n = 0.32 L/mg, and R2 = 0.91. Furthermore, the
regression coefficient R2 of the Langmuir model is higher than that of the Freundlich
model. it is further confirmed that the Langmuir isotherm model adequately describes the
experimental data of P adsorption by E-C, implying that the effective adsorption surface of
E-C is homogeneous and a monolayer during the adsorption of P. this is consistent with the
above adsorption kinetic results described by the pseudo-second-order model. Similar P
adsorption behavior has been reported in other research of Ca-based adsorbents [10,25–28].

 
Figure 2. P adsorption isotherms onto the E-C (dosage: 250 mg/L; temperature: 25 ◦C; adsorption
time: 24 h; and pH = 7).

The qmax of the E-C, through calculating the Langmuir isotherm, was 195.8 mg/g,
which was consistent with the experimental maximum adsorption capacity of 191.1 mg/g,
indicating that the E-C adsorbent materials in aqueous solution had excellent adsorption
properties for removing P. The E-C adsorbent material’s adsorption capacity for P was
higher than that of the Ca-biochar adsorbent prepared from eggshell and peanut shells
through ball milling and chemical impregnation methods (the maximum P adsorption
capacity was 130.57 mg/g) reported by Liu et al. [28].

3.4. Effect of Coexisting Anions

In natural water and wastewater, some common anions are present that may com-
pete with P for adsorption sites on the adsorbent [29]. Therefore, to further explore the
adsorption ability of E-C, coexisting ions (i.e., KCl, KHCO3, KNO3 and K2SO4) were
added into the adsorption system. These common anions have different levels of ef-
fect on the P adsorption capacity of the E-C adsorbent materials, following the order
HCO3

− > SO4
2− > NO3

− > Cl− (Figure 3). The results showed that the anions NO3
− and

Cl− had limited effect on the adsorption process of P; even for ion concentrations up to
1000 mg/L for Cl− and NO3

−, the adsorption capacity of P remained at 190.6 mg/g
and 189.5 mg/g, respectively. The SO4

2− anions had some effect on the adsorption
process of P. As the concentration of SO4

2− gradually increased from blank control to
100 mg/L and 1000 mg/L, the adsorption capacity of E-C decreased from 191.1 to 184.5
and 158.1 mg/g, respectively.

6
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Figure 3. Effect of coexisting ions (Cl−, NO3

−, SO4
2−, and HCO3

−) on the P adsorption capacity of
E-C (dosage: 250 mg/L; temperature: 25 ◦C; adsorption time: 24 h; initial P concentration: 100 mg/L).

On the other hand, HCO3
− had a significant negative effect on the adsorption of P

by E-C adsorbent materials. When the concentration of HCO3
− gradually increased, P

adsorption of the E-C adsorbent materials had a significant downward trend. HCO3
− ion-

ization in solution can generate CO3
2−, and the adsorption sites on E-C are reduced because

CO3
2− will compete with P to bind Ca to produce a precipitate. Similar results have been

reported in the study of other calcium-rich phosphate adsorbents [20,30]. However, when
the concentration of HCO3

− was as high as 1000 mg/L, P adsorption of E-C still remained
at 105.8 mg/g. Thus, the E-C adsorbent materials have a higher adsorption selectivity for
phosphate anions than for many other common anions. The above results show that the
E-C adsorbent materials have significant potential in practical P-containing wastewater
applications even in the presence of Cl−, NO3

−, SO4
2−, and HCO3

− common ions.

3.5. Influence of pH

The effect of pH is an important parameter impacting the absorption performance
of a sorbent. Since the pH of rural domestic sewage is generally nearly 6–9, the effect of
the initial solution pH (6–9) on the adsorption of P onto the E-C was examined. The P
adsorption amount onto the E-C increased from 182.6 mg/g at pH = 6 to 191.1 mg/g at
pH = 7 (Figure 4). Additionally, the P adsorption amount onto the E-C slightly decreased
to 188.5 mg/g at pH = 8 and 186.7 mg/g at pH = 9 (Figure 4). Thus, the E-C adsorbent
material showed a good adsorption effect on P under the initial pH range of 6–9.

In this study, calcium-active components contributed to the adsorption of P onto the
E-C adsorbent material by strong chemical interaction mechanisms, resulting in the high
adsorption capacity of the E-C for P over the pH range (6–9).

3.6. Adsorption Mechanisms

The adsorbent materials before and after P adsorption were analyzed by XRD, SEM
and FTIR, and the adsorption mechanisms of P onto the E-C adsorption materials were
discussed. Before and after P adsorption, the characteristic peaks of the BC had no signifi-
cant change in the FTIR spectra analysis (Figure 5A). This was attributed to the fact that the
ingredients in the BC did not react chemically with phosphates. The weak P adsorption
property of the BC might be related to physical adsorption. Small amounts of P might
be adsorbed into the pores of the BC. However, before and after P adsorption, the charac-
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teristic peaks of the E-C had a significant change in the FTIR spectra analysis (Figure 5B).
The peaks at 872 cm−1 (C-O) and 1420 (C=C) were observed for the adsorbent before
and after adsorption, suggesting that the C-O and C=C groups did not contribute to the
adsorption of P. Before adsorption, the peak at 3641 cm−1 (O-H) was attributed to Ca(OH)2
for the E-C [24]. After adsorption, the peak at 3641 cm−1 vanished, showing that the -OH
took part in the chemical adsorption process of P. Furthermore, the peaks at 563, 601 and
1027 cm−1 (P-O) were significantly enhanced and attributed to phosphates, showing that
P was adsorbed onto the E-C adsorbent materials. Similar results were reported by other
researchers [9,20].

 
Figure 4. The effect of initial pH on the P adsorption capacity of the E-C (dosage: 250 mg/L;
temperature: 25 ◦C; adsorption time: 24 h; and initial P concentration: 100 mg/L).

 

Figure 5. The FTIR spectra of BC (A) and E-C (B) before and after P adsorption.

The diffraction patterns of the E-C before and after P adsorption showed a significant
change in the XRD spectra analysis (Figure 6). Before adsorption, the E-C had CaCO3
characteristic peaks (PDF #05-0586, 2θ = 23◦, 29.4◦, 36◦, 39.4◦, 47.5◦, 48.5◦, and 57.4◦) and
Ca(OH)2 characteristic peaks (PDF #04-0733, 2θ = 18.1◦, 28.7◦, 34.2◦, 47.1◦, 50.9◦, 54.4◦,
62.6◦, 64.3◦, 71.8◦, and 84.8◦). Ca(OH)2 groups are the main active sites in the E-C adsorbent
materials for P adsorption. CaCO3 groups in eggshells were not fully decomposed at 800 ◦C.
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In Lee’s study, at a calcination temperature of 800 °C, the mineral composition of eggshell
still contained 35.7% CaCO3 [8].

 
Figure 6. X-ray diffraction pattern of the E-C adsorbent materials before and after P adsorption.

After adsorption, Ca(OH)2 diffraction peaks vanished, and the E-C had Ca5(PO4)3OH
characteristic peaks (PDF #09-0432, 2θ = 25.9◦, 29◦, 32.2◦, 39.8◦, 46.7◦, 49.5◦, 53.2◦, and
64.2◦). The Ca5(PO4)3OH, generated from the reaction of phosphate with Ca(OH)2, was
responsible for the removal of P from the water, consistent with the FTIR and kinetic
findings. In addition, the CaCO3 (PDF #05-0586) characteristic peaks still existed. It was
pointed out that CaCO3 did not participate in the chemical reaction with P. CaCO3 might
adsorb a small amount of P by physical adsorption.

Before and after P adsorption, the morphologies of the BC had no significant change
though SEM images (Figure 7A,B). Before loading Ca, BC showed a porous structure, and
SEM photography showed that the surface of the biochar was smooth, which might be
related to the morphology of the biomass itself. The morphologies of the E-C adsorbent
materials before and after P adsorption had a significant change when looking at the SEM
images (Figure 7C,D). Before P adsorption, the surface of the E-C was relatively clean,
but many impurity particles appeared on the surface. These particles were CaCO3 and
Ca(OH)2. In addition, the E-C adsorbent materials had a porous structure before adsorption.
After adsorption of P, a lot of flocculent precipitates appeared on the materials’ surfaces,
and the pores of the E-C were blocked. The above results show that during the adsorption
of P onto the E-C adsorbent materials, a good deal of flocculent precipitates were generated
on the surface of the E-C adsorbent materials and in the pores. Therefore, the porosity
and effective active sites of the E-C were reduced, and finally the adsorption saturation of
the E-C adsorbent materials was induced. From Figure 7E, after the adsorption of P, the
phosphorus element was distributed on the E-C. Therefore, combined with Figure 6, it can
be inferred that the precipitates on the E-C should be Ca5(PO4)3OH.

According to the above results, the mechanisms of the E-C to adsorb P include physical
adsorption, surface precipitation, and electrostatic attraction. The dominating sorption
mechanism of the E-C for P is that Ca(OH)2 reacts with phosphate to form Ca5(PO4)3OH
precipitates, and this result is similar to other studies [9,25,31].
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Figure 7. SEM photographs of the BC (A) before and (B) after P adsorption; E-C (C) before and
(D) after P adsorption; (E) EDS image of the E-C after P adsorption.

3.7. Removal of Phosphate by E-C from Rural Domestic Sewage

It was observed from Figure 8 that the discharge of total phosphorus (TP) in rural
domestic sewage of two centralized rural sewage treatment facilities in all sampling batches
exceeded the second-grade Discharge Standard (DB33/973-2021) (TP < 3 mg/L) [32] in this
study. The discharge of NH3-N, COD and pH in rural sewage of F1 was 12.1–22.8 mg/L,
42–85 mg/L and 6.8–7.2, respectively. The discharge of NH3-N, COD and pH in rural
sewage of F2 was 6.8–19.1 mg/L, 35–76 mg/L and 6.7–7.2, respectively. The discharge
of NH3-N, COD and pH in rural sewage of two centralized rural sewage treatment fa-
cilities met the second-grade Discharge Standard (DB33/973-2021) (COD < 100 mg/L,
NH3-N < 25 mg/L, and pH 6~9) [32]. Phosphorus becomes the main limiting factor for
reaching the discharge standard.

Figure 8 presents the results of phosphate adsorption by adding 0.01 g of E-C adsorbent
materials to 40 mL of actual rural sewage. The TP content in the rural domestic sewage of
F1 was 3.85–11.3 mg/L (Figure 8A), the TP content was 0.18–0.85 mg/L after adsorption,
and the TP removal rate reached 92.5–95.2%. After adsorption treatment, the discharge
of TP in rural sewage from all the sampling batches met the second-grade Discharge
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Standard (DB33/973-2021) (TP < 3 mg/L), even meeting the first-grade Discharge Standard
(DB33/973-2021) (TP < 2 mg/L) [32].

 

Figure 8. The removal rate of TP in rural domestic sewage by E-C, (A) F1 and (B) F2 (dosage:
250 mg/L; temperature: 25 ◦C; and adsorption time: 4 h).

The TP content in the rural domestic sewage of F2 was 3.15–10.6 mg/L (Figure 8B), the
TP content was 0.13–0.95 mg/L after adsorption, and the TP removal rate reached 91–95.9%.
After adsorption treatment, the discharge of TP in rural sewage from all the sampling
batches met the second-grade Discharge Standard (DB33/973-2021) (TP < 3 mg/L), even
meeting the first-grade Discharge Standard (DB33/973-2021) (TP < 2 mg/L).

Many complex components may be present in actual wastewater which can inter-
fere with P removal by the adsorbent. In this study, the E-C adsorbent materials also
exhibited a high P adsorption capacity from actual rural sewage. Therefore, the E-C adsorp-
tion materials have great potential in the treatment of large-scale rural domestic sewage
containing P.

The recovery of adsorbents is an important economic parameter. However, the opera-
tion procedure of recycling P adsorbents is very complicated [21]. The main components of
the E-C biochar materials are O, C, Ca and H; these elements are environmentally friendly,
and the adsorbents have a mesoporous structure. After adsorption of P, a good deal of
P-rich Ca5(PO4)3(OH) is produced on the E-C adsorbent materials; furthermore„ it also has
the physical properties of biochar. Therefore, the P-adsorbed E-C adsorbent materials may
be further used as soil regulators and fertilizer. This method can realize the reuse of E-C
and realizes the virtuous cycle of P resources in the ecosystem [9,20,30,33].

4. Conclusions

In this study, Ca-modified biochar (E-C) adsorbent materials were prepared utilizing
eggshell and peanut shell waste as raw materials. The E-C adsorbent materials were
used to remove P from aqueous solutions, and the results show that the prepared E-C
adsorbent materials exhibited an excellent adsorption capacity over the initial pH range
of 6–9 and adsorption selectivity. An experimental maximum adsorption capacity of
191.1 mg/g was obtained by the E-C sample that was prepared with a mass ratio of 1:1
and a pyrolysis temperature of 800 ◦C. The dominant sorption mechanism for phosphate
was due to Ca(OH)2 on the E-C adsorption materials reacting with phosphate to generate
Ca5(PO4)3OH precipitate. E-C effectively removed P of rural domestic sewage. The
removal rate of TP in rural domestic sewage was 91–95.9%. After adsorption treatment,
the discharge of TP in rural sewage met second-grade Discharge Standard (DB33/973-
2021) (TP < 3 mg/L), and even met the first-grade Discharge Standard (DB33/973-2021)
(TP < 2 mg/L). This study provides the experimental basis for the efficient removal of
phosphorus by E-C adsorbent materials, and it provides the possibility for its application
in rural domestic sewage.
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Abstract: Porous carbon materials are suitable as highly efficient adsorbents for the treatment of
organic pollutants in wastewater. In this study, we developed multiscale porous and heteroatom (O,
N)-doped activated carbon aerogels (CAs) based on mesoporous zeolitic imidazolate framework-8
(ZIF-8) nanocrystals and wood using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) oxidation, in
situ synthesis, and carbonization/activation. The surface carboxyl groups in a TEMPO-oxidized
wood (TW) can provide considerably large nucleation sites for ZIF-8. Consequently, ZIF-8, with
excellent porosity, was successfully loaded into the TW via in situ growth to enhance the specific
surface area and enable heteroatom doping. Thereafter, the ZIF-8-loaded TW was subjected to
a direct carbonization/activation process, and the obtained activated CA, denoted as ZIF-8/TW-
CA, exhibited a highly interconnected porous structure containing multiscale (micro, meso, and
macro) pores. Additionally, the resultant ZIF-8/TW-CA exhibited a low density, high specific
surface area, and excellent organic dye adsorption capacity of 56.0 mg cm−3, 785.8 m2 g−1, and
169.4 mg g−1, respectively. Given its sustainable, scalable, and low-cost wood platform, the proposed
high-performance CA is expected to enable the substantial expansion of strategies for environmental
protection, energy storage, and catalysis.

Keywords: multiscale porous carbon; tempo oxidation; water purification; wood microchannel

1. Introduction

With the rapid development of human society, the world has become faced with severe
environmental pollution issues caused by hazardous organic chemicals, such as dyestuffs,
oils, and organic solvents [1–3]. Particularly, industrial waste affects biodiversity, ecosys-
tems, and human health through soil and water contamination. Organic dye chemicals are
widely used in essential industries, such as dye, plastic, textile, paper, pharmaceutical, and
food [4–9], and although most toxic organic dyes are filtered from industrial waste using
water purification technology, their leakage into water bodies, even at low concentrations,
can lead to serious environmental problems and hazards to human health. Particularly,
their non-biodegradability in water, thermal stability, and use in everyday life increase
their harmful effects [10–12]. Thus, wastewater treatment is essential to protect ecosystems
and humans from harmful water pollutants. To prevent an increase in the environmen-
tal hazards caused by organic waste, various wastewater treatment approaches, such as
coagulation, filtration, precipitation, adsorption, ion exchange, and advanced oxidation
processes, have been employed for the removal of organic dyes from water systems [13–20].
Among them, the most common technique is adsorption based on the use of adsorbents
(e.g., zeolite, clay, and silica) with high specific surface areas [21–26]. Adsorption is a
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relatively simple, effective, and economical technique (based on materials and operation
cost and the minimal production of secondary pollutants). Thus, it is highly desirable to
develop a high-performance absorbent for treating organic pollutants.

Carbon aerogels (CAs), which exhibit a large surface area, low density, and high poros-
ity, have recently attracted considerable attention in environmental treatment, energy stor-
age, catalysis, and sensors fields [27–30]. Over the past decades, CAs have been fabricated
using (1) nanocarbon units (carbon nanotubes, carbon nanofibers, and graphene nanosheets)
and (2) polymerized organic gels derived from precursors [31–35]. However, despite their
intrinsic benefits, their high manufacturing cost and complex manufacturing processes,
which hinder their large-scale commercial production, have limited their further applica-
tion. Furthermore, most precursors used for the fabrication of CAs are considered to be
carcinogenic to humans. To address these limitations, several recent studies have reported
the high adsorption capability of biomass-derived CAs for organic pollutants [36–39]. For
example, Yamauchi et al. reported the large-scale synthesis of biomass polymer-derived
CAs using a simple and sustainable method as a high-performance adsorbent [40]. They
demonstrated that biomass material is a suitable building block for CAs owing to its natu-
ral abundance, sustainability, and cost-effectiveness. Additionally, they demonstrated the
enhanced surface area and mechanical properties of nanoparticle-embedded CAs, thereby
expanding the applications of CAs.

Wood, one of the most abundant natural biomasses, exhibits a hierarchical structure
with parallel hollow tubes comprising cellulose nanofibers and an amorphous matrix of
lignin and hemicellulose [41–43]. As a biomass material, wood exhibits multiscale porous
structures ranging from the macro to nano levels [44]. Macroscopic pores, such as cell lumen,
resin channels, and pit apertures, as well as mesoporous pores, such as pores in the cell wall,
can provide large specific surface areas and strong adsorption capacities. This hierarchically
porous structure along with its natural abundance makes it an ideal template for the
development of functional green nanocomposites [45]. Metal–organic frameworks (MOFs)
are crystalline compounds, containing three-dimensional (3D) networks of metal ions
and organic linkers, with tunable porosity [46,47]. Recently, MOFs have been extensively
investigated for separation, storage, catalysis, and sensing applications, owing to their
high specific surface area, large porosity (micropores/mesopores), and low density [48–57].
However, despite the innovative utilization of MOFs, most MOFs are produced in the form
of crystals and powders, which limit their use in real-world applications. Recently, several
studies have demonstrated the successful synthesis of wood/MOF composite adsorbents by
the in situ synthesis of MOFs within the aligned wood channels [36,37,58,59]. For example,
He et al. developed ZIF-67@wood aerogel via the in situ wet chemical deposition of ZIF-67
on the wood aerogel for the adsorptive purification of polluted wastewater [36]. However,
the lack of continuous nucleation sites in natural wood templates results in a low mass
loading and poor uniformity of MOFs, which significantly affect the adsorption efficiency
of these adsorbents. To the best of our knowledge, there is only one report (Zhou et al.
described a foam-like TEMPO-oxidized wood/MOF aerogels for efficient CO2 capture)
describing the use of a TEMPO-oxidized wood template for the in situ growth of MOFs [60].

Herein, we describe the development of high-performance activated CAs with a hier-
archical pore structure ranging from the micro to meso- and macroscale by harnessing the
advantages of wood and MOFs. To the best of our knowledge, this is the first report on
a wood/ZIF-8-derived CA for the efficient removal of organic pollutants. In this study, a
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized wood (TW) template with surface
carboxyl groups was utilized as an important building block for the CAs. The surface car-
boxyl groups in the TW enabled the coordination of the cellulose network with multivalent
metal ions, resulting in the efficient nucleation and in situ growth of MOFs within the wood
template. Additionally, ZIF-8 with a high specific surface area and nitrogen content was
synthesized in situ inside the TW, after which the wood was subjected to a freeze-drying
process to obtain ZIF-8/TW-A. Subsequently, the ZIF-8/TW-A was subjected to a direct
carbonization/activation process to obtain a highly interconnected multiscale porous and
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O, N-doped CA (denoted by ZIF-8/TW-CA), where wood with a hierarchical cellular
structure served as a template, and ZIF-8 provided micro and mesoporous networks. The
resultant ZIF-8/TW-CA exhibited a low density, high specific surface area, and outstanding
adsorption capacities for organic pollutants.

2. Materials and Methods

2.1. Materials

Balsa wood (Ochroma pyramidale) was purchased from Balsanara Co. (Chungju,
Chungcheong-do, Republic of Korea). In addition, 6% sodium hypochlorite (NaClO)
solution, methanol, tert-butanol, ethanol, n-hexane, chloroform, sodium hydroxide (NaOH),
and hydrochloric acid (HCl) were purchased from Duksan Pure Chemicals Co. Ltd., Ansan,
Gyeonggi-do, Republic of Korea. Zinc nitrate (Zn(NO3)2·6H2O6), TEMPO, Sudan III,
rhodamine B (RhB), phosphate-buffered saline (PBS), and sodium chlorite (NaClO2) were
purchased from Sigma-Aldrich, and 2-methyl imidazole (2-Melm) was purchased from TCI
Co., Chou-ku, Tokyo, Japan).

2.2. Preparation of the TEMPO-Oxidized Wood

First, the balsa wood was cut into the desired size and immersed in 6% NaClO solution
with vacuum impregnation for 24 h. After delignification, the delignified wood (DW) was
washed with deionized water (DIW), and the lignin contents of the DW were measured
using the Klason method. Briefly, the dry mass (0.3 g, M0) was measured and treated with
H2SO4 (72%, 3 mL) for 1 h at 30 ◦C. Thereafter, the mixtures were transferred to a beaker,
diluted to 4% by mass of H2SO4 by adding 84 mL of DIW, and then boiled in an autoclave
(121 ◦C, 1 h). After cooling, the mixtures were filtered using a glass filter membrane and
washed with 250 mL of DIW water. The insoluble materials were dried and weighed (Md),
and the lignin content was calculated as follows: (Md/M0) × 100%. For TEMPO oxidation,
the DW was immersed in TEMPO/NaClO/ NaClO2 (0.016 g/1.25 mL/1.13 g) dissolved
in PBS solution (100 mL, 0.1 M, pH 7.4) at 60 ◦C for 48 h. After the TEMPO oxidation, the
TWs were washed in an ethanol/DIW mixture (1:1, v/v) and stored in methanol.

2.3. Preparation of ZIF-8/TW-A

ZIF-8/TW-A was synthesized according to a previously reported procedure [61]. First,
the TW was immersed for 8 h with vacuum infiltration to achieve ion exchange between
Zn and Na ions in Zn(NO3)2·6H2O6 solution, which was prepared by dissolving 2.4 g of
Zn(NO3)2·6H2O in 20 g of methanol and 3 g of DIW. Subsequently, the 2-Melm solution
(13.2 g of 2-Melm in 20 g of methanol and 3 g of DIW) was poured into the aforementioned
solution. After 24 h, the ZIF-8/TW was washed with methanol, and the solvent was
exchanged with tert-butanol. Thereafter, the ZIF-8/TW was subjected to freeze-drying.

2.4. Preparation of ZIF-8/TW-CA

First, the ZIF-8/TW-A composites were carbonized at 250 ◦C for 1 h in a tube furnace
to remove water from the sample. Thereafter, the temperature was increased to 850 ◦C for
3 h in an N2 atmosphere at a heating rate of 5 ◦C/min. After carbonization, the samples
were further heated to 350 ◦C for 1 h in air at a heating rate of 5 ◦C/min. For comparison,
ZIF-8/DW-CA samples were prepared without TEMPO oxidation, using the same process
as that used for ZIF-8/TW-CA.

2.5. Characterizations

The morphology of the ZIF-8/wood-based CA was investigated using field emission
scanning electron microscopy (FE-SEM; Carl Zeiss, model AURIGA, Oberkochen, Ger-
many), and elemental analysis was performed using energy-dispersive X-ray spectroscopy
(EDS). The thickness of the samples was measured using a digital caliper (Mitutoyo Co.,
model 2109S-10, Kawasaki, Japan). The argon adsorption isotherms were analyzed using a
Micromeritics ASAP 2010 micropore system and calculated using the Brunauer–Emmett–
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Teller (BET) and density functional theory (DFT) method. Fourier transform infrared (FT-IR)
spectroscopy data were recorded from 4000 to 400 cm−1 using a Spectrum One System FT-IR
spectrometer (Perkin-Elmer, Waltham, MA, USA). The chemical composition of the surface
elements from 0 to 1200 eV was investigated using X-ray photoelectron spectroscopy (XPS;
Thermo Electron model, K-Alpha, Waltham, MA, USA), and the crystallinity of the samples
was analyzed using X-ray diffraction (XRD; Bruker, model D8 Advance, Billerica, USA) in
the scanning range of 3−60◦. Raman spectra were recorded using a spectrometer (QE-PRO,
Ocean Optics, Inc., OR, USA) equipped with a 785 nm (22 mW) laser. Thermogravimetric
analysis (TGA) was performed using a Discovery TGA (TA Instruments, New Castle, USA)
under nitrogen atmosphere at a heating rate of 10 ◦C min−1. Ultraviolet–visible (UV–VIS)
curves were obtained using a UV–VIS spectrophotometer (Shimadzu, model UV-3600 Plus,
Nishinokyo, Japan).

2.6. Adsorption Studies

The adsorption properties of ZIF-8/TW-CA were investigated via batch adsorption ex-
periments with RhB. All experiments were performed by immersing 10 mg of the adsorbent
samples in 10 mL of each concentration (10–1000 mg L−1, pH 7) of RhB under stirring using
a shaker at 80 rpm for 24 h. Thereafter, 1 M HCl and 1 M NaOH were added to the dye
solutions to adjust the pH. The concentration of the solution after adsorption was analyzed
using a UV–VIS spectrophotometer by measuring the prominent wavelength at 553 cm−1.
The adsorption spectra and standard calibration curves of the different concentrations of
the RhB solution are illustrated in Figure S4. To evaluate the recyclability of the CA, the
adsorbed adsorbent was rinsed thrice in a solution mixture containing ethanol and DIW
(1:1, v/v) to desorb RhB. After washing, the sample was immersed in 10 mg L−1 of RhB
again. The adsorption capacity (qe) for RhB and the removal efficiency (%) were calculated
as follows:

qe = (C0 − Ce)V/m, (1)

Removal e f f iciency (%) = (C0 − Ce)/C0 × 100, (2)

where qe (mg g−1) is the quantity of RhB adsorbed at equilibrium; C0 (mg L−1) is the
initial concentration of RhB; Ce (mg L−1) is the residual concentration of RhB solution
after adsorption; and V (L) and m (g) are the volume of the adsorbate and mass of the
adsorbent, respectively.

Adsorption Models

To understand the nonlinear forms of the kinetic adsorption and isotherm models, four
adsorption models were adopted (isotherm model, nonlinear Langmuir (3) and nonlinear
Freundlich (4); kinetic model, nonlinear pseudo-first-order (5) and nonlinear pseudo-
second-order (6)). The equations and parameters of the adsorption models were expressed
as follows: [62]

qe = qmaxKLCe /(1 + KLCe), (3)

qe = KFC1/n
e , (4)

qt = qe

(
1 − e−k1t

)
, (5)

qt = q2
e K2t/(1 + qeK2t). (6)

3. Results

Figure 1a shows a schematic representation of the fabrication of ZIF-8/TW-CA through
delignification, TEMPO oxidation, in situ ZIF-8 synthesis, and carbonization processes.
First, pristine woods were pretreated via delignification to enhance the porosity and chemi-
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cal accessibility of the woods (Figure 1a(i)) [63]. After the pretreatment, the yellowish color
of the wood changed into white, indicating the delignification of the wood (Figure S1a,b).
The successful delignification of the wood was evaluated using the Klason method and
FT-IR (Figure S2). The results reveal a reduction of approximately 90% in the lignin content
of the DW (2.42%) compared to that of pristine wood (21.5%) (Figure S2a). Furthermore,
the decrease in the lignin-specific IR peaks at 1590, 1501, and 1452 cm−1, which can be at-
tributed to aromatic skeletal vibration, and that at 1230 cm−1, corresponding to the guaiacyl
ring with C–O stretching, confirmed the removal of lignin from the wood (Figure S2b). Ad-
ditionally, the decrease in the intensity of the carbonyl group (C=O) at 1737 cm−1 indicated
the removal of hemicellulose from the wood channel and middle lamella [64,65]. After delig-
nification, we conducted TEMPO-mediated oxidation to selectively convert C6 primary
hydroxyl groups to carboxyl groups on the surface of cellulose microfibrils (Figures 1a(ii)
and S1c) to provide nucleation sites for the subsequent in situ ZIF-8 synthesis (Figure 1b).
Conductometric titration revealed that the carboxyl group content in the TW was 1.68
mmolg−1. After complete washing, the TWs were immersed in a zinc nitrate solution. The
cell walls of the wood efficiently adsorbed Zn2+ via the electrostatic interactions between
Zn2+ and the carboxylic groups. After methanol washing, the Zn2+-loaded TWs were
transferred into an organic ligand solution to achieve the nucleation and growth of ZIF-8
nanoparticles (Figure 1a(iii),b). Thereafter, the sample was freeze-dried to obtain ZIF-8/TW-
A (Figure S1d), after which ZIF-8/TW-A was carbonized into ZIF-8/TW-CA under a N2
atmosphere at 850 ◦C and further activated at 350 ◦C in air (Figures 1a(iv) and S1e). After
carbonization, the air activation as a physical activation can effectively improve the surface
area of the hierarchical porous structure and increase the number of oxygen-containing
functional groups on the carbon surface in the ZIF-8/TW-CA [66].

The FE-SEM images (Figure 2a–c) indicate that the pristine wood and TW exhibited
a typical natural wood structure with honeycomb-like cellular structures and vertical
channels, confirming that pretreatments, such as delignification and TEMPO oxidation,
did not result in the structural collapse of the wood. Additionally, mesopores (2–50 nm)
and macropores (>50 nm) were observed at the aligned cellulose fibers in the cell wall of
TW (Figure 2d,g), which may be attributed to the delignification and TEMPO oxidation.
The extensive loss of lignin and its conversion into carboxyl groups during delignification
and TEMPO oxidation enhanced the cell wall porosity and increased the specific surface
area. The enhanced porosity and surface area will induce good chemical accessibility for
the subsequent in situ ZIF-8 synthesis. Figure 2e,h demonstrate the good deposition of
ZIF-8 on the entire surface of the cell walls inside the TW without large aggregation. After
carbonization, ZIF-8/TW-A was converted into ZIF-8/TW-CA. Although the size of the ZIF-
8-derived nanoporous carbon particles decreased because of the decomposition of organic
ligands, the final ZIF-8/TW-CA adequately retained the original ZIF-8 shape (Figure 2f,i).
The carbonization temperature is one of the critical parameters that determines the surface
area and pore volume of the nanoporous carbon [67]. Additionally, after carbonization, the
ZIF-8-embedded wood composites were converted into interconnected, heteroatom-doped,
and porous CA by harnessing the advantages of ZIF-8 and wood [40].

Heteroatom-doped carbon is well known to exhibit excellent adsorption
capabilities [68]. Compared to that of ZIF-8/TW-A, the volume of ZIF-8/TW-CA reduced
by approximately 40%. Additionally, ZIF-8/TW-CA exhibited a low density of 56 mg cm−3.
The FT-IR results demonstrate the successful chemical transformation during the fabrica-
tion of ZIF-8/TW-CA (Figure 3a). A strong IR peak of C=O carbonyl groups was observed
in the FT-IR spectrum of TW at 1603 cm−1, confirming the TEMPO oxidation of pristine
wood. Additionally, the representative IR peaks of neat ZIF-8 nanoparticles at 1584 cm−1,
which is assigned to the C=N stretching, and within 1350–1500 cm−1, which is attributed to
the ring stretching in imidazole, were observed in the FT-IR spectrum of ZIF-8/TW-A.
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Figure 1. (a) Schematic representation of the fabrication of ZIF-8/TEMPO-oxidized wood carbon
aerogel (ZIF-8/TW-CA): (i) delignification using NaClO solution (6 wt%, 24 h); (ii) TEMPO oxidation
using TEMPO/NaClO/NaClO2 solution (pH 7.4, 60 ◦C, 48 h) (purple); (iii) in situ synthesis of ZIF-8
using Zn(NO3)2, 2-MeIm solution, and freeze-drying (blue); (iv) carbonization at 850 ◦C (3 h, N2

atmosphere) and activation at 350 ◦C (1 h, air) (red). (b) Illustration of the in situ process for obtaining
ZIF-8/wood composites via TEMPO-oxidization.

This suggests the successful in situ growth of ZIF-8 in the TW. The XRD pattern
further confirmed the embedding of ZIF-8 into the TW template (Figures 3b and S3),
in which two broad diffraction peaks were observed at approximately 14.8◦–16.8◦ and
22.5◦, indicating the presence of cellulose I crystals in the wood. In addition, two broad
diffraction peaks assigned to cellulose were observed in the XRD pattern of ZIF-8/TW-A,
along with diffraction peaks at 7.2, 12.7, 16.3, and 18.4◦, which can be attributed to the
(110), (211), (310), and (222) crystal faces of ZIF-8, respectively (Figure S3a), demonstrating
the successful growth of ZIF-8 crystals. These XRD patterns are consistent with the FT-IR
results (Figure 3a). Further, two broad peaks were observed in the XRD pattern of ZIF-
8/TW-CA at 25 and 43◦, which are characteristic peaks of the (101) and (002) planes of
carbon, respectively (Figure S3b) [40,60,66]. Next, we examined the chemical composition
and environment of ZIF-8/TW-A and ZIF-8/TW-CA using XPS (Figure 3c). Compared to
ZIF-8/TW-A (prior to carbonization), ZIF-8/TW-CA did not exhibit a Zn-related signal
peak, suggesting the efficient removal of Zn content via carbonization. In addition, the XPS
profiles revealed that ZIF-8/TW-CA comprised C, O, and N elements. Three peaks were
observed in the high-resolution C 1s spectrum (Figure 3d) at 284.4, 285.4, and 287.2 eV,
which can be attributed to the characteristic signals of C–C, C–O, and O–C=O bonds,
respectively [66]. Additionally, three peaks were observed in the XPS O 1s spectrum
(Figure 3e) at 530.8, 532.6, and 534.5 eV, which can be attributed to O–C=O, C=O, and C–O
bonds, respectively [69]. Four peaks were observed in the N 1s spectrum (Figure 3f) at 398.3,
399.5, 400.5, and 403.2 eV, which can be attributed to pyridinic-N, pyrrolic-N, oxidized-N,
and graphitic-N, respectively [40]. The introduction of heteroatoms (e.g., N, O) into the CA
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increased its adsorption ability for organic pollutants [70]. The XPS results of ZIF-8/TW-A
and ZIF-8/TW-CA are with the EDS results (Figure 2j,k).

Figure 2. Field emission scanning electron microscopy (FE-SEM) images of (a,b) balsa wood,
(c,d,g) tempo-oxidized wood (TW) (red), (e,h) ZIF-8/TW-A (green), and (f,i) ZIF-8/TW-CA (blue).
Corresponding energy-dispersive spectroscopy (EDS) mapping images of (j) ZIF-8/TW-A and
(k) ZIF-8/TW-CA.

Figure 3. (a) Fourier transform infrared (FT-IR) spectra of delignified wood (DW), TW, ZIF-8/TW-A,
and ZIF-8 nanoparticles. (b) X-ray diffraction (XRD) pattern of TW, ZIF-8/TW-A, and ZIF-8/TW-
CA. (c) X-ray photoelectron spectroscopy (XPS) profiles of ZIF-8/TW-A and ZIF-8/TW-CA and
high-resolution (d) C 1s, (e) O 1s, and (f) N 1s XPS profiles of ZIF-8/TW-CA.
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The Raman spectra (Figure 4a) of ZIF-8/DW-CA and ZIF/TW-CA exhibited two char-
acteristic carbon peaks at 1327 (D: disordered carbon) and 1588 (G: graphitic carbon). The
ID/IG ratios of ZIF-8/DW-CA and ZIF/TW-CA were 1.37 and 1.24, respectively, indicating
that ZIF-8/TW-CA exhibited larger defects than ZIF-8/DW-CA, which can be attributed
to the high degree of N-doping [40,66]. Next, thermogravimetric analysis (TGA) was
conducted to investigate the thermal properties and compare the ZIF-8 loading amounts
of the ZIF-8/wood aerogels (Figure 4b). The decomposition of the ZIF-8/wood aerogels
was observed to begin at approximately 240 ◦C, which can be attributed to the thermal
degradation of the cellulose content. The residual content of ZIF-8/TW-A (20%) was higher
than that of ZIF-8/DW-A (12%), indicating the higher ZIF-8 loadings of ZIF-8/TW-A.
This difference between their ZIF-8 loadings can be attributed to the different amounts
of carboxyl groups from the TEMPO oxidation. To examine the specific surface area and
pore-size distribution, we conducted argon adsorption–desorption measurements for the
pristine wood, ZIF-8/DW-CA, and ZIF-8/TW-CA. The pristine wood hardly adsorbed
argon and only slightly adsorbed argon towards the end of the measurement, indicating
that the wood was only composed of macropores (Figure 4c and Table 1).

Figure 4. (a) Raman spectra of ZIF-8/TW-CA and ZIF-8/DW-CA. (b) Thermal stability of the
ZIF-8/wood composite aerogels. Thermogravimetric analysis (TGA) curve of ZIF-8/DW-A and
ZIF-8/TW-A under nitrogen atmosphere. (c) Argon adsorption/desorption isotherms of ZIF-8/wood
carbon aerogel composites. (d) The corresponding pore-size distributions of ZIF-8/TW-CA.

Table 1. BET surface area (SBET), average pore volume (Vm), and pore-size distribution of the samples.

Samples SBET (m2 g−1) Vm (cm3 g−1) Pore Size (nm)

Balsa wood 1.5 0.02 46.0
ZIF-8/DW-CA 662.1 0.30 1.9
ZIF-8/TW-CA 785.8 0.46 2.4

Compared to those of ZIF-8/DW-CA (662.1 m2 g−1, 0.30 cm3 g−1), ZIF-8/TW-CA
exhibited a large specific surface area (785.8 m2/g) and pore volume (0.46 cm3 g−1). These
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results confirm that the high ZIF-8 loading mass owing to the TEMPO oxidation promoted
the nanoporous structure of the wood-based CA. The pore-size distribution range of ZIF-
8/DW-CA and ZIF-8/TW-CA was 0.8–2.8 nm, indicating that carbonization and activation
processes led to the presence of micro- and mesopores in both wood-based CAs because
of ZIF-8 and chemical activation process. (Figure 4d and Figure S5). Next, the adsorption
ability of ZIF-8/TW-CA was investigated using RhB, which is a model dye.

We investigated the effect of the adsorption temperature and pH on the dye solution.
The effect of temperature on RhB adsorption by the samples was investigated using a kinetic
study at three different temperatures (Figure 5a and Table 2). The results reveal that there
was no significant difference in the adsorption capacities (9.5, 10.1, and 10.0 mg g−1 at 293,
308, and 318 K) of ZIF-8/TW-CA at the three temperatures, implying that the adsorption
temperature had no significant effect on the dye adsorption in the temperature range of
293–318 K. RhB is a zwitterion dye in which the ionic state depends on pH; therefore,
RhB changes from a cation to zwitterion form when the pH exceeds 3.7 (pKa of RhB).
Consequently, this can affect the electrostatic interaction with the adsorbent. As shown in
Figure 5b, the removal efficiency of ZIF-8/TW-CA was maintained within the pH range
of 3–11, suggesting that RhB molecules can interact with other bonds through various
mechanisms, such as hydrophobic interactions (π–π bonds), hydrogen bonds, and cation–π
bonds of ZIF-8/TW-CA, except electrostatic interactions [71].

 

Figure 5. (a) Adsorption kinetic of RhB on ZIF-8/TW-CA at 293, 308, and 318 K fitted using pseudo-
first-order and pseudo-second-order kinetic models. (b) Removal efficiency of RhB (10 mg/L) for
ZIF-8/TW-CA in the pH range of 3–11. (c) Absorbance spectra of pristine wood, ZIF-8/DW-CA,
and ZIF-8/TW-CA for RhB solution (10 mg L−1). (d) Adsorption isotherms of pristine wood, ZIF-
8/DW-CA, and ZIF-8/TW-CA at various RhB concentrations in water (Ce) fitted using Langmuir
and Freundlich models. (e) Adsorption kinetic of RhB (10 mg L−1) exposed to ZIF-8/DW-CA and
ZIF-8/TW-CA fitted using pseudo-first-order and pseudo-second-order kinetic models. (f) Recycling
ability of ZIF-8/TW-CA for RhB (10 mg L−1).

Figure 5c shows the UV–VIS spectra of the RhB solution (10 mg L−1) after 24 h
adsorption by ZIF-8/DW-CA and ZIF-8/DW-CA. The color of the RhB solution disappeared
when ZIF-8/TW-CA was immersed, whereas the color remained in the case of ZIF-8/DW-
CA, indicating the enhanced porosity of ZIF-8/TW-CA for dye adsorption. Compared to
that of DW, the loading of ZIF-8, with a high surface area, on TW was higher, owing to the
presence of carboxyl groups (Figure 4a). In addition, the nanoporous structure of the cell
wall (Figure 2g) caused by TEMPO treatment could facilitate the efficient capture of dye
molecules in the solution. These factors can increase the specific area and micro/mesopores
of ZIF-8/TW-CA (Figure 4b and Table 1). Figure 5d describes the effect of the initial RhB
concentration on the adsorption capacity of ZIF-8/TW-CA. In this study, we employed
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two well-known adsorption isotherm models (Langmuir and Freundlich) to evaluate the
experimental results. The parameters of the Langmuir and Freundlich isotherms are
summarized in Table S1.

Table 2. Adsorption kinetic parameters for RhB on ZIF-8/TW-CA at three different temperatures
(293, 308, and 318 K).

Samples
Pseudo-First-Order Pseudo-Second-Order

qt (mg/g) K1 R2 qt (mg/g) K1 R2

ZIF-8/DW-CA-293 K 8.6 0.13 0.94 8.7 0.01 0.95
ZIF-8/TW-CA-293 K 9.2 0.20 0.96 9.5 0.02 0.98
ZIF-8/TW-CA-308 K 9.7 0.32 0.98 10.1 0.04 0.99
ZIF-8/TW-CA-318 K 9.6 0.30 0.99 10.0 0.03 0.99

The Freundlich model was more suitable for the analysis of the adsorption isotherm,
and it exhibited a high correlation coefficient (R2 = 0.99). The maximum adsorption
capacities (qmax) of balsa wood, ZIF-8/DW-CA, and ZIF-8/TW-CA were 43.15, 119.4, and
169.4 mg g−1, respectively. Particularly, the adsorption capacity of ZIF-8/TW-CA for
RhB was approximately 1.4 times higher than that of ZIF-8/DW-CA. Importantly, the
ZIF-8/TW-CA exhibited a good adsorption capacity (169.4 mg/g) for RhB comparable to
previously reported values of other adsorbents, including biomass-based activated carbons
(35.7 to 161.8 mg/g) (Table 3) [71–82]. The kinetic adsorption of ZIF-8/DW-CA and ZIF-
8/TW-CA was observed for 24 h (Figure 5e and Table 2), and the result revealed that the
pseudo-second-order kinetic model (R2 = 0.99) for chemical adsorption was more suitable
for explaining the experimental data. A recycling test was conducted to investigate the
reusability of ZIF-8/TW-CA. The used adsorbent was washed several times with a mixed
solution of DIW and ethanol (1:1, 60 ◦C) until no dye was released, and then immersed in a
fresh RhB solution (10 mg L−1). As shown in Figure 5f, even after three adsorption rounds,
there was only a slight difference in the removal efficiency (96%) of ZIF-8/TW-CA. This
result demonstrates the good reusability of ZIF-8/TW-CA via a simple desorption method.
Porous materials with high porosity and a good affinity for hydrophobic solvents can also
be used for the removal of organic solvents from polluted water. Lastly, we tested the ability
of ZIF-8/TW-CA for the removal of organic solvents (Figure S6), and the results revealed
that it took just 3 and 15 s to remove n-hexane and chloroform from the surface of water
and underwater, respectively. These results demonstrate the good affinity of ZIF-8/TW-CA
for hydrophobic organic solvents and its usefulness for the removal of organic solvents
from polluted water. Considering the cost-effectiveness, renewability, and eco-friendliness
of the ZIF-8/wood-based CA, these functional wood-based nanocomposites can serve as a
promising adsorbent platform for various practical applications.

Table 3. Comparison of the maximum adsorption capacity of various adsorbents for RhB.

Adsorbent Adsorbent (mg) Adsorbate (mL) qe (mg/g) References

Sugar-based carbon 100 1000 123.5 [71]
RGO-Ni nanocomposite 0.5 50 65.3 [72]
Cal-ZIF-67/AC 20 100 46.2 [73]
Iron-pillared bentonite 10 20 98.6 [74]
MWCNT-COOH 50 25 42.7 [75]
Fe3O4/Humic acid 50 100 161.8 [76]
ZIF-8@ZIF-67 0.4 20 143.3 [77]
Carbon xerogel 20 50 132.0 [78]
Coffee-activated carbon 200 200 83.4 [79]
Sawdust-activated carbon 10 10 35.7 [80]
Lignocellulosic-activated carbon 2000 1000 39.98 [81]
ZnCl2-activated carbon 200 100 46.7 [82]
ZIF-8/TW-CA 10 10 169.4 This work
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4. Conclusions

In this study, we developed a highly porous, heteroatom (O, N)-doped CA based on
ZIF-8 and wood via TEMPO oxidation, in situ synthesis, and carbonization/activation
processes. The results demonstrate that the introduction of carboxyl groups through
TEMPO oxidation enabled a high ZIF-8 loading content. The proposed ZIF-8/TW-CA
exhibited a 3D hierarchical porous structure, a high specific area, and an excellent adsorp-
tion capacity toward organic pollutants. These results can be attributed to the successful
combination of the natural wood template with an ordered open-channel structure and
the microporous ZIF-8 nanocrystals. The ZIF-8/TW-CA exhibited a high specific surface
area of 785.8 m2 g−1 and a high adsorption capacity of 169.4 mg g−1 for RhB. During the
adsorption–desorption cycle experiments, ZIF-8/TW-CA retained approximately 96% of its
initial adsorption capacity after three cycles. The findings of this study will provide insight
into the development of functional wood-based nanocomposites.
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www.mdpi.com/article/10.3390/nano13192695/s1, Table S1. Adsorption isotherm model parameters
for RhB on balsa wood, TW-CA, ZIF-8/DW-CA, and ZIF-8/TW-CA; Figure S1. Photographs of
(a) pristine wood, (b) delignified wood (DW), (c) TEMPO-oxidized wood (TW), (d) ZIF-8/TW-A,
and (e) ZIF-8/TW-CA. Scale bar = 0.5 mm; Figure S2. (a) Lignin contents of balsa wood, delignified
wood, and TEMPO wood after Klason lignin analysis. (b) Fourier transform infrared (FT-IR) spectra
of balsa wood and delignified wood; Figure S3. X-ray diffraction (XRD) pattern of the (a) synthesized
ZIF-8 and (b) ZIF-8/TW-CA; Figure S4. (a) Adsorption spectra of RhB dye at various concentrations
(0.1–10 mg/L). (b) Calibration curve for the adsorption of RhB dye; Figure S5. The corresponding
pore-size distributions of ZIF-8/DW-CA. Figure S6. Photograph of the removal of (a) n-hexane
(stained with Sudan III) and (b) chloroform (stained with Sudan III) by ZIF-8/TW-CA.
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Abstract: In this study, methoxypolyethylene glycol acrylate (mPEGA) served as a PEGylated
monomer and was grafted onto polyvinylidene fluoride (PVDF) through homogeneous solution
gamma irradiation. The grafting process was confirmed using several techniques, including in-
frared spectroscopy (FTIR), thermodynamic stability assessments, and rotational viscosity measure-
ments. The degree of grafting (DG) was determined via the gravimetric method. By varying the
monomer concentration, a range of DGs was achieved in the PVDF-g-mPEGA copolymers. Inves-
tigations into water contact angles and scanning electron microscopy (SEM) images indicated a
direct correlation between increased hydrophilicity, membrane porosity, and higher DG levels in
the PVDF-g-mPEGA membrane. Filtration tests demonstrated that enhanced DGs resulted in more
permeable PVDF-g-mPEGA membranes, eliminating the need for pore-forming agents. Antifouling
tests revealed that membranes with a lower DG maintained a high flux recovery rate, indicating that
the innate properties of PVDF could be largely preserved.

Keywords: polyvinylidene fluoride; methoxypolyethylene glycol acrylate; antifouling; simultaneous
irradiation; ultrafiltration membrane

1. Introduction

The issue of water scarcity has garnered growing attention in recent years [1]. Mem-
brane technology, due to its energy efficiency, scalability, and consistent effluent quality, has
emerged as a promising solution for ensuring a dependable water supply [2,3]. Specifically,
ultrafiltration membranes, characterized by pore sizes ranging between 5 and 100 nm,
demonstrate notable efficacy in eliminating viruses, proteins, and colloidal contaminants
at relatively low applied pressures, setting them apart from alternative membrane tech-
nologies [4]. Consequently, ultrafiltration membranes have found extensive application
in drinking water treatment facilities and urban wastewater treatment plants, capitalizing
on their inherent advantages [5–8]. Polyvinylidene fluoride (PVDF), renowned for its
high mechanical strength, exceptional chemical resistance, and robust thermal stability,
is a popular choice in separation membrane applications [9–12]. However, its inherent
hydrophobicity often leads to membrane fouling [13,14], underscoring the necessity of
modifying PVDF membranes to enhance their performance.

Numerous studies have demonstrated the effectiveness of various hydrophilic materi-
als in improving the antifouling properties of PVDF membranes [10,15–23]. In this context,
our research group has explored grafting different monomers onto membrane materials,
including N-vinylpyrrolidone (NVP) [9], methacrylic acid (MAA) [24–26], acrylic acid
(AA) [27], and polyethylene glycol methacrylate (PEGMA) [28]. Among these, PEGylated
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monomers have shown superior antifouling capabilities. Previous research has established
PEG materials as effective in reducing nonspecific protein adsorption [16,17]. In aqueous
environments, PEG’s ability to form a hydration layer on its surface, coupled with the
rapid mobility of its hydrated chains, can alter the microscopic thermodynamics at the
protein–surface interface. This alteration potentially hinders the adsorption or adhesion of
proteins [18].

Methoxypolyethylene glycol acrylate (mPEGA), a notable PEGylation reagent, ef-
fectively enhances the hydrophilicity and antifouling properties of materials [19,20].
Wang et al. [29] utilized UV-induced free radical polymerization to graft mPEGA onto
silicone hydrogels, noting a significant decrease in the static water contact angle as the
grafting degree increased. This modification reduced the adsorption of a single protein
to the modified silicone hydrogel by 70–80%. Bozukova et al. [30] implemented surface
modification of poly (HEMA-co-MMA) hydrogels with oligoethylene glycol methacrylate
(OEGA) using atom transfer radical polymerization (ATRP) at 25 ◦C. This process enabled
the grafting of poly(ethylene glycol) (PEG) chains onto the hydrogel surface, with findings
indicating that even short poly(OEGA) brushes significantly enhanced the hydrogels’ an-
tifouling characteristics, as verified by in vitro biotests. Similarly, Asatekin et al. [31] and
Barroso et al. [32] used acrylonitrile and mPEGA as raw materials, producing PAN-g-PEO
through free radical polymerization. They then prepared a PAN-based UF membrane
with added graft polymer, exhibiting substantial resistance to irreversible fouling. Fur-
ther, studies involving grafting or blending methoxy polyethylene glycol (mPEG) into
PSf [33,34], PES [35], and PVDF [36] membranes have shown remarkable improvements
in their antifouling characteristics, thereby validating the effectiveness of mPEG chain
segments in enhancing these properties.

Numerous methods have been explored for PVDF PEGylation, including ozone-
activated surface grafting [37] and bulk grafting [38], atom-transfer radical-polymerization
(ATRP) surface grafting [39] and bulk grafting [40,41], plasma surface grafting [42], and
radiation grafting [43]. While these techniques have unique characteristics, they also face
specific limitations. Surface grafting can lead to irregular membrane surface structures,
potentially altering pore size and distribution, which may subsequently reduce filtration
performance [44,45]. In ozone-activated bulk grafting of PVDF, significant material degra-
dation can occur [46], potentially impairing membrane properties. Moreover, the high bond
energy of C-F bonds in PVDF affects both the degree and uniformity of ATRP grafting [47],
and the monomer-to-PVDF concentration ratio is substantial (10:1) [41].

Gamma radiation-induced grafting, known for its superior penetrating power and
mild reaction conditions, is an effective method for polymer modification. This grafting
reaction is initiated by high-energy radiation, eliminating the need for an additional initia-
tor [48,49]. Our research group’s findings indicate that gamma radiation-induced grafting
yields more uniform grafting compared to heterogeneous grafting methods. However, it is
noteworthy that, unlike NVP, common small molecular monomers generally cannot un-
dergo homogeneous radiation grafting at high concentrations, leading to challenges such as
insolubility and significant homopolymerization. In contrast, PEGylated monomers do not
encounter these issues. Despite numerous studies demonstrating mPEGA as an effective
antifouling material, reports of mPEGA-grafted modified PVDF membranes are scarce.

In this study, mPEGA was successfully grafted onto PVDF through homogeneous
solution radiation grafting. The resultant polymer, PVDF-g-mPEGA, was then directly
formed into a membrane using non-solvent-induced phase separation (NIPS). The degree
of grafting (DG) was determined using the gravimetric method, and a kinetic study was
conducted to investigate factors influencing DG. Additionally, the thermodynamic stability
of the grafted product was analyzed by constructing a phase diagram via cloud point titra-
tion. The viscosity of the copolymer was measured using a rotational viscometer, and its
molecular structure was characterized by Fourier transform infrared spectroscopy (FTIR).
The hydrophilicity, surface morphology, and filtration performance of the membrane were
examined using scanning electron microscopy (SEM) and water contact angle measure-
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ments. The antifouling performance of PVDF-g-mPEGA was assessed by evaluating the
recovery rate of membrane filtration of bovine serum albumin (BSA) solution and determin-
ing water flux post-water wash, with comparisons drawn to the antifouling performance
of PVDF-g-NVP membranes. In this research, BSA served as the model pollutant. The
schematic diagram of the study is shown in Figure 1.

 

Figure 1. Schematic diagram of the synthesis/fabrication process and antifouling performance
of membrane.

2. Materials and Methods

2.1. Materials

PVDF (Solef 6020, Mn = 670,000) was procured from Solvay Co. Ltd. and subjected to
pre-use drying at 80 ◦C in a vacuum oven for 24 h. NMP, NaCl, Na2HPO4, KCl, KH2PO4,
HCl, polyethylene glycols (PEG2000), and BSA were acquired from Sinopharm Chemical
Reagent Co. Ltd., Beijing, China, while mPEGA (Mn = 480) was obtained from Sigma-
Aldrich (Shanghai) Trading Co. Ltd., Shanghai, China. Additionally, water purified through
a Milli-Q system from Millipore was employed.

2.2. Synthesis of Graft Copolymer

PVDF powder and N-methyl-2-pyrrolidone (NMP) were combined in an Erlenmeyer
flask as per the ratios specified in Table 1. This mixture was stirred continuously at 70 ◦C
for 24 h to achieve complete dissolution of PVDF in NMP. Once stirring was completed,
the solution was allowed to cool to room temperature. Subsequently, varying amounts of
mPEGA monomer were added to the flask and stirred until the solution became uniform
and transparent. The mixture was then transferred to a glass tube, which was purged
with nitrogen gas for 30 min before being sealed. The prepared samples were subjected to
gamma-ray irradiation from a source at room temperature for a predetermined duration.
Post-irradiation, the solution was carefully poured into an ethanol solution and subse-
quently into hot water to remove any homopolymer and unreacted monomer. Finally, the
resulting precipitates were meticulously dried at 80 ◦C in a vacuum oven until a constant
weight was obtained, yielding the PVDF-g-mPEGA product.
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Table 1. Recipe for synthetic PVDF-g-mPEGA.

No. PVDF/g mPEGA/g NMP/g Total/g

1 10 1 89 100
2 10 4 86 100
3 10 7 83 100
4 10 10 80 100
5 10 13 77 100

The degree of grafting (DG) of PVDF-g-mPEGA is defined as Equation (1):

DG =
W1 − W0

W0
× 100% (1)

where W1 denotes the mass of PVDF-g-mPEGA, and W0 is the mass of pristine PVDF.

2.3. FTIR Characterization

The attenuated total reflectance infrared (ATR-IR) spectrum of the pristine PVDF and
the grafted polymer was analyzed using a Nicolet Avatar 370 infrared spectrometer (Thermo
Nicolet Instrument Corporation, Madison, WI, USA). Spectral scans were conducted over a
range of 400 cm−1 to 4000 cm−1 with a resolution of 4 cm−1, and each scan was repeated
32 times to ensure accuracy.

Given the challenges in pulverizing the grafted polymer PVDF-g-mPEGA, the solution
membrane method was selected for sample preparation. The procedure involved dissolving
the grafted polymer in NMP solvent at a 1:9 ratio, stirring the mixture at 70 ◦C for 24 h, and
then allowing it to stand for defoaming. The homogenized solution was then poured onto
a glass plate in a controlled environment with air humidity maintained at 45% ± 5% and a
temperature of 24 ◦C ± 1 ◦C. The solution was evenly spread using a 50 μm spatula and left
to stand in air for approximately 15 s. Subsequently, the glass plate was placed horizontally
in water at 20 ◦C, allowing the membrane to detach automatically. The membrane was then
marked and immersed in deionized water, with water changes conducted several times.
After 24 h of soaking, the membrane was transferred to a vacuum drying oven for drying,
making it ready for subsequent use.

2.4. Phase Diagram Drawing

The phase diagram was constructed using cloud point titration. Initially, a series of
polymer solutions were prepared with concentrations of 0.2%, 0.4%, 0.6%, and 0.8%, using
NMP as the solvent. These solutions were then stirred continuously at a stable temperature
of 25 ◦C. Water was gradually added dropwise until the initially transparent polymer
solution turned cloudy. The composition of the solution at the moment of cloudiness,
marked by the addition of the last water drop, is defined as the cloud point. Based on the
data obtained from cloud point titration, phase diagrams for different solution systems
were then plotted.

2.5. Rotational Viscosity

The viscosity of polymer solutions with varying compositions was analyzed using an
NDJ-79A rotary viscometer (Tryte Technology (H.K.) Limited, Hong Kong, China) as the
rotational speed was altered. Initially, the samples were heated and stirred in a solute-to-
solvent ratio of 1:9 to achieve a homogeneous solution. After cooling the solution to room
temperature, the viscosity measurements were initiated at a rotational speed of 80 r/min.
The speed was then incrementally increased by 20 r/min steps, reaching a maximum
of 400 r/min.

2.6. Membrane Preparation

The membranes were fabricated using the non-solvent-induced phase separation
(NIPS) method, as described in our group’s previous research [9]. Initially, PVDF (5.0 g),
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graft polymer (5.0 g), and PEG20000-enhanced PVDF (4.5 g PVDF with 0.5 g PEG20000)
were dissolved in NMP (35.0 g). This mixture was heated and stirred at 70 ◦C for one week,
followed by a 12-h stabilization period to allow bubble release. Subsequently, the prepared
solution was spread onto a glass plate using a casting knife to achieve a uniform thickness
of 200 μm. The spread solution was then left to evaporate in ambient air for 15 s before
being immersed in deionized water. The membranes were carefully stored in water for two
days to ensure complete removal of any residual solvent before testing. The water was
changed several times during this period.

2.7. Water Contact Angle Measurements

Membrane contact angle measurements were performed utilizing an Attension Theta
system (KSV Instruments Ltd., Helsinki, Finland). A droplet of 5 μL was deposited from a
needle tip onto the membrane surface, and its magnified image was recorded using a digital
camera. Static contact angles were then determined from these images using computational
software. To guarantee accuracy and consistency, the contact angle values were averaged
from three separate locations on each membrane.

2.8. SEM Analysis

Membrane morphology was examined using a LEO1530vp scanning electron mi-
croscope (Zeiss, Jena, Germany). To obtain the cross-section images, membranes were
immersed in liquid nitrogen to freeze them, and then they were cracked in a brittle state.
Samples were then mounted on the stage, and a thin gold coating was applied before
examination. The scanning was conducted at a voltage of 10 kV and a current of 10 mA.
The collected images were processed with the software ImageJ to determine the number of
pores per unit area, pore sizes, and pore size distribution.

2.9. Filtration Experiment

The performance of various membranes was assessed using a custom-built cross-flow
filtration apparatus (Figure 2). Circular samples, each with a surface area of 15.9 cm2, were
prepared and installed in flat cross-flow cells. Membranes were first subjected to a 20-min
pre-compression at 0.1 MPa. Three independent trials were performed for each membrane.
Flux was calculated by measuring the volume of solution that permeated over time and
normalizing it to the membrane area.

Figure 2. Schematic diagram of the cross-flow device used in the filtration experiments (The control
of trans-membrane pressure is regulated through the utilization of a diaphragm pump).
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The water flux (F0) was calculated according to Equation (2):

F0 =
Q

AΔT
(2)

where Q refers to the volume of the filtered water; A, the area of the membrane; and ΔT,
the time of the filtration.

The preparation of the BSA solution entailed several steps. Initially, a mixture com-
prising 8 g of NaCl, 1.42 g of Na2HPO4, 0.2 g of KCl, 0.27 g of KH2PO4, and 800 mL of
deionized water was thoroughly mixed in a volumetric flask. The pH of the resulting
solution was adjusted to 7.4 using HCl. The final volume was then brought up to 1 L.
Following this, 1 g of BSA was dissolved in the prepared buffer solution, resulting in a
feed solution with a BSA concentration of 1 g/L. Samples before and after filtration were
carefully collected for subsequent analysis. The determination of BSA concentration in
the solution was conducted using a UV-1100 visible-ultraviolet spectrophotometer (Ruili
Instruments Ltd., Beijing, China), as outlined in the referenced literature [50].

2.10. Anti-Fouling Evaluation

The antifouling properties of the membranes were assessed from two perspectives.
The first involved analyzing the recovery ratio of pure water flux post-BSA solution filtra-
tion. The second entailed evaluating membrane performance under repeated fouling and
cleaning cycles. After a 30-min filtration of the BSA solution, the solution in the cross-flow
system was replaced with deionized water. This was followed by a 30-min dedicated
cleaning process focused on the membrane surface, culminating in the measurement of
water flux recovery.

The flux recovery ratio (FRR) is calculated according to Equation (3):

FRR =
F1

F0
× 100% (3)

where F0 and F1 denote the water flux prior to and following fouling, respectively.

3. Results and Discussions

3.1. Kinetics of the Grafted Polymer

The influence of grafting was investigated, considering three variables: Monomer
concentration, absorbed radiation dose, and radiation duration. Figure 3 depicts how
monomer concentration affects grafting. With a constant absorbed dose of 20 kGy and a
radiation time of 18 h, the degree of grafting noticeably increased as the monomer concen-
tration rose from 1% to 7%. Beyond 8% concentration, the grafting level plateaued and
then decreased. This pattern is likely due to the enhanced potential for free radical-initiated
graft polymerization at higher monomer concentrations, which initially increases grafting.
However, at certain absorbed doses, the number of active sites becomes saturated. Con-
sequently, homopolymerization competes with graft copolymerization for these sites. An
increase in monomer concentration leads to a higher viscosity in the graft copolymerization
solution, affecting monomer solution diffusion. Furthermore, the homopolymerization
reaction between monomers can reduce the degree of grafting (DG). Therefore, an increase
in monomer concentration does not continuously correlate with an increase in DG.

Figure 4 illustrates the effect of absorbed dose on grafting degree under specified
conditions, with a constant monomer concentration of 7% and a radiation dose rate of
0.83 kGy/h. The analysis indicated a moderate impact of the absorbed dose on grafting
degree. For absorbed doses ranging from 5 kGy to 40 kGy, the grafting degree of the
polymer graft mostly ranged between 8.5% and 10%. It was also noted that up to an
absorbed dose of 25 kGy, there was a marginal increase in grafting degree with a rising
absorbed dose. Beyond 30 kGy, however, this trend reversed. This shift is attributed to the
degradation or cross-linking of PVDF at higher radiation doses [51], resulting in a decrease
in free radical active sites available for polymerization, thereby reducing the DG.
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Figure 3. DGs of PVDF-g-mPEGA at different monomer concentration (absorbed dose = 20 kGy;
radiation time = 18 h).

Figure 4. DGs of PVDF-g-mPEGA at different dose rate (monomer concentration = 7 wt.%, dose
rate = 0.83 kGy/h).

Figure 5 illustrates the effect of irradiation time on the degree of grafting. Under
fixed monomer concentration and absorbed dose conditions, variations in irradiation time
had minimal impact on grafting degree. This outcome significantly deviates from the
established behavior of homogeneous radiation grafting in small-molecule monomers [9].
The larger molecular weight of mPEGA, compared to smaller molecular monomers, results
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in a reduced molar concentration of carbon-carbon double bonds available for free radical
combination during irradiation, given an equal mass of monomers. Additionally, homoge-
neous solution radiation grafting causes molecular chains to extend within the solution,
thereby accelerating the diffusion process of the graft reaction. Consequently, the grafting
reaction tends to reach saturation rapidly.

Figure 5. DGs of PVDF-g-mPEGA at different radiation time (monomer concentration = 7 wt.%,
absorbed dose = 20 kGy).

3.2. FT-IR Spectroscopy of Grafted Copolymers

Figure 6 displays the infrared spectra of pristine PVDF and PVDF-g-mPEGA with
different degrees of grafting (DG) after vector normalization. The characteristic C-F absorp-
tion peak, around 1072 cm−1, was noticeable in both the grafted polymer and the original
PVDF, while the CF2 vibrational absorption peak appeared at 1182 cm−1. Additionally,
the deformation vibration absorption peak of CH2 was present at 1404 cm−1. Notably,
the grafted polymer exhibited a new characteristic peak at 1726 cm−1, associated with
the stretching vibration of the carbonyl group in the mPEGA molecule [52,53]. This peak
confirms the successful irradiation grafting of the monomer onto PVDF. Furthermore, a
trend was observed where the intensity of the carbonyl peak increased with the degree
of grafting.

3.3. Ternary Phase Diagram

This study examined pristine PVDF, irradiated PVDF, PVDF/PEG20000 blends with
varying ratios, and PVDF-g-mPEGA with different DG, all titrated with ultra-pure water
using NMP as the solvent. Figure 7 demonstrates that phase separation in the PVDF ternary
system was more challenging post-irradiation, necessitating greater amounts of water. The
propensity for phase separation increased with higher DG and PEG20000 content. How-
ever, it was noted that blending’s effect on the system was considerably less than that of
grafting. The enhanced thermodynamic stability post-irradiation could be attributed to
PVDF degradation and the presence of smaller molecules. Conversely, increased grafting
and blending ratios led to a decrease in thermodynamic stability, likely due to the reduced
PVDF content in the mixture. A more significant decline in thermodynamic stability was
observed in graft copolymers, possibly due to an increase in graft copolymer molecules.
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Consequently, during phase separation, the speed of this process in the casting solution
of PVDF-g-mPEGA was accelerated with increasing DG. This finding implies that mem-
branes manufactured using the same concentration of the polymer-solvent system, but
with higher grafting degrees in PVDF-g-mPEGA, are more prone to exhibit pronounced
surface loosening.

Figure 6. FTIR spectra of the pristine PVDF and PVDF-g-mPEGA copolymers with different DGs.

Figure 7. Polymer-NMP-H2O ternary phase diagram.
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3.4. Rotational Viscosity Test

Figure 8 presents a graph illustrating the variation in rotational viscosity of various
samples with changes in rotational speed. As depicted, the rotational viscosities of all
samples demonstrated a decline to different extents as the rotational speed increased,
categorizing PVDF as a pseudoplastic non-Newtonian fluid [54,55]. Concurrently, it was
observed that irradiation reduced the rotational viscosity of PVDF, indicating its degrada-
tion. However, the impact of alterations in grafting ratio and blending ratio on rotational
viscosity was contrary: Both grafting and blending individually led to a decrease in ro-
tational viscosity. Notably, an increase in the DG resulted in higher rotational viscosity,
while an increased blending ratio lowered it. This viscosity reduction can be attributed to
the decreased PVDF content in the total composition. In contrast, compared to the mixed
system, a rise in DG led to increased viscosity, possibly due to the augmentation of graft
content and molecule size. This distinction further confirms that mPEGA was grafted onto
PVDF, rather than merely blended.

Figure 8. Diagram of the rotating viscosity of different samples as a function of rotational speed.

3.5. Water Contact Angle Test

It is widely recognized that enhancing the hydrophilicity of a membrane typically
improves both its flux and antifouling properties [56,57]. Figure 9 demonstrates this
principle, showing the contact angle of pristine PVDF prior to grafting as 93.8◦, indicative
of significant hydrophobicity, consistent with the inherent characteristics of PVDF materials.
At a grafting degree of 3.4%, the contact angle decreased to 77.4◦. Further, there was a
continuous decrease in water contact angle with increasing degrees of grafting, reaching
66.4◦ at a grafting degree of 8.2%. Thus, it is evident that the grafted PVDF exhibited a
substantial improvement in hydrophilicity.
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Figure 9. Water contact angle of pristine PVDF and PVDF-g-mPEGA with different DGs. The
static water contact angle images corresponding to individual membranes are presented below the
line graph.

3.6. Membrane Morphology Characterization

Figure 10 illustrates the surface and cross-sectional structures of the membrane, while
Figure 11 displays the pore size distribution histogram derived from surface SEM images
calculated by using ImageJ. The findings reveal that all membrane surfaces exhibit im-
proved nanoscale pore structures. The pore size shows an increasing trend with the increase
in DG. The cross-sectional SEM image of the PVDF membrane confirmed its asymmetric
structure, characteristic of such membranes. The uppermost layer of the PVDF membrane
consists of a dense skin layer, whereas the lower surface features a supportive structure. As
depicted in Figure 10, grafting did not modify the skin-finger structure of the membrane.
However, a comparative analysis of the support layer structures under different membranes
revealed that, unlike the pristine PVDF membrane, the PVDF-g-mPEGA graft-modified
membrane exhibited large macrovoids structures. These structures were interconnected
with the pores, extending throughout the entire membrane. The following explanations
are proposed, integrating this study with previous experimental results: On the one hand,
the increased thermodynamic stability of the grafted polymer will lead to slow initial
demixing; that is, liquid–liquid demixing occurs before the gelation process. This creates
a polymer-rich phase and a polymer-poor phase, corresponding to the membrane matrix
and pores, respectively, and the tiny macrovoids formed in the skin layer. Subsequently,
some of the advancing polymer-lean phases may coalesce and advance in a disordered
manner, with tiny macrovoids in the skin layer transforming into larger and irregularly
shaped macrovoids at the base of the sublayer [58]. On the other hand, as the grafting rate
of the graft polymer increases, the content of the hydrophilic graft segment increases, and
the diffusion rate of the solvent becomes faster, resulting in a greater tendency to form
macrovoids during the membrane formation process [59].
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Figure 10. SEM images of the membrane surface (left) and cross section (right): (a) pristine PVDF,
(b) PVDF-g-mPEGA (DG = 3.4%), (c) PVDF-g-mPEGA (DG = 5.9%), (d) PVDF-g-mPEGA (DG = 8.2%).
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Figure 11. Histogram of the pore size distribution calculated using the surface SEM images. (a) Pris-
tine PVDF, (b) PVDF-g-mPEGA (DG = 3.4%), (c) PVDF-g-mPEGA (DG = 5.9%), (d) PVDF-g-mPEGA
(DG = 8.2%).

3.7. Membrane Filtration Performance

Figure 12 presents the water flux and BSA rejection rates of pristine PVDF, irradiated
PVDF, and PVDF-g-mPEGA membranes with varying DG. The water flux and BSA rejection
rates for the PVDF membrane, both pre- and post-irradiation, showed negligible differences,
indicating that the irradiation dose employed had minimal impact on the membrane’s
properties. As DG increased from 0 to 3.4%, 5.9%, and 8.2%, the water flux correspondingly
rose from 5.2 LMH to 18.6 LMH, 23.9 LMH, and 43.5 LMH. This trend indicates that graft
modification of PVDF significantly enhanced its ultrafiltration membrane flux, with a clear
positive correlation between higher DG and improved flux. The reasons for this are twofold:
Firstly, pure PVDF is known for its strong hydrophobicity, which results in substantial
filtration resistance in the PVDF membrane during the water filtration process, necessitating
a high driving force for achieving high flux [60,61]. The contact angle test results earlier
demonstrated that grafting with the hydrophilic monomer mPEGA significantly increased
the hydrophilicity of the modified membrane. This increase in hydrophilicity reduced
filtration resistance, leading to a higher flux. The greater the DG, the more pronounced
the improvement in hydrophilicity, thereby enhancing the flux. Secondly, the membrane
morphology characterization revealed an increase in surface porosity after modification.
Additionally, SEM analysis showed that large cavity structures within the support layer
of the modified membrane were interconnected with the pores, extending throughout
the membrane. This structural arrangement facilitated increased membrane flux. In BSA
rejection tests, all types of PVDF membranes consistently achieved BSA rejection ratios
over 80%.
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Figure 12. Water flux and BSA rejection of the pristine PVDF, irradiated PVDF, and PVDF-g-mPEGA
membranes with different DGs.

3.8. Anti-Fouling Evaluation

The assessment of antifouling performance for each membrane typically includes cal-
culating the pure water FRR [62,63]. In this experiment, an in situ measurement technique
was employed, integrating online cleaning of the membrane via a cross-flow filtration
method. This process entailed alternating the fluid composition, specifically switching
between water and a BSA solution.

Figure 13a displays the fouling and cleaning flux profiles over multiple cycles for
different types of PVDF membranes, whereas Figure 13b presents the corresponding flux
recovery rates (FRR) calculated using the data from Figure 13a. PEG20000 was incorpo-
rated to enhance the flux of pure PVDF for antifouling evaluation. Notably, membranes
grafted with mPEGA demonstrated a significantly higher flux recovery rate compared
to PVDF/PEG20000 membranes. The FRR of PVDF-g-mPEGA membranes with various
degrees of grafting (DG) remained above 90% and was stable across multiple cycles. These
findings highlight the effectiveness of PVDF-g-mPEGA in achieving optimal antifouling
performance with minimal grafting, thereby preserving the bulk material properties of
the membrane. The flux and FRR of irradiated PVDF/PEG20000 (i-PVDF/PEG20000)
membranes were similar to those of PVDF/PEG20000, indicating that irradiation had
a negligible impact on the membrane’s formative properties. PVDF-g-NVP, a modified
PVDF membrane created using NVP (a commonly used small-molecule monomer suitable
for homogeneous radiation) as the graft monomer through the aforementioned methods,
showed improved FRR compared to the PVDF/PEG20000 membrane after repeated fouling
and cleaning tests. However, its FRR was still considerably lower than that of the PVDF-g-
mPEGA membrane. This difference accentuates the unique benefits of mPEGA as a graft
monomer in enhancing the antifouling properties of PVDF membranes, especially when
compared to NVP.
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Figure 13. Anti-fouling test of the membranes: (a) multiple cycle fouling and cleaning fluxes of
different types of PVDF membranes; (b) FRRS of different types of PVDF membranes under multi-
ple cycles.

4. Conclusions

In this study, mPEGA, a novel PEGylated monomer, was grafted onto PVDF using
homogeneous γ-ray irradiation. Analysis of grafting kinetics revealed that the DG was
primarily influenced by monomer concentration, with an increase in DG corresponding
to higher concentrations. Thermodynamic analysis of the grafted products indicated that
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during membrane formation, the phase separation rate of the PVDF-g-mPEGA casting
solution accelerated with an increase in DG, thereby enhancing membrane hydrophilicity.

Although irradiation grafting induced some degradation of PVDF, as evidenced
by the rotational viscosity test and phase diagram, both the flux and anti-fouling tests
demonstrated minimal impact on the membrane-forming properties of PVDF. Moreover, a
range of membranes was fabricated using the NIPS method, and SEM analyses confirmed
an expansion in membrane pore size commensurate with increasing DGs. The flux and
anti-fouling assessments consistently highlighted the superior anti-fouling properties of
the PVDF-g-mPEGA membrane compared to the PVDF-g-NVP membrane. Significantly,
PVDF-g-mPEGA achieved the highest anti-fouling effect at a very low DG, thus minimizing
alterations to the membrane’s bulk material.

From an overall perspective, in addition to better performance, the scalability, pro-
cessability, and cost of the manufacturing method, as well as the long-term stability of the
membrane, all need to be considered [64]. In this study, the anti-fouling cycle test was
only conducted for more than 200 min, so the long-term sustainability of the membrane’s
performance requires further study. However, the fabrication method of the membrane in
this work is simple, making it more scalable and having a low manufacturing cost from an
industrial perspective.
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Abstract: Nanoporous materials offer a promising solution for gas storage applications in various
scientific and engineering domains. However, several crucial challenges need to be addressed,
including adsorptive capacity, rapid loading, and controlled gas delivery. A potential approach to
tackle these issues is through rotation-based methods. In this study, we investigate the impact of
rotation on CO2 adsorption using activated carbon, both at the early and late stages of the adsorption
process. Towards this direction, three sets of experiments were conducted: (i) adsorption isotherm
with rotation at each gas loading, (ii) adsorption kinetics with multiple rotations performed in
sequence 15 min after CO2 introduction, and (iii) adsorption kinetics with a single rotation after 40 h
of adsorption and repetition after another 20 h. For the first two cases, the comparison was performed
by respective measurements without rotation, while for the last case, results were compared to
a theoretical pseudo-first-order kinetic curve. Our findings demonstrate that rotation enhances
the adsorptive capacity by an impressive 54%, accelerates kinetics by a factor of 3.25, and enables
controllable gas delivery by adjusting the angular velocity. These results highlight rotation as a
promising technique to optimize gas storage in nanoporous materials, facilitating advancements in
numerous scientific and engineering applications.

Keywords: gas storage; physisorption; gas rotation; adsorption kinetics

1. Introduction

Gas storage plays a pivotal role in ensuring energy security, grid stability, and the
transition to a more sustainable energy future. Challenges that impact gas storage tech-
nologies [1,2] include effectiveness, scalability, and overall implementation, especially for
mobile devices and vehicles.

The storage of gases in nanoporous materials and their subsequent transport and
use is a modern challenge in chemical technology. There are various gases whose storage
in porous media is useful and desirable. The storage of gases in porous media is useful
because porous materials offer the possibility of storing larger quantities in proportion to
the volume available compared to cylinders and tanks. It is also desirable because they
require lower pressures and therefore provide higher safety in the workplace.

Historically, gas storage technology in porous media referred to the use of depleted
reservoirs for the storage of transported natural gas. It was later realized that other gases
also needed storage with functional transport and release capabilities. Today, storage
technology is applied (a) for the environmental remediation of greenhouse gases (e.g., CO2,
NOx, SOx, etc.) and (b) for the efficient and safer energy recovery of gases such as CH4
and H2 [3,4]. The first case aims at the permanent removal of gases that, according to
the European Union as well as the US Environmental Protection Agency, are considered
pollutants, while the second case concerns their temporary storage until they are used [5].
Among these gases, this paper focuses on CO2 as the most typical greenhouse gas [6].

Separations 2024, 11, 72. https://doi.org/10.3390/separations11030072 https://www.mdpi.com/journal/separations47
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Various methods have been developed for CO2 capture and storage [7,8]. Among them
are (a) carbon capture and sequestration (CCS) and (b) carbon capture and storage (CCS).
Classical CO2 capture techniques are carried out at the point of production and include
(i) pre-combustion or stream purification [3] and (ii) post-combustion CO2 capture [9].
However, due to the severe problem of climate change, direct capture of CO2 from the
atmosphere (direct air capture—DAC) is also highly desirable [10]. The above-mentioned
techniques make use of either chemical compounds (e.g., ionic liquids) or porous materials
(adsorption) [11].

Although adsorption of gases into porous materials is one promising method, opti-
mizations are still needed. The main solids in use are activated carbon and metal–organic
frameworks [12,13]. Again, the effort to produce new porous materials goes on very
intensively [14,15], but there are still challenges to overcome.

There are three major requirements that a storage system must fulfill [16,17]:
(a) sufficient storage capacity, (b) fast loading, and (c) controllable delivery. However,
the methods to satisfy these requirements vary widely depending on the gas and the solid
to be used. A popular method is the physisorption of the gas on activated carbon (AC)
at ambient temperature [18,19]. One reason is that AC is an economical material; another
reason is that the sample holder is simply a vessel filled with a closed random pack of
AC granules that may easily accept modifications, e.g., for the proper control of input and
output of the gas [20,21]. Opposite to the case of H2 storage materials, studies on CO2
adsorbents are scattered, and there is a lack of a systematic categorization based on criteria
like adsorption capacity and working conditions. In this framework, a rigorous literature
review has been conducted on carbon-based materials for CO2 adsorption; the results are
presented in Table 1.

Table 1. Carbon-based adsorbents with their CO2 adsorption capacity under the related conditions.

Adsorbents
qmax

mmol/g
T
◦C

P
Bar

Ref.

Cellulosic AC doped with Cu 48 25 15 [22]

Carbon foam 15.2 0 5 [23]

Chemically activated AC from olive stone 10 50 1 [9]

Modified AC from fir bark 7l 0 1 [24]

AC Norit RX * 2.5 30 5 [25]

AC from black locust activated with KOH 5.05 25 1 [26]

AC doped with N,S and activated with potassium salts 3.04–3.99 25 1 [27]
The asterisk (*) denotes the material used in this study.

It is well-known that under rotation, a packed bed promotes process intensification [28,29].
A porous packed bed (PPB) is characterized by two porosities: intra- and inter-
granular [30,31]. Again, the behavior of the spinning gas is important for a rotating device.
Geyko and Fisch [32] have outlined a theoretical study on ideal spinning gas. Liu et al. [33]
have extended this study on van der Waals gases, and Zhang et al. [34] have generalized
the theory for a non-ideal gas by using the virial equation.

To the best of our knowledge, although there are a number of studies regarding the
effect of a rotational field in systems including adsorption such as rotating packed beds
(RPBs), they are limited in investigating only phenomena like mass and heat transfer
for continuous flow which most of the times refers to a three-phase system. However,
such conditions are inadequate for the examination of valuable parameters in regard to
the impact of rotation on inherited properties (i.e., adsorption capacity) required for the
optimization of a system with no steady-state flow, like gas storage applications based on
adsorption. To this end, this study attempts to shed light on the mechanism that is enabled
when adsorption occurs under rotation in a closed system.

48



Separations 2024, 11, 72

Kosheleva et al. [35] have conducted an experimental study on the effect of spinning
gas on the adsorption process. They have suggested that rotation increases the amount
adsorbed. Guo et al. [36] studied the mechanism of gas–solid adsorption under rotation
based on the particle diffusion model involved. Their finding suggests that in a rotating PPB,
intraparticle diffusion is dominant and is the driving force of the so-called deep adsorption.

For an ideally behaved gas, rotating a disc-shaped container causes the concentration
to increase at the perimeter and decrease at the center due to centrifugation. In this study, we
have examined the effect of rotation on the adsorption process in the aforementioned frame
of gas storage. Experimental measurements on adsorption and adsorption kinetics with
and without rotation have been recorded. We have organized this work in three sections
regarding the experimental procedure. The first section presents the adsorption isotherm
experiment. Two adsorption isotherms were produced and compared, with and without
rotation. Next, CO2 kinetics were examined after multiple rotations at an early stage of
the adsorption, while a comparison with kinetics for the same period of time but without
rotation was conducted as well. Finally, rotation at a late stage was performed after ~40 h,
and a second one after a total of ~60 h CO2 adsorption, and the results were fitted to a
pseudo-first-order (PFO) kinetic curve in order to showcase the effect of the rotation. The
results are analyzed accordingly, and the mechanism constituting each case is discussed.

2. Experimental Details

The effect of rotation on the adsorption and adsorption kinetics of CO2 on activated
carbon was examined. A specially designed sample cell that allows adsorption in situ
with rotation was constructed (Figure 1). The device consisted of a low-vibration rotating
motor and a rotating sample chamber of radius rcell = 4.5 cm and height h = 1 mm. All
rotations were conducted for 1 min at 5000 rpm. Isothermal temperature was maintained
by air-conditioning. During rotation, a negligible temperature increase of about +0.5 ◦C
was observed. To monitor this, a digital thermometer was used to record ◦C/s. A reservoir
tank, connected to the sample cell on one end and to the gas container on the other, was
employed as a vessel of known volume that served as a gas dosage regulator.

Figure 1. Special device: (a) device and auxiliaries, (b) the sample cell with dimensions in mm, and
(c) real-life device.
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2.1. Adsorption Isotherms

For conducting the adsorption isotherms experiments, 3.6 g AC was placed into the
sample cell. The cell was tightly closed, and the system was set for evacuation overnight.
After that, the sample cell was isolated (by closing the valves) from the reservoir tank. A
desired amount of CO2 was introduced into the reservoir tank. For the first pressure step,
the valve to the sample cell was opened and closed immediately after achieving pressure
equilibration between the reservoir tank and the sample cell (<2 s). Finally, the pressure
was recorded for 60 min at 1 s intervals. Rotation was enabled at each pressure step after
15 min of CO2 introduction.

2.2. Adsorption Kinetics

For the performance of kinetics, the steps until system evacuation were the same. Next,
CO2 was introduced at a desired pressure while recording the pressure drop over time
started. Rotation took place according to each experiment; see text under results. More
experimental details are given elsewhere [37].

Commercially available activated carbon (AC), with grains of size 100 μm, was used
in this study. A N2-adsorption isotherm of AC at 77 K was measured with a Nova 4200e
porosimeter (Quantachrome, Boynton Beach, FL, USA). The BET area was estimated to
be equal to about 1000 m2/g, and the average pore size, based on the BJH method, was
equal to 16 Å. The mass of the AC bed was mAC = 3.6 g with solid and bulk densities of
ρs = 2 g/cm3 and ρb = 0.9 g/cm3, respectively. The intra-, inter-, and total porosities ε of
the system were then calculated as follows:

εintra = (ρs − ρb)/ρs, εinter = (VG − Vb)/VG, and εtot = (εintraVb + εinterVG)/VG, (1)

where VG = 6.36 cm3 is the geometric volume of the cell, and Vb = mAC/ρb = 4 cm3 is the
bulk volume of the solid; εintra = 55%, εinter = 37%, and εtot = 72%.

2.3. Adsorption Isotherms under Rotation

Adsorption isotherms at 20 ◦C with and without rotation were measured by the afore-
mentioned device. The isotherm measurements were conducted in a sequence of pressure
steps, where the sample cell started from vacuum conditions, and gas was introduced in
controllable dosages up to 10 bar. The control of the step was provided by the reservoir tank
described above. For the former case and at each pressure step, rotation was conducted
for 1 min after 15 min of CO2 introduction. When rotation ceased, the system was left for
45 min before receiving the measuring point.

Figure 2 shows the results. Subsequently, the adsorption isotherms were fitted to the
Langmuir model:

qt =
qePKeq

1 + PKeq
(2)

where qt is the amount adsorbed, qe is the maximum amount adsorbed, and Keq is the
Langmuir constant. For the case without rotation, Keq = 0.213 and qe = 0.016 kg/kg, whereas
for the case with rotation, K′

eq = 0.082 and q′e = 0.035 kg/kg (the prime denotes rotation).
Rotation changes the Langmuir constant in a way that Keq > K′

eq while qe < q′e. We have
verified this trend by repeating the experiment with a single rotation as well as with a
different type of AC. Although the decrease in the Langmuir constant indicates weaker
adsorption, the increase in qe indicates a higher concentration of gas molecules over the
solid surface [38,39]. Rotation increases the strikes of the adsorbed molecules onto the
surface and also pushes some of them to previously inaccessible sites following deep
adsorption, as described by Guo et al. [40].
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Figure 2. Adsorption isotherm of CO2 on AC bed at 20 ◦C: open points correspond to no rotation;
solid red points correspond to rotation at every pressure step; broken lines correspond to Langmuir
model fit.

Figure 3 shows this mechanism where an element of the solid surface is depicted.
The system at a given pressure P has 2 occupied sites and 1 unoccupied site; therefore,
kaPS = kdA where S are the unoccupied sites and A are the adsorbed molecules. Rotation
makes accessible previously inaccessible sites, leading to 3 adsorbed molecules and 2
unoccupied sites; therefore, at the same given pressure, P, ka

′PS′ = kd
′A′. Since Keq = ka/

kd > k′
a/k′

d = K′
eq, by comparing these two situations, it becomes clear that A/S must

be greater than A′/S′ while A < A′ and S < S′. The above inequality is compatible with
the case described in Figure 3; for example, the ratio for the no-rotation case is A/S = 2/1,
while the ratio for the rotational one is A′/S′ = 3/2.

 
Figure 3. The effect of rotation on the adsorption process. Yellow cycles represents gas adsorbed
molecules and red area represents a pore.
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3. Kinetics

We have conducted two adsorption kinetic experiments with CO2 on AC PPB. In
the first experiment, multiple rotations at an early stage of the adsorption process were
conducted at 10 ◦C. In the second one, a single rotation at a late stage of the adsorption
process was conducted at 20 ◦C, followed by another rotation in a similar manner after
some time.

Figure 4 shows the results of the first experiment. The reference curve (i.e., without
rotation) was fitted to a non-linear pseudo-first-order (PFO) curve by least squares:

Pth = Peq + (Pmax − Peq)e−k1t (3)

where Pth is the theoretical pressure to be compared with the experimental one,
Pmax = 9190 mbar is the initial pressure, Peq = 2555 mbar is the equilibrium pressure,
k1 = 0.206 is the PFO constant, and t is the time. Multiple rotations have started 20 min
after gas entry into the cell and continue for 60 min with 1 min rotation every 15 min, i.e.,
four rotations in total. Without rotation, the pressure drops to 2270 mbar after 26 h. With
multiple rotations, the system reaches the same pressure within 8 h, while after 26 h, the
pressure drops to 830 mbar. Rotation makes the process 3.25 times faster with 63% more
amount to be adsorbed.

 

Figure 4. Early-stage adsorption kinetics at 10 ◦C: Curve with black points correspond to no rotation,
where the dashed line indicates the PFO fit, and curve with red points correspond to multiple
rotations. Solid red triangles indicate the rotation period. The broken line shows the time required to
reach the same adsorption stage with and without rotation.
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Rotation increases the number of molecules that strike on the adsorbent surface. At an
early adsorption stage, the bare surface is eager to accommodate the striking molecules,
while rotation forces some of them to gain access to commonly inaccessible sites. Multiple
rotations intensify this process. As a result, faster kinetics and higher adsorptive capacity
are observed.

Figure 5 shows the results of the second experiment. Long time kinetics of about 90 h
were attained. More than 300,000 data points are collected, and for practical reasons, they
are reduced to 10,000. The curve may be divided into five sections from A to J. Additionally,
the sections after rotation may be divided into three subsections each (see Figure 5 for
details). Section AB corresponds to ordinary adsorption kinetics. The data were fitted
to a non-linear pseudo-first-order (PFO) curve with an initial pressure of 6190 mbar, an
equilibrium pressure of 5023 mbar, and k1 = 0.0934 (1/h).

Figure 5. Late-stage adsorption kinetics at 20 ◦C. The resulting curve is divided into the following
sections: (1) AB adsorption with a PFO fit (dashed line); (2) BC 1st rotation; (3) CF after 1st rotation;
(4) FG 2nd rotation; and (5) GJ after 2nd rotation. Sections CF and GJ are further divided into the
following subsections: CD and GI, gas flow from the edge of the rotating cell to the center; DE and
HI, secondary desorption; EF and IK, enhanced adsorption. Open circles show the start/end of 1 min
rotation.

In section BC, rotation causes a redistribution of gas molecules in the inter-granular
space and, consequently, a pressure redistribution between the center and the edge of the
rotating cell. Just before rotation starts, the pressure is PB = 5050 mbar (first yellow circle).
After 1 min of rotation, the pressure increases to 5145 mbar (second yellow circle) and keeps
increasing to PC = 5175 mbar.

For an ideal gas spinning in an empty cylinder, Geyko [32] introduced a ratio ϕ:

ϕ =
Mω2r2

2RT
(4)

where M is the molecular weight of the gas, ω is the angular velocity, r is the distance
from the axis of rotation, T is the constant temperature, and R is the gas constant. For this
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experiment, ϕ = 0.005 and P(rmax) = 5063 mbar, where P(rmax) is the pressure at the edge
of the rotating cell (rcell = rmax). However, the theory fails to predict P(rmax). Apparently,
the presence of the PPB plays a role in this discrepancy. Since the temperature increment
due to rotation was not more than +0.5 ◦C, it was concluded that this abnormal pressure
increase was due to desorption. By assuming static load, before rotation starts, the mass m
of free gas molecules (i.e., not adsorbed) will be equal to:

m = P
Vp M
RT

(5)

where P is the applied pressure (global), and Vp is the inter-granular pore volume of the
PPB in the rotating cell. During rotation, the radial force balance is given as:

dP =
m(r)ω2

Vp
rdr, (6)

where dP is the pressure differential, and m(r) is the mass distributed within the different
zones at a distance r from the axis of rotation. Rotation promotes desorption from intra-
pores of the inner zone, resulting in the addition of more free gas into the inter-granular
space. By substituting Equations (5) and (6):

dP
P

=
Mω2r

RT
dr ⇒ ln

P(r)
P

=
Mω2r2

2RT
+ lnκ (7)

where lnκ is the integration constant that takes care of the mass (or pressure) differences;
κ ≥ 1 depending on the stage at which the adsorption process has proceeded. The distribu-
tion of pressure along the rotating PPB will be:

P(r) = κP
ϕeϕ

eϕ − 1
(8)

Notice that ϕeϕ

eϕ−1 → 1 as ϕ → 0. Since, in our experiment, ϕ = 0.005, by neglecting this
factor for simplicity reasons, κ = 1.019, indicating that desorption occurs during rotation.
After rotation ceases, kicking effects, due to abrupt stopping, lead to further desorption
until point C.

In section CF, the system undergoes a settling-down procedure. However, this is a
complicated phase comprising different movements and processes. The mean free path of
CO2 molecules is about 200 Å, which is much less than the inter-granular space (~10 μm)
but bigger than the intra-pore space (pore size ~16 Å). Due to pressure difference, gas will
flow from the edge to the center of the rotating cell within the inter-granular space, while
in the intra-pore space, Knudsen diffusion will occur.

We have assumed two zones within the rotating PPB cell (Figure 6). A lower concen-
tration zone forms around the axis of rotation toward a critical radius rc, where a transition
from negative to positive pressure differences occur, ΔP = P(r) − P, and a hallow circular
zone of higher concentration from rc to the edge of the cell (see also Figure 7). For the
present experiment, rc = 3.2 cm, depending on the geometry of the sample cell.

In the CD subsection, the gas flows from the outer to the inner zone. At point D,
PD = 5045 mbar. Since the driving force ΔP ≤ 125 mbar and continues to decrease over
time, this subsection is completed in about 5 h. However, inside the pores, there is an
unequal distribution of gas molecules, with the pores in the outer zone having a pressure
higher than PD and the pores in the inner zone having a pressure less than PD. As a result,
secondary desorption occurs from inside the pores in the over-pressure zone, and the bulk
pressure reaches after 3 h the E point where PD < PE = 5070 mbar. Since the two zones are
of equal volume, but the bulk pressure is higher than the pressure inside the pores in the
under-pressure zone, additional adsorption takes place from E to F. It is obvious that the
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whole process is not discrete but continuous as the kinetics of the molecules in the bulk with
the kinetics of adsorption inside the pores is different, resulting in the presented profile.

At point F, the pressure has dropped to PF = 4955 mbar, whereas according to the
PFO model, it was expected to be Peq = 5023 mbar, i.e., a small amount of gas has further
been adsorbed; ΔP = 68 mbar. However, at a late adsorption stage, most of the surface is
occupied by adsorbed molecules. Therefore, rotation primarily triggers desorption and
only marginally pushes them into previously inaccessible sites, as it happens in an early
adsorption stage instead.

A similar behavior is also observed for the second rotation event. Just before the
rotation, the global pressure was PF = 4955 mbar (yellow circle). During rotation, the
pressure jumps to 5090 mbar (second yellow circle) and keeps increasing to PG = 5120 mbar.
According to Equation (8), κ = 1.027. Since the system is now at a later stage, the amount
desorbed is higher than the previous one, as it is expected. After rotation, the pressure
keeps increasing for a while due to the kick-stop effect and then starts decaying towards
PH = PI = 4975 mbar, where less pronounced secondary desorption occurs. Finally, the
system reaches point J at PJ = 4865 mbar. Another small amount of gas has further been
adsorbed, ΔP = 4955 − 4865 = 90 mbar, indicating that multiple rotations keep pushing
molecules deeper into the pore matrix even when the whole process has become marginal.

The magnitude of the effect depends on various factors as the whole process is quite
complex, and many different events take place either simultaneously or in sequence.
In order to find the criterion with the highest importance, a number of scenarios were
examined by the theoretical model. The results provide a guide for device optimization as
well as know-how on configuration parameters according to any potential application.

Figure 6. Concentration zones. During rotation, at the edge of the cell, the concentration is higher
than at the center. The critical radius, where the pressure difference changes from negative to positive,
is equal to rc = 3.2 cm.
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Figure 7. The effect of rotating parameters on spinning gas. Broken lines indicate the limits of the
rotating cell, rcell. Line 1—ω1, T1, r1 = rcell; line 2—ω2 < ω1, T2 = T1, r2 = rcell; line 3—ω3 = ω1,
T3 < T1, r3 = rcell; and line 4—ω4 > ω1, T4 = T1, r4 > rcell. Notice that rc and r′c are the radii of the
zones where the transitions from negative to positive pressures occur; ΔP = P(r) − P.

Figure 7 shows the effect of ω, T, and r on the delivery process. As the angular velocity
decreases, ΔP decreases while the critical radius remains constant. As the temperature
decreases, ΔP slightly increases, and rc remains constant. Finally, as the radius of the
cell increases, ΔP and rc increase. Apparently, for a given rotating cell, by controlling the
angular velocity, a controllable delivery is allowed.

4. Conclusions

In this study, we have examined the effect of rotation as to whether or not it can assist
gas storage in nanoporous materials in a way that (a) increases the storage capacity of
the adsorbent, (b) promotes a fast loading, and (c) allows a controllable delivery. To this
end, we have conducted adsorption and adsorption kinetic experiments with and without
rotation on a PPB.

Multiple rotations cause an increase in the amount adsorbed by allowing previously
inaccessible sites of the solid surface to become accessible. It was noticed, however, that
although the adsorptive capacity of the solid increases, the Langmuir constant decreases
compared to that of the isotherm without rotation. Additionally, a possible mechanism
was presented. It was concluded that rotation provides an in situ method for increasing the
storage capacity of the adsorbent.

In order to gain a better insight into the involved mechanisms, we have conducted the
kinetic experiments with (a) multiple rotations at an early adsorption stage and (b) a single
rotation at a late stage of the adsorption process followed by another single rotation after
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some time for repeatability reasons. All rotations were performed for 1 min at 5000 rpm.
Multiple rotations accelerate adsorption kinetics, bestowing 3.25 times faster loading and
63% more amount adsorbed.

Rotation at a late adsorption stage is characterized by two main phases: (a) during
rotation, fast desorption of the already adsorbed molecules, and (b) after rotation, slow
and complicated procedures to settle the system down. At equilibrium, some marginal
increase in the amount adsorbed is recorded too. We have given possible explanations for
all observed sections of the kinetic curve, and we have also outlined a correction for the
spinning gas when a PPB is present in the rotating cylinder. It was concluded that a single
and short rotation triggers a fast delivery of the adsorbed gas.

Author Contributions: R.I.K.: conceptualization, data analysis, and writing—original draft preparation.
T.D.K.: writing—review and editing. M.K.: writing—review and editing. A.C.M.: writing—review and
editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable. No human and/or animal studies have
been conducted.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Yue, M.; Lambert, H.; Pahon, E.; Roche, R.; Jemei, S.; Hissel, D. Hydrogen energy systems: A critical review of technologies,
applications, trends and challenges. Renew. Sustain. Energy Rev. 2021, 146, 111180. [CrossRef]

2. Bahman, N.; Al-Khalifa, M.; Al Baharna, S.; Abdulmohsen, Z.; Khan, E. Review of carbon capture and storage technologies in
selected industries: Potentials and challenges. Rev. Environ. Sci. Bio/Technol. 2023, 22, 451–470. [CrossRef]

3. Dixit, F.; Zimmermann, K.; Alamoudi, M.; Abkar, L.; Barbeau, B.; Mohseni, M.; Kandasubramanian, B.; Smith, K. Application of
MXenes for air purification, gas separation and storage: A review. Renew. Sustain. Energy Rev. 2022, 164, 112527. [CrossRef]

4. Ghazvini, M.F.; Vahedi, M.; Nobar, S.N.; Sabouri, F. Investigation of the MOF adsorbents and the gas adsorptive separation
mechanisms. J. Environ. Chem. Eng. 2021, 9, 104790. [CrossRef]

5. Tarkowski, R.; Uliasz-Misiak, B.; Tarkowski, P. Storage of hydrogen; natural gas, and carbon dioxide—Geological and legal
conditions. Int. J. Hydrogen Energy 2021, 46, 20010–20022. [CrossRef]

6. Yuan, B.; Wu, X.; Chen, Y.; Huang, J.; Luo, H.; Deng, S. Adsorption of CO2, CH4, and N2 on Ordered Mesoporous Carbon:
Approach for Greenhouse Gases Capture and Biogas Upgrading. Environ. Sci. Technol. 2013, 47, 5474–5480. [CrossRef]

7. Diwan, A.D.; Harke, S.N.; Panche, A.N. Application of proteomics in shrimp and shrimp aquaculture. Comp. Biochem. Physiol.
Part D Genom. Proteom. 2022, 43, 101015. [CrossRef] [PubMed]

8. Madejski, P.; Chmiel, K.; Subramanian, N.; Kuś, T. Methods and techniques for CO2 capture: Review of potential solutions and
applications in modern energy technologies. Energies 2022, 15, 887. [CrossRef]

9. Moussa, M.; Bader, N.; Querejeta, N.; Durán, I.; Pevida, C.; Ouederni, A. Toward sustainable hydrogen storage and carbon
dioxide capture in post-combustion conditions. J. Environ. Chem. Eng. 2017, 5, 1628–1637. [CrossRef]

10. Zhu, X.; Xie, W.; Wu, J.; Miao, Y.; Xiang, C.; Chen, C.; Ge, B.; Gan, Z.; Yang, F.; Zhang, M.; et al. Recent advances in direct air
capture by adsorption. Chem. Soc. Rev. 2022, 51, 6574–6651. [CrossRef] [PubMed]

11. de Queiroz Fernandes Araújo, O.; de Medeiros, J.L. Carbon capture and storage technologies: Present scenario and drivers of
innovation. Curr. Opin. Chem. Eng. 2017, 17, 22–34. [CrossRef]

12. Ma, S. Gas storage in porous metal–organic frameworks for clean energy applications. Chem. Commun. 2010, 46, 44–53. [CrossRef]
13. Deegan, M.M.; Lorzing, G.R.; Korman, K.J.; Rowland, C.A.; Dworzak, M.R.; Antonio, A.M.; Bloch, E.D. Hydrogen Storage in

Porous Cages. ACS Mater. Au 2023, 3, 66–74. [CrossRef]
14. Lee, S.-Y.; Lee, J.-H.; Kim, Y.-H.; Kim, J.-W.; Lee, K.-J.; Park, S.-J. Recent Progress Using Solid-State Materials for Hydrogen Storage:

A Short Review. Processes 2022, 10, 304. [CrossRef]
15. Ding, M.; Liu, X.; Ma, P.; Yao, J. Porous materials for capture and catalytic conversion of CO2 at low concentration. Coord. Chem.

Rev. 2022, 465, 214576. [CrossRef]
16. Berenguer-Murcia, Á.; Marco-Lozar, J.P.; Cazorla-Amorós, D. Hydrogen storage in porous materials: Status, milestones, and

challenges. Chem. Rec. 2018, 18, 900–912. [CrossRef] [PubMed]
17. Heinemann, N.; Alcalde, J.; Miocic, J.M.; Hangx, S.J.T.; Kallmeyer, J.; Ostertag-Henning, C.; Hassanpouryouzband, A.; Thaysen,

E.M.; Strobel, G.J.; Schmidt-Hattenberger, C. Enabling large-scale hydrogen storage in porous media–the scientific challenges.
Energy Environ. Sci. 2021, 14, 853–864. [CrossRef]

57



Separations 2024, 11, 72

18. Marco-Lozar, J.P.; Kunowsky, M.; Suarez-Garcia, F.; Carruthers, J.D.; Linares-Solano, A. Activated carbon monoliths for gas
storage at room temperature. Energy Environ. Sci. 2012, 5, 9833–9842. [CrossRef]

19. Zhang, W.J.; Rabiei, S.; Bagreev, A.; Zhuang, M.S.; Rasouli, F. Study of NO adsorption on activated carbons. Appl. Catal. B Environ.
2008, 83, 63–71. [CrossRef]

20. Feroldi, M.; Neves, A.C.; Borba, C.E.; Alves, H.J. Methane storage in activated carbon at low pressure under different temperatures
and flow rates of charge. J. Clean. Prod. 2018, 172, 921–926. [CrossRef]

21. Strizhenov, E.M.; Shkolin, A.V.; Chugaev, S.S.; Men’shchikov, I.E.; Solovtsova, O.V.; Shiryaev, A.A.; Nickolsky, M.S. Adsorbed
natural gas storage facility based on activated carbon of wood waste origin. Adsorption 2022, 29, 291–307. [CrossRef]

22. Conte, G.; Policicchio, A.; De Luca, O.; Rudolf, P.; Desiderio, G.; Agostino, R.G. Copper-doped activated carbon from amorphous
cellulose for hydrogen, methane and carbon dioxide storage. Int. J. Hydrogen Energy 2022, 47, 18384–18395. [CrossRef]

23. Kusdhany, M.I.M.; Ma, Z.; Mufundirwa, A.; Li, H.-W.; Sasaki, K.; Hayashi, A.; Lyth, S.M. Hydrogen and carbon dioxide uptake
on scalable and inexpensive microporous carbon foams. Microporous Mesoporous Mater. 2022, 343, 112141. [CrossRef]

24. Luo, L.; Chen, T.; Li, Z.; Zhang, Z.; Zhao, W.; Fan, M. Heteroatom self-doped activated biocarbons from fir bark and their excellent
performance for carbon dioxide adsorption. J. CO2 Util. 2018, 25, 89–98. [CrossRef]

25. Peredo-Mancilla, D.; Hort, C.; Jeguirim, M.; Ghimbeu, C.M.; Limousy, L.; Bessieres, D. Experimental Determination of the CH4
and CO2 Pure Gas Adsorption Isotherms on Different Activated Carbons. J. Chem. Eng. Data 2018, 63, 3027–3034. [CrossRef]

26. Zhang, C.; Song, W.; Ma, Q.; Xie, L.; Zhang, X.; Guo, H. Enhancement of CO2 Capture on Biomass-Based Carbon from Black
Locust by KOH Activation and Ammonia Modification. Energy Fuels 2016, 30, 4181–4190. [CrossRef]

27. Cui, H.; Shi, J.; Xu, J.; Yan, N.; Liu, Y. Direct synthesis of N, S co-doped porous carbons using novel organic potassium salts as
activators for efficient CO2 adsorption. Fuel 2023, 342, 127824. [CrossRef]

28. Neumann, K.; Gladyszewski, K.; Groß, K.; Qammar, H.; Wenzel, D.; Górak, A.; Skiborowski, M. A guide on the industrial
application of rotating packed beds. Chem. Eng. Res. Des. 2018, 134, 443–462. [CrossRef]

29. Sang, L.; Luo, Y.; Chu, G.-W.; Liu, Y.-Z.; Liu, X.-Z.; Chen, J.-F. Modeling and experimental studies of mass transfer in the cavity
zone of a rotating packed bed. Chem. Eng. Sci. 2017, 170, 355–364. [CrossRef]

30. Guo, Z.; Sun, Z.; Zhang, N.; Cao, X.; Ding, M. Mean porosity variations in packed bed of monosized spheres with small
tube-to-particle diameter ratios. Powder Technol. 2019, 354, 842–853. [CrossRef]

31. Dolamore, F.; Fee, C.; Dimartino, S. Modelling ordered packed beds of spheres: The importance of bed orientation and the
influence of tortuosity on dispersion. J. Chromatogr. A 2018, 1532, 150–160. [CrossRef]

32. Geyko, V.I. Reduced Compressibility and an Inverse Problem for a Spinning Gas. Phys. Rev. Lett. 2013, 110, 150604. [CrossRef]
33. Liu, H.-S.; Lin, C.-C.; Wu, S.-C.; Hsu, H.-W. Characteristics of a rotating packed bed. Ind. Eng. Chem. Res. 1996, 35, 3590–3596.

[CrossRef]
34. Zhang, J.; Burke, N.; Zhang, S.; Liu, K.; Pervukhina, M. Thermodynamic analysis of molecular simulations of CO2 and CH4

adsorption in FAU zeolites. Chem. Eng. Sci. 2014, 113, 54–61. [CrossRef]
35. Kosheleva, R.I.; Karapantsios, T.D.; Kostoglou, M.; Mitropoulos, A.C. Thermodynamic analysis of the effect of rotation on gas

adsorption. J. Non-Equilib. Thermodyn. 2023, 48, 403–416. [CrossRef]
36. Guo, Q.; Zhao, Y.; Qi, G.; Liu, Y. Performance and Mechanism of Gas-Solid Adsorption in a Rotating Adsorption Bed. Chem. Eng.

Technol. 2022, 45, 844–852. [CrossRef]
37. Kosheleva, R.I.; Karapantsios, T.D.; Kostoglou, M.; Mitropoulos, A.C. A novel device for in situ study of gas adsorption under

rotation. Rev. Sci. Instrum. 2021, 92, 45106. [CrossRef] [PubMed]
38. Azizian, S. Chapter 6—Adsorption isotherms and kinetics. In Adsorption: Fundamental Processes and Applications; Ghaedi, M., Ed.;

Elsevier: Amsterdam, The Netherlands, 2021; pp. 445–509. [CrossRef]
39. Bénard, P. 10—Carbon nanostructures for hydrogen storage. In Solid-State Hydrogen Storage: Materials and Chemistry; Woodhead

Publishing Series in Electronic and Optical Materials; Woodhead Publishing: Sawston, UK, 2008; pp. 261–287. [CrossRef]
40. Guo, Q.; Liu, Y.; Qi, G. Application of high-gravity technology NaOH-modified activated carbon in rotating packed bed (RPB) to

adsorb toluene. J. Nanoparticle Res. 2019, 21, 175. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

58



Citation: Wang, X.; Zhuang, R.; Liu,

X.; Hu, M.; Shen, P.; Luo, J.; Yang, J.;

Wu, J. Insight into the Storage

Mechanism of Sandwich-Like

Molybdenum Disulphide/Carbon

Nanofibers Composite in

Aluminum-Ion Batteries.

Nanomaterials 2024, 14, 442.

https://doi.org/10.3390/

nano14050442

Academic Editor: Guangxu Lan

Received: 25 January 2024

Revised: 15 February 2024

Accepted: 22 February 2024

Published: 28 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Insight into the Storage Mechanism of Sandwich-Like
Molybdenum Disulphide/Carbon Nanofibers Composite
in Aluminum-Ion Batteries

Xiaobing Wang 1, Ruiyuan Zhuang 2,*, Xinyi Liu 1, Mingxuan Hu 1, Panfeng Shen 1, Jintao Luo 1, Jianhong Yang 3

and Jianchun Wu 3,4,*

1 School of Advanced Materials Engineering, Jiaxing Nanhu University, Jiaxing 314000, China
2 School of Mechanical and Electrical Engineering, Jiaxing Nanhu University, Jiaxing 314000, China
3 School of Materials Science and Engineering, Jiangsu University, Zhenjiang 212013, China
4 Institute of Nuclear Science and Technology, Sichuan University, Chengdu 610064, China
* Correspondence: zhuangryuan@jxnhu.edu.cn (R.Z.); jcwu@ujs.edu.cn (J.W.)

Abstract: Aluminum-ion batteries (AIBs) have become a research hotspot in the field of energy
storage due to their high energy density, safety, environmental friendliness, and low cost. However,
the actual capacity of AIBs is much lower than the theoretical specific capacity, and their cycling
stability is poor. The exploration of energy storage mechanisms may help in the design of stable
electrode materials, thereby contributing to improving performance. In this work, molybdenum
disulfide (MoS2) was selected as the host material for AIBs, and carbon nanofibers (CNFs) were
used as the substrate to prepare a molybdenum disulfide/carbon nanofibers (MoS2/CNFs) electrode,
exhibiting a residual reversible capacity of 53 mAh g−1 at 100 mA g−1 after 260 cycles. The energy
storage mechanism was understood through a combination of electrochemical characterization and
first-principles calculations. The purpose of this study is to investigate the diffusion behavior of
ions in different channels in the host material and its potential energy storage mechanism. The
computational analysis and experimental results indicate that the electrochemical behavior of the
battery is determined by the ion transport mechanism between MoS2 layers. The insertion of ions
leads to lattice distortion in the host material, significantly impacting its initial stability. CNFs,
serving as a support material, not only reduce the agglomeration of MoS2 grown on its surface, but
also effectively alleviate the volume expansion caused by the host material during charging and
discharging cycles.

Keywords: aluminum-ion batteries; electrochemical behavior; energy storage mechanism;
MoS2/CNFs; composite materials

1. Introduction

In response to global climate change, the construction of a green, low-carbon, and
clean energy system with renewable energy as the mainstay is the energy strategy of the
world. However, the intermittency and randomness of renewable energy have brought
great challenges to maintaining the balance of power and electricity in power systems.
Addressing the imbalance between renewable energy generation and electricity load de-
mands the utilization of energy storage technology [1,2]. Therefore, large-scale energy
storage technology is perceived as a pivotal strategy to facilitate the widespread adoption
of renewable energy, serving as a strategic underpinning for the future transformation of
energy structures and shifts in power production and consumption patterns. At present,
lithium-ion batteries (LIBs) are facing challenges, including the scarcity of lithium resources
and safety concerns, hindering their widespread adoption in the energy storage field [3,4].
Consequently, the development of cost-effective and high-safety secondary batteries has
garnered widespread attention from society.
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Aluminum-ion batteries (AIBs) have the advantages of abundant aluminum resources,
high safety, and high theoretical volumetric capacity (8040 mAh cm−3). Compared with
traditional LIBs, AIBs have multiple electrons participating in the electrode reaction during
the charging and discharging processes, resulting in a high theoretical specific capacity,
making AIBs a growing research hotspot in the field of energy storage [5,6]. Since Hol-
leck used aluminum metal as the anode; metal chloride as the cathode; and molten salt
electrolyte consisting of AlCl3, KCl, and NaCl to form aluminum batteries, research on
non-aqueous AIBs has begun to receive attention from researchers [7]. However, due to the
high electrode potential of aluminum and the large ionic radius involved in the electrode
reaction, AIBs have lower energy density and insufficient electrochemical performance
to meet practical demands. In 2015, Lin introduced a model of AIBs utilizing a novel
ionic liquid (AlCl3/[EMIm]Cl) as the electrolyte, marking a significant breakthrough in the
field of AIBs [8]. Subsequently, various materials have been integrated into the cathode
materials of non-aqueous AIBs, including metal oxides (such as MnO2 and V2O5) [9,10],
transition metal chalcogenides (such as CuS2, VS2, and Co9S8) [11–13], carbon-based mate-
rials (such as graphene, graphitic carbon, and graphitic foam) [14–16], and other materials
(such as MXenes and conducting polymers) [17,18]. Among them, carbon-based materials
are one of the most used in AIBs, with advantages such as high discharge voltage and
good cycle stability. However, in the storage mechanism of carbon-based materials, the
guest ion is AlCl4−, whose theoretical specific capacity is only one-third of Al3+ under
the same amount of ion insertion, resulting in insufficient discharge capacity (approxi-
mately 70 mAh g−1). Transition metal oxides have gained significant attention for their
higher discharge specific capacity compared to carbon materials. Nevertheless, current
research on transition metal oxides mainly focuses on vanadium-based oxides, mainly due
to the high surface charge density of Al3+, coupled with the high transmission barrier of
multivalent ions in oxide crystal structures, which leads to strong coulombic interactions
between Al3+ and the material lattice, hindering its interlattice diffusion [19,20]. Compared
to other cathode materials (such as carbon-based materials, transition metal chalcogenides,
et al.), transition metal chalcogenides can facilitate the exchange of three electrons during
aluminum storage, thereby exhibiting a high theoretical specific capacity. Additionally,
transition metal chalcogenides possess advantages such as wide interlayer spacing, low
electronegativity, and abundant resources. Moreover, the coulombic interaction between
Al3+ and transition metal chalcogenides is comparatively weaker than that observed with
metal oxides. Consequently, they are considered highly promising cathode materials for
AIBs [21].

Molybdenum disulfide (MoS2) is a sulfide with a sandwich-like layered structure,
similar to graphene, but with a distinct stacking sequence. Each MoS2 layer constitutes a
three-dimensional structure via strong S-Mo-S ionic/covalent bonds, and each adjacent
layer of MoS2 is separated by van der Waals forces, forming a spacing of 0.62 nm. This
spacing is notably larger than the interlayer spacing of graphite (0.335 nm) [22,23]. The
weaker van der Waals forces between the layers of MoS2 facilitate the rapid diffusion
of ions without significant changes in volume, making MoS2 an ideal host material for
electrochemical intercalation and deintercalation. Indeed, MoS2 has been reported as
an electrode material in LIBs, sodium-ion batteries (SIBs), zinc-ion batteries (ZIBs), and
AIBs [24–29].

Li applied petal-shaped MoS2 microspheres to AIBs for the first time. Electrochemical
testing results revealed that the initial discharge specific capacity was 253.6 mAh·g−1 at
a current density of 20 mA·g−1, and the discharge specific capacity after 100 cycles was
66.7 mAh·g−1 at a current density of 40 mA·g−1. The large ionic radius involved in the
electrode reaction during charging and discharging resulted in a low discharge specific
capacity and poor cycle stability [27]. Researchers have made structural designs and opti-
mized the properties to improve their inherent defects and enhance their electrochemical
performance [28,29]. Subsequently, Luo prepared MoS2-RGO composite electrode materials
using graphene as a carrier, and Lu designed MoS2@CNFs composite electrodes using
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carbon nanotubes as a carrier [28,29]. The introduction of graphene and carbon nanotubes
in the composite electrode effectively improved the electrical conductivity of the electrode
material, increased the contact area between the electrode material and the electrolyte, and
then effectively improved the electrochemical performance of the electrode. Therefore, in
addition to designing the electrode structure reasonably, it is crucial to study the energy
storage mechanism of MoS2, as it has been demonstrated that MoS2 is a suitable material
for AIBs. Understanding the energy storage mechanism may help to successfully design
stable electrode materials and optimize their performance.

Here, MoS2/CNFs composites were synthesized using a simple electrospinning and
subsequent hydrothermal method, with layered MoS2 evenly distributed on the surface
of the CNFs. Serving as a binder-free electrode for AIBs, the uniform nanosheet and lay-
ered structure of MoS2/CNFs ensures complete contact with the electrolyte, improving
its conductivity, thereby promoting the transport of Al3+ and the cycling performance.
Additionally, the carbon substrate not only prevents the agglomeration of MoS2, but also al-
leviates the volume expansion effects of the electrode during charging and discharging. As
a result, the prepared AIBs exhibit good cycling stability, delivering a first discharge capac-
ity of approximately 180 mAh g−1 at 100 mA g−1, and maintaining their capacity at about
53 mAh g−1 after 260 cycles. Ex-situ XPS and XRD characterization were conducted to gain
a deeper understanding of the energy storage mechanism of the MoS2-based cathode. Con-
sequently, the deintercalation energy of ions in different channels of MoS2 was calculated,
and the potential ion deintercalation sites and energy storage mechanism were inferred
based on the magnitude of the deintercalation energy. Specifically, the layer distance of
MoS2 matches the size of Al3+, and Al3+ is inserted into MoS2 to generate AlxMoS2.

2. Materials and Methods

2.1. Synthesis of Binder-Free MoS2/CNFs Cathode
2.1.1. Electrospinning

All reagents were used without further purification. A weight of 3 g of PAN (PAN,
average Mw = 150,000, ALDRICH, Shanghai, China) was dissolved in 27 mL of N,N-
dimethyformamide (DMF, 99.9%, innochem) solution and vigorously stirred for 12 h until
the solution became uniform and clear, and then it was poured into a needle tube. After
that, the plastic needle tube was placed on the spinning machine injection pump for
electrospinning. The parameters of the spinning process were: high-voltage power supply
voltage of 15 kV, push rate of 0.5 mL h−1, and needle diameter of Φ 18. After electrospinning,
the fiber precursor was collected for thermal treatment. Under air atmosphere, the fibers
were pre-treated at 280 ◦C with a temperature rise rate of 1 ◦C min−1. The fiber obtained
after pre-treatment was a brownish black. Finally, the pre-treated fibers were further
carbonized, which needs to be carried out in Ar atmosphere at 800 ◦C with a temperature
rise rate of 5 ◦C min−1, as shown in Figure 1a.

2.1.2. Hydrothermal Method

Initially, 2 mmol (NH4)6Mo7O24 (99.95%, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) and 10 mmol CH4N2S (99.95%, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) were introduced into 80 mL of deionized water, followed by stirring at a
speed of 600 r min−1 for a duration of 2 h until complete dissolution was achieved. The
solution was then transferred to a 100 mL PTFE-lined autoclave. Subsequently, the CNFs
prepared above were added to the solution. The PTFE-lined autoclave was reacted at 200 ◦C
for 24 h with a heating rate of 2 ◦C min−1. After completion of the reaction, the sample was
thoroughly washed and dried overnight at 60 ◦C in a vacuum oven with a heating rate of
1 ◦C min−1. Finally, the hybrid composite materials were calcined at 350 ◦C for 2 h with a
heating rate of 2 ◦C min−1 under a nitrogen atmosphere to yield the desired MoS2/CNFs
composite (depicted in Figure 1b). The synthesis process for pure MoS2 nanomaterials is
comparable to the preparation method for MoS2/CNFs, except that pure carbon fibers are
not employed as the matrix material during the synthesis process.

61



Nanomaterials 2024, 14, 442

 

Figure 1. Schematic illustration of the preparation process: (a) CNFs; (b) MoS2/CNFs.

2.2. Structural and Chemical Characterization

X-ray diffraction (XRD, SmartLab 9kw, Shanghai, China) analysis was employed for
the phase characterization of the synthesized sample, operating within an angle range
of 5–90◦ and a scan rate of 10◦ min−1. The Thermo Fisher Nexsa (Waltham, MA, USA)
instrument was utilized to analyze the surface element composition and valence states.
The analysis chamber was operated at a vacuum level of approximately 5 × 10−9 mbar,
utilizing a monochromatic Al-Kα X-ray source with an energy of 1486.6 eV and a voltage of
12 KV. The Thermo Fisher DXR instrument was employed to depict the molecular vibration
and rotational energy level structure of the synthesized material, operating with a 523 nm
laser and a power of 1 mW. To acquire a comprehensive understanding of the physical and
chemical attributes, such as morphology, composition, and microstructure, the scanning
electron microscopy (JSM-7800F, JEM-2100, JEOL, Tokyo, China) was researched.

2.3. Electrochemical Measurements

Considering the high corrosiveness of the ionic liquid electrolyte employed in the
experiment towards stainless steel, soft-pack batteries were assembled for testing in this
work. The batteries consist of binder-free electrodes made of MoS2/CNFs, glass fiber
separators, aluminum foils, and ionic liquid electrolytes. Specifically, the ionic liquid
electrolyte was prepared by combining AlCl3 (99.999%, Sigma Aldrich, St. Louis, MO, USA)
and 1-ethyl-3-methylimidazolium chloride ([EMIm]Cl, 98%, Aladdin, Shanghai, China)
in a molar ratio of 1:1.3. After assembly, the batteries were allowed to rest for 6 h to
ensure the electrolyte fully contacted the electrode materials. All constant current charge–
discharge tests were conducted on the Neware electrochemical testing system, with a test
voltage range of 0.1–1.8 V (relative to Al/AlCl4−). In order to study the electrochemical
activity and reaction process of the electrodes, CV tests were performed on the PARSTAT
MCEIS instrument of the Princeton Electrochemical Workstation (AMETEK, Middleboro,
MA, USA).
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2.4. Computational Details

The simulations were conducted by the first-principles calculations based on density
functional theory (DFT). For the computational simulation of MoS2, the spatial symmetry
group is P63/mcc (194). The computational model employed a 4 × 4 × 1 MoS2 supercell
structure, with a supercell size of 12.76 × 12.76 × 18.88 Å3. Considering the influence of
van der Waals interactions, the DFT-D3 method was used for vdW correction during the
calculation process. Prior to calculating the Al3+ insertion structure, the model was fully
optimized for structural optimization.

3. Results

Figure 2a shows the XRD pattern of the MoS2/CNFs composite material. The diffrac-
tion peaks of the synthesized sample match with the (002), (100), (102), (103), and (110)
crystal planes of the standard card (JCPDS No. 37-1492) for 2H-MoS2. From the figure, it
can be seen that no impurity peaks of molybdenum or other impurities were observed,
indicating that the synthesized product is pure-phase MoS2. The peak at 2 θ = 25 ◦ can
be attributed to amorphous carbon. Moreover, it can be concluded that the synthesized
MoS2 has a P63/mmc space group and belongs to the hexagonal crystal system. However,
compared to the standard card, all diffraction peaks of MoS2/CNFs are shifted to the left
by a small angle, especially the diffraction peaks of the (002) crystal plane, which is most
affected by CNFs. Raman spectroscopy was conducted to further confirm the consistency
of the phase and chemical composition of the synthesized materials, and the results are
shown in Figure 2b. The Raman spectrum of pure CNFs only has two distinct characteristic
peaks, corresponding to the D and G peaks, respectively. However, the Raman spectrum
of MoS2/CNFs also has two additional characteristic peaks, located at 378 and 406 cm−1,
which correspond to the E2g and A1g of 2H-MoS2 [30,31]. Therefore, through XRD and
Raman characterization, MoS2/CNFs composite materials were successfully synthesized.

Figure 2. (a) Ex−situ XRD patterns and (b) Raman patterns of the MoS2/CNFs.

To gain a better understanding of the morphology of the synthesized materials, SEM
was performed. Figure 3a shows the corresponding SEM image of pure CNFs. It can be
observed that the pure CNFs have a relatively smooth surface and uniform fiber diameter.
Although the fibers have been calcined at high temperatures, they still maintain a long-
range continuous morphology and form a three-dimensional (3D) network structure. After
the hydrothermal synthesis process, the surface of the fiber becomes slightly rough, and
layered MoS2 nanosheets are uniformly grown on the fiber surface (Figure 3b,c). Due to the
strong mechanical strength of CNFs, the 3D network structure of the composite material
remains well after hydrothermal reaction. In order to further demonstrate the superiority
of carbon nanofibers as a matrix material, SEM characterization was also performed on
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pure MoS2. As shown in Figure 3d and Supplementary Figure S1, the MoS2 nanomaterials
prepared by one-step hydrothermal synthesis exhibit a clustered morphology formed by
nanosheets. The main reason is that during the synthesis process, due to excessive reaction
time, the layered structure gradually converges to form a spherical shape. However, the
MoS2 nanoballs are irregular and their size is large, exceeding 1 μm. Therefore, using
carbon fibers as a substrate can effectively prevent the agglomeration of MoS2 during
formation. In addition, epitaxially grown MoS2 nanosheets construct nanovoids on one-
dimensional CNFs, which is beneficial for electrode/electrolyte interactions when used as
battery electrodes.

Figure 3. (a) SEM image of pure CNFs; (b,c) SEM images of MoS2/CNFs; (d) SEM image of
pure MoS2.

In addition, TEM characterization was studied to further analyze the morphology and
microstructure of the prepared products. Figure 4a,b present TEM images of MoS2/CNFs
at varying magnifications. The observations in Figure 4a are comparable to those from
the preceding SEM images, clearly showing the uniform growth of MoS2 nanosheets
on the fiber surface. From Figure 4b, the magnified TEM image reveals that the MoS2
nanosheets on the fiber surface are relatively thin and have a clearly visible layered structure
with a thickness of approximately 30 nm. Compared to MoS2 nanoballs synthesized
by a one-step hydrothermal method, small-sized MoS2 nanosheets are more suitable as
electrode materials for batteries, as smaller sizes of active materials can effectively improve
electron transfer ability and shorten ion migration distance. Furthermore, the MoS2 in the
MoS2/CNFs composite material is minimally aggregated and exposes a greater number of
active sites. These factors indicate that the preparation process of growing active substances
on the surface of CNFs using the hydrothermal method is superior. The polycrystalline
nature of MoS2/CNFs can be verified by a series of concentric rings in Figure 4c. The
selected area electron diffraction pattern reveals that these rings correspond to the (103),
(002), (110), and (101) planes of MoS2. Figure 4d depicts the energy dispersive X-ray
spectroscopy (EDS) of MoS2/CNFs, revealing that the composite material comprises three
elements of C, Mo, and S, and each element is evenly distributed, indicating that the
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MoS2/CNFs successfully synthesized by electrospinning combined with the hydrothermal
method boast an optimal morphology, with MoS2 predominantly distributed on the surface
of the fibers.

Figure 4. (a,b) TEM figures of MoS2/CNFs; (c) SAED patterns of MoS2/CNFs; (d) corresponding
mapping patterns of MoS2/CNFs.

An X-ray photoelectron spectroscopy (XPS) spectrum for MoS2/CNFs composites
was conducted to investigate the surface elemental composition and chemical state. Over-
all, the XPS full spectrum of MoS2/CNFs composites showed the coexistence of Mo, C,
and S elements, further supporting the composition of the composite consisting of these
three elements (Figure 5a). Figure 5b shows a high-resolution C 1s spectrum consisting of
three peaks, including the main C=C peak at 284.7 eV and two other peaks at 286.4 and
288.6 eV, corresponding to C-O and O-C=O, respectively. For the XPS high-resolution
spectrum of Mo 3d (Figure 5c), two peaks located at 231.9 and 228.8 eV can be attributed to
Mo 3d3/2 and Mo 3d5/2 of Mo4+ in MoS2 [32,33]. In addition, the peak located at 235.8 eV
corresponds to a satellite peak of Mo6+, while another peak located at 226.2 eV is attributed
to S 2s [34]. Figure 5d shows a high-resolution S 2p spectrum, where the peaks located at
163.1 and 161.9 eV belong to S 2p1/2 and S 2p3/2 [35,36]. Therefore, MoS2 and CNFs are
bound through C-O-Mo bonds, indicating a strong interaction between Mo species and
functional groups present on CNFs, which originate from the peroxide and carbonization
processes of PAN-[37].

Figure 6 shows the electrochemical performance of soft-pack batteries assembled with
MoS2/CNFs and CNFs as the electrodes. Since the MoS2/CNFs electrodes tested in the
experiment are composite materials, it is necessary to analyze the carbon substrate to
understand its role in the composite electrode. Figure 6a depicts the CV curve of pure CNFs
as the electrode. It is evident that the battery exhibits no electrochemical activity at this
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voltage window, indicating that the carbon material only plays a role as a self-supporting
substrate for MoS2. Furthermore, in comparison to its corresponding constant current
charge–discharge curve, it can be clearly seen that the specific capacity released by the
electrode at a current density of 100 mA g−1 is almost negligible (Figure 6b). Consequently,
it can be inferred that using carbon nanofibers as the matrix to support the active substance
has no impact on the electrochemical performance of the battery when operated under a
voltage range of 0.1–1.8 V.

Figure 5. XPS spectra of (a) survey spectrum; (b) C 1s; (c) Mo 3d; (d) S 2p of MoS2/CNFs.

Figure 6. Cont.
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Figure 6. CV curves of: (a) CNFs, (c) MoS2/CNFs; cycling performance at 100 mA g−1 of (b) CNFs,
(e) MoS2/CNFs; (d) Nyquist plots of MoS2/CNFs.

Figure 6c displays the CV curve of the MoS2/CNFs composite material serving as
the cathode of AIBs. In contrast to the pure CNFs cathode, the battery demonstrates elec-
trochemical activity within this voltage window, showcasing a subtle oxidation reduction
peak. For the cathodic sweep peak, the oxidation peak is located at approximately 0.55 V
and 1.58 V, while for the anodic sweep peak, the reduction peak positions of the curve
are approximately 1.23 V and 0.42 V. Therefore, utilizing MoS2 as the active substance in
AIBs manifests battery characteristics, indicating the potential for cyclic performance. The
Nyquist plot is shown in Figure 6d, revealing the kinetic characteristics of the MoS2/CNFs
electrode. It can be clearly observed that the impedance spectrum of the electrode consists
of a semicircle and a slope, where the semicircle is related to the charge transfer dynamics
between the electrode interface and the electrolyte, and the slope indicates the diffusion
resistance of ions. The Nyquist curves are simulated by the modified Randles equivalent
circuit (Figure S3, Supporting Information). From the fitted curve, it can be seen that the
resistance value of the electrode is relatively small (128 Ω), indicating the high charge/ion
conductivity of the electrode. After cycling, the hybrid electrode exhibited significantly
enhanced charge transfer kinetics with a remarkably reduced charge transfer resistance
of 66 Ω compared to the fresh cell (Figure S2, Supporting Information) [38]. The main
reason is that the 3D network structure of the composite material is conducive to elec-
trolyte penetration into the electrode, and the continuity of CNFs shortens the electron
migration path. As illustrated in Figure 6e, since pure CNFs lack electrochemical activity
within this voltage window, the curve reflects the capacity released by MoS2. The initial
capacity of the battery is approximately 180 mAh g−1, but it experiences rapid capacity
degradation in the initial cycles. After 30 cycles, the battery gradually tends to a stable state,
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reaching a capacity of about 60 mAh g−1. In subsequent cycles, the battery displays good
stability, and after 260 cycles of charging and discharging, the AIBs possess a capacity of
approximately 53 mAh g−1. To evaluate the rate performance of the MoS2/CNFs electodes,
charge/discharge cycles at different current densities from 100 to 500 mA g−1 were per-
formed, as shown in Figure S4 (Supporting Information). Furthermore, we have compared
the performance of MoS2/CNFs for application in AIBs with several other transition metal
dichalcogenides in Table S1 (Supporting Information).

MoS2, serving as a host material, finds extensive applications in various metal sec-
ondary batteries (such as Li, Zn, Na, etc.). Its energy storage mechanism is mostly attributed
to the deintercalation behavior of metal ions within MoS2 crystals. However, AIBs have
multiple ions during the charging and discharging processes, including Al3+, [Al2Cl7]−
and [AlCl4]−, among others. To further ascertain which ion undergoes the deinterca-
lation behavior within MoS2 crystals, in-depth studies were conducted on the energy
storage mechanism of MoS2/CNFs electrodes. Figure 7a,b present high-resolution TEM
images of MoS2/CNFs before and after cycling, respectively. For the pristine MoS2/CNFs,
the lattice spacing of MoS2 is 0.62 nm, which aligns with its (002) crystal plane spacing
(Figure 7a). However, as depicted in Figure 7b, the crystal plane spacing of the cycled
electrode increased to 0.73 nm, indicating the presence of ion insertion in the MoS2
crystal after cycling. The stability of the electrode was assessed by conducting SEM
image analysis on the electrode post-cycling, and the obtained results are presented in
Figure S5 (Supporting Information). To gain a more intuitive understanding of the compo-
sition and structure of the electrode material interface before and after cycling, EDS was
also conducted. Upon EDS analysis of the pre- and post-cycling electrodes, it is evident that
a distinct aluminum characteristic peak emerges in the EDS spectrum of the post-cycling
electrode (Figure 7c,d). Therefore, it can be concluded that aluminum ions undergo a
deintercalation process during the charge and discharge cycles, and this behavior can be
summarized using the following equation:

Cathode : Al3+ + MoS2 + 3xe−
discharge/charge↔ AlxMoS2

Anode : 7[Al Cl4]
− + Al

discharge/charge↔ 4[Al2 Cl7]
− + 3e−

68



Nanomaterials 2024, 14, 442

 

Figure 7. (a,b) HR-TEM images of the MoS2/CNFs before and after cycled; (c,d) the EDS spectrum
of the MoS2/CNFs before and after cycled; (e) the crystal structure of MoS2 and the possible entry
methods of Al3+; (f) schematic diagram of the structure of Al3+ in MoS2 crystals. The red, green, and
yellow circles represent Mo, Al, and S atoms.

However, due to the unique sandwich structure of MoS2, molybdenum atoms and
sulfur atoms form the spatial structure of S-Mo-S, and each adjacent MoS2 layer is separated
by van der Waals forces. To further investigate the deintercalation positions of aluminum
ions, the experiment incorporated first-principles calculations to predict the potential
entry pathways for aluminum ions. Figure 7e illustrates the crystal structure of MoS2
and the possible entry pathways for aluminum ions. Initially, it was hypothesized that
aluminum ions could be deintercalated in both channel 1 and channel 2 in MoS2. However,
the computational results revealed that the energy required for aluminum ions to be
deintercalated in channel 1 is significantly high and nearly unattainable, while the energy
required for deintercalation in channel 2 is relatively low, which can possibly attributed to
the presence of minor van der Waals forces between layers. Based on this, it can be inferred
that during the cycling process of the battery, aluminum ions predominantly undergo
deintercalation in channel 2 of MoS2. The corresponding computational results are shown
in Table S2 (Supporting Information).

4. Conclusions

This study delves into the energy storage mechanism of AIBs, with a focus on the
layered structure of MoS2 as the host material. MoS2/CNFs composite materials were syn-
thesized through a combination of electrospinning and the hydrothermal method, serving
as the self-supporting electrodes for AIBs. The electrode material boasts a 3D network
structure, which not only enhances the conductivity of the electrode, but also effectively pre-
vents the aggregation of MoS2 during the synthesis process. As self-supporting electrodes,
the AIBs exhibit a residual reversible capacity of 53 mAh g−1 at 100 mA g−1 after 260 cycles.
The experimental and computational findings reveal the presence of Al3+ intercalation in
MoS2/CNFs electrodes during the charge and discharge processes. Based on first-principles
calculations, it can be concluded that the energy required for Al3+ to be inserted in the
interlayer gaps formed by S-Mo-S ion bonds is relatively high, indicating that this entry
method is almost impossible. Meanwhile, the formation energy for deintercalation between
each MoS2 layer is relatively small, approximately 0.64 eV. Therefore, during the charging
and discharging processes, Al3+ mainly undergoes deintercalation between each layer.
The insights gained from this research are expected to guide the design and synthesis of
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next-generation high-capacity and durable AIBs electrodes, laying the foundation for a
more sustainable energy future and facilitating the commercial application of AIBs.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nano14050442/s1, Figure S1 Scanning electron microscopy
(SEM) images of MoS2. Figure S2 Nyquist plots of MoS2/CNFs after cycling. Figure S3 Equivalent
circuit model. Figure S4 Rate performance of MoS2/CNFs electrode at different current density.
Figure S5 Scanning electron microscopy (SEM) images of MoS2/CNFs after cycling. Table S1 Perfor-
mance comparison of MoS2/CNFs with several other transition metal dichalcogenides for application
in AIBs. Table S2 The formation energy of aluminum ions embedded in different channels of MoS2.
References [39–50] are cited in the Supplementary Materials.
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Abstract: Chemical warfare agents (CWAs) refer to toxic chemical substances used in warfare.
Recently, CWAs have been a critical threat for public safety due to their high toxicity. Metal–organic
frameworks have exhibited great potential in protecting against CWAs due to their high crystallinity,
stable structure, large specific surface area, high porosity, and adjustable structure. However, the metal
clusters of most reported MOFs might be highly consumed when applied in CWA hydrolysis. Herein,
we fabricated a two-dimensional piezoresponsive UiO-66-F4 and subjected it to CWA simulant
dimethyl-4-nitrophenyl phosphate (DMNP) detoxification under sonic conditions. The results show
that sonication can effectively enhance the removal performance under optimal conditions; the
reaction rate constant k was upgraded 45% by sonication. Moreover, the first-principle calculation
revealed that the band gap could be further widened with the application of mechanical stress, which
was beneficial for the generation of 1O2, thus further upgrading the detoxification performance
toward DMNP. This work demonstrated that mechanical vibration could be introduced to CWA
protection, but promising applications are rarely reported.

Keywords: piezoresponsive metal–organic frameworks; chemical warfare agent detoxification; me-
chanical energy harvesting

1. Introduction

Chemical warfare agents (CWAs) refer to various chemical substances with severe
toxicity used for war purposes, capable of poisoning or killing enemy humans, animals,
and plants on a large scale. In recent years, CWAs have been one of the crucial means for
terrorists and extremist organizations to enforce terrorist activities and war activities due
to their large killing ability, wide working range, strong concealment, and low cost [1–3].
Consequently, due to their terrible toxicity, the quick detoxification of CWAs has become
one of the critical demands in preventing CWA attacks [4,5]. To deal with CWAs, conven-
tional methods include adsorption and chemical reaction methods [6–8]. The adsorption
method presents good universality; however, the removal performance largely relies on
the adsorption capacity of the adsorbents (e.g., activated carbon). Moreover, after reaching
saturation, there is a large degree of desorption, which is potentially dangerous, thus
hindering its further application in protective equipment [9–11]. The chemical reaction
method exhibits the great advantage of permanent detoxification. Recently, most of the
commonly used disinfectants have included oxidizing chlorinated disinfectants, alkaline
disinfectants, etc. [12–15]. However, various problems also exist such as low efficiency,
strong corrosivity, storage difficulties over long periods of time, and serious environmental
pollution. Moreover, the consumption of these disinfectants is always huge; it is difficult
to carry them in military operations, and it is also not easy to integrate them into military

Nanomaterials 2024, 14, 559. https://doi.org/10.3390/nano14070559 https://www.mdpi.com/journal/nanomaterials73



Nanomaterials 2024, 14, 559

personal protective equipment. Therefore, developing new detoxification materials is
urgently needed to guard against potential threats from chemical warfare agents [16–18].

In recent years, researchers have made great efforts in developing new detoxifica-
tion materials, especially materials with catalytic properties, such as biological enzymes,
anionic polyoxometalates, nano metal oxides, amphiphilic polyoxometalates, etc. These
materials show a certain degree of detoxification ability; however, a variety of demerits
limit their further promotion and application. For instance, biological enzymes exhibit high
cost; the pore structure of metal oxides is relatively inferior; simultaneously, the surface
chemical properties of metal oxides are usually ultrastable and are hard to modify, thus
leading to the active adsorption ability of metal oxides to chemical warfare agents being
insufficient [17,19–21]. To achieve the ideal detoxification effect, the designed material
needs the following key properties. Firstly, the material needs an outstanding pore struc-
ture to provide more active sites and larger space for further modification. Secondly, the
chemical structure of the material is adjustable and easy to modify, so that the bandgap
width, affinity, and application range can be controlled. Moreover, the material needs to
have the characteristic of utilizing external driving energy to enhance its reusability and be
able utilize external driving forces to achieve and accelerate the catalytic process during
detoxification; then, the crystals can be well preserved even after many cycles of use.

Metal–organic frameworks (MOFs) are porous crystalline materials assembled by
the coordination of metal clusters and organic ligands [22–25]. They have outstanding
advantages of high crystallinity, stable structure, large specific surface area, high porosity,
and adjustable structure, which give them broad application prospects in various fields,
such as adsorption, drug delivery, sensing, and photocatalysis [26–29]. MOFs are also
regarded as some of the ideal detoxification materials for CWAs and have had significant
outcomes in the field of detoxification, greatly improving detoxification efficiency and
largely shortening the half-life of the CWAs. However, the active sites are easy to inactivate
in the detoxifying process, which severely hinders their further application. External
driving energy is urgently required to be employed to transfer to chemical energy, which
can detoxify CWAs. Most reported works developed photocatalytic MOFs to harvest solar
energy, which were applied in the degradation of pollutants and CWA simulants, for
instance, PCN-222, Cu-TCPP, NU-1000, etc. [30–33]. However, the working performance of
photoresponsive MOFs is largely limited by the weather and daytime duration. Mechanical
energy is one of the most common forms of energy in nature, and piezocatalysis has been
emerging as a promising alternative technology for organic pollutant removal, as it can
harvest various mechanical energies including vibrations, wind, and water waves from the
surrounding environment [34–38]. However, the mechanically enhanced detoxification of
CWAs by piezoresponsive MOFs has rarely been reported [39].

Herein, we fabricated a two-dimensional UiO-66-F4 by the microwave-assisted hy-
drothermal method and subjected it to CWA simulant detoxification under mechanical
vibration. The obtained UiO-66-F4 presented ultrathin nanosheets with a thickness of ~5 nm
and a large specific surface area of 331.827 m2/g. It also showed outstanding piezoresponse
capacity in an ultrasonic environment; the amplitude displacement of UiO-66-F4 could
reach ~50 mV under a 10 V DC bias field. Consequently, it could effectively harvest me-
chanical energy and transfer it to chemical energy, thus effectively detoxifying the CWAs.
Under optimal conditions, the UiO-66-F4 could detoxify almost all of the DMNP within
60 min, and the half-time of the DMNP was 10.58 min, which was much shorter than
that under stirring conditions. The detoxification capacity was also excellent compared
to other reported materials. Simultaneously, the reaction constant k was upgraded by
45% by the mechanical vibration. The first-principle calculation revealed the polarization
behavior of the MOF crystals and the widening of the band gap under mechanical stress.
This work demonstrated that CWAs could be mechanically detoxified by a piezorespon-
sive MOF, which provides great prospects for protection against CWAs of personnel in a
toxic environment.
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2. Materials and Methods

2.1. Chemicals

Tetrafluoroterephthalic acid (BDC-F4) was bought from Yanshen Chemistry (Jilin,
China). Zirconium chloride (ZrCl4), methanol, absolute ethanol, N,Ndimethylformamide
(DMF), and glacial acetic acid (HAc) were bought from Macklin (Shanghai, China). Thy-
molphthalein, sodium hydroxide (NaOH), zinc oxide (ZnO), and N-Ethylmorpholine were
bought from Aladdin (Shanghai, China). Dimethyl-4-nitrophenyl phosphate (DMNP) was
synthesized by our lab, and the chemical structure is displayed in Figure S1b.

2.2. Characterizations

The morphology of the UiO-66-F4 was observed by field emission scanning electron
microscopy (SEM, Zeiss Merlin, Oberkochen, Germany) with a working voltage of 10 kV
and transmission electron microscopy (TEM, JEOL JEM F200, Tokyo Metropolitan, Japan)
with a working voltage of 300 kV. The crystallinity was analyzed through a powder X-ray
diffraction pattern which was recorded by a polycrystalline diffractometer (Rigaku Mini-
Flex 600, Tokyo, Japan) with Cu Kα radiation (λ = 0.154 nm). The Fourier transform
infrared (FTIR) spectra were recorded by a PerkinElmer Spectrum-II spectrometer (Welles-
ley, MA, USA) with KBr pellets. The elements’ valence status was investigated through
X-ray photoelectronic spectroscopy (XPS) which was conducted by a Thermo ESCALAB
250XI (Waltham, MA, USA) fitted with Al Kα radiation, and all the binding energy was
referenced as the C 1s peak at 284.8 eV. The surface area and porosity were analyzed by
Brunauer–Emmett–Teller (BET) and Horvath–Kawazoe (HK) methods, respectively, using
a Quantachrome Autosorb IQ (Boynton Beach, FL, USA) instrument. The thickness and
piezoresponse capacity were measured through atom force microscopy (AFM) and piezore-
sponse force microscopy (PFM) by a Bruker-Icon (Billerica, MA, USA) with a working
probe (MESP, coefficient of elasticity 2 N/m, resonance frequency 75 Hz) and polarization
voltage of 10 V, respectively. The size distribution and zeta potential were collected by
a Nanotrac Wave II (Microtrac MRB, Clearwater, FL, USA). The ultraviolet and visible
spectrum (UV-Vis) was measured by a UV-5200 (Metash, Shanghai, China) with a working
wavelength range of 200–800 nm.

2.3. Assembly of UiO-66-F4

The UiO-66-F4 was assembled by a previously described method [38]. Typically,
85.9 mg BDC-F4 was added to 50 mL mixed solution (water/HAc = 30/20). After sonication
for 5 min, 75 mg ZrCl4 was added, followed by continuous sonication for 10 min. Right
after, the mixed solution was placed in a microwave oven and heated at 100 ◦C for 4 h. The
obtained precipitates were washed by DMF and ethanol, respectively, 3 times, followed
by drying in a vacuum oven for 8 h at 80 ◦C. The resulting powder was referred to as
UiO-66-F4.

2.4. Removal Experiments

First 4.0 mL N-Ethylmorpholine and 13 mg as-prepared UiO-66-F4 were added to a
centrifugal tube (50 mL) and ultrasonicated for 5 min till the UiO-66-F4 uniformly dispersed
in the solution. Then, the tube was placed on a magnetic stirrer with a working speed
of 600 rpm. Then, 16 μL of DMNP was injected in the mixture by a microinjector and
the stirring speed was maintained. After certain time interval, the MOF particles were
separated by a filter, then, 20 μL of the mixture was taken out and diluted to 10 mL to
test the concentration of the DMNP. The time intervals were set as 0, 1, 3, 5, 10, 20, 30, 40,
60, and 100 min. When testing the piezoelectric degradation efficiency, the stirring was
replaced by sonication with a frequency of 45 kHz. As the DMNP was decomposed into
p-nitrophenol, the concentration of the DMNP was inferred by the concentration of the
p-nitrophenol which can be detected by UV-Vis with characteristic wavelength of 407 nm.

75



Nanomaterials 2024, 14, 559

2.5. Calculation Method

The calculations were performed using the first-principle calculation implemen-
tation of CASTEP (Materials Studio 2020) [40]. The generalized gradient approxima-
tion (GGA) with the Perdew–Burke–Ernzerhof (PBE) formula was employed for the
exchange–correlation potential [41,42]. The Broyden–Fletcher–Goldfarb–Shanno (BFGS)
method was used to search for the ground state of the supercells, and the convergence
tolerance was set to energy change below 10−5 eV per atom, force less than 0.02 eV Å−1,
stress less than 0.05 GPa, and displacement change less than 0.001 Å. The cutoff energy of
the atomic wave functions was set to 450 eV.

3. Results

3.1. Assembly and Characterizations

After 4 h of incubation through microwave-assisted heating, two-dimensional UiO-
66-F4 nanosheets were successfully obtained. Firstly, the morphology of the as-prepared
sample was examined through the utilization of SEM, TEM, and AFM techniques. The
SEM image demonstrates the sample’s remarkable homogeneity (Figure 1a), while the en-
larged SEM image reveals that nearly all UiO-66-F4 clusters comprise interlaced nanosheets
measuring approximately 200 nm in size (Figure 1b). The TEM image provides stronger
evidence for this conclusion (Figure 1c). Furthermore, both the TEM image and the high-
resolution TEM image reveal that the nanosheets appear transparent under fluorescent
irradiation, indicating their ultrathin nature. However, upon observation using high-
resolution TEM (Figure 1d), the crystal lattice was not clearly visible, indicating a relatively
small crystal size. Consequently, this led to inferior crystallinity, which aligns with numer-
ous reported UiO-66-type MOFs [43,44]. In order to further investigate the composition
of the sample, the distribution of corresponding elements within a specific area was mea-
sured. The results exhibit a remarkable coincidence in the distributions of C, O, F, and Zr
(Figure 1e,i), indicating a coordinated interaction between the Zr clusters and ligands. To
accurately measure the thickness of the nanosheets, an atomic force microscope (AFM) was
utilized. The results indicate that the sample is composed of multiple nanosheets, as de-
picted in Figure 1j. Subsequently, a specific region was selected for thickness measurement
of the nanosheets, indicated by the white line in Figure 1j. The resulting height data reveal
that the thickness of these nanosheets is approximately 5 nm, as shown in Figure 1k.

To further illustrate the compacted structure, a collection of size distributions was
gathered. The results reveal that the peak on the curve begins at approximately 200 nm and
attains its maximum at around 500 nm, indicating that the measured average size was ap-
proximately 500 nm (Figure 2a). This aggregation is primarily attributed to the remarkable
tendency of the nanomaterial to aggregate, with multiple nanosheets coalescing into larger
particles. When measuring, the equipment was capable of detecting only the particles
and not single petals. Additionally, the zeta potential reveals that the weighted average
potential is approximately 34.2 mV, indicating the nanosheet’s remarkable hydrophilicity
(Figure 2b). The porous structure was examined through the N2 adsorption–desorption
curve and the distribution of pore sizes, as depicted in Figure 2c. The results indicate that
the specific surface area is as impressive as 331.827 m2/g, aligning with our previously
reported findings [38,44]. Furthermore, the weighted average pore diameter has been
measured at 0.9 nm, as depicted in Figure 2d. To investigate the crystal structure of the
sample, an XRD analysis was performed. The results demonstrate that the planes of the
synthesized UiO-66-F4 align well with the simulated data (Figure 2e). Notably, the plane of
(002) merges with the plane of (111), resulting in a single crystal plane. This observation
suggests that the crystals in UiO-66-F4 exhibit a uniform crystal plane orientation. The
XRD pattern further elucidates the disparities between UiO-66-F4 synthesized in this study
and those reported in numerous prior works [38]. To investigate the coordination mode
of the carboxylic acid group, FTIR spectra were collected for the ligands of UiO-66-F4, as
carboxylate can exhibit distinct coordination modes that would result in variations in the
corresponding spectrum. The broad peak from 2000–3200 cm−1 of the ligand is ascribed to
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the O−H and C=O stretching modes, and it disappears due to the full deprotonation and
reduction of the ligand after the coordination process [45]. Moreover, the FTIR spectra of
UiO-66-F4 samples reveal two characteristic peaks located at around 1637 and 1407 cm−1,
which correspond to the C=O symmetric and asymmetric stretching vibration. The two
peaks with Δ > 200 cm−1 (νas − νs = 230 cm−1, Figure 2f) indicate that the carboxylate
ligands adopted a bridging bidentate coordination mode [46,47].

 

Figure 1. Characterizations of the UiO-66-F4: (a,b) SEM and enlarged SEM images; (c,d) TEM and HR-
TEM images; (e–i) corresponding element distribution images; (j) AFM image; and (k) corresponding
height data.
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Figure 2. (a) The size distribution; (b) the zeta potential; (c) the N2 adsorption and desorption curve;
(d) the pore size distribution of the UiO-66-F4; (e) the XRD pattern and the simulated data; (f) the
FTIR spectra of BDC-F4 and UiO-66-F4.

To gain a deeper understanding of the coordination mode, XPS analysis was employed
to investigate the valence states of the elements within the ligands and metal clusters, as
depicted in Figure S2. The peak of the C species can be resolved into three distinct peaks,
located at 284.7, 287.2, and 288.8 eV (Figure 3a), which are ascribed to C-C/C=C, C=O, and
C-C=O, respectively [48,49]. The O atoms serve as a crucial constituent of clusters, with the
deconvoluted peak of O 1s assigned to specific energy levels of 530.3, 531.6, and 533.2 eV,
which are ascribed to C=O, O-metal (O-Zr), and O vacancy (Figure 3b), respectively [50,51].
And a distinct peak appears at 687.2 eV on the spectrum of F 1s (Figure 3c), which is
attributed to the presence of C-F bonds, thus demonstrating the F did not attend the
coordination. The Zr 3d spectra exhibits a spin–orbit doublet that splits into 182.5 and
184.5 eV, which is ascribed to 3d5/2 and 3d3/2 (Figure 3d) [43,52], respectively, strongly
demonstrating the formation of [Zr6O4(OH)4(–COO)12] in the frameworks [38,53–55].

78



Nanomaterials 2024, 14, 559

Figure 3. The high-resolution XPS spectra of UiO-66-F4: (a) C 1s, (b) O 1s, (c) F 1s, and (d) Zr 3d.

Based on the aforementioned results, a putative coordination pathway can be inferred.
BDC-F4 is a is a strictly symmetric dicarboxylic acid, with two carboxyl groups situated on
opposite sides of the benzene ring, thereby offering two coordination sites. The FTIR and
XPS spectra obtained after the assembly process unambiguously reveal the presence of a
bridging bidentate coordination mode between the ligand and the [Zr6O4(OH)4(–COO)12].
Utilizing these findings, we propose a mechanism for the formation of 2D UiO-66-F4
nanosheets, which is schematically illustrated in Figure 4. Utilizing microwave heating
at 100 ◦C, the carboxyl group of BDC-F4 gradually interacted with Zr ions, as depicted in
Figure 4a. This interaction led to the formation of [Zr6O4(OH)4(–COO)12] clusters, which
are illustrated in Figure 4b. Subsequently, these clusters and ligands combined periodically
to develop a network structure, shown in Figure 4c. Finally, through the addition of
regulators and solvents to unsaturated coordination sites, the network was compacted and
folded into 2D nanosheets, as seen in Figure 1b. Conventionally, the synthesis of UiO-66-
type MOFs via hydrothermal methods entails prolonged reaction durations exceeding four
days. However, our approach utilizes microwave irradiation to rapidly precipitate Zr ions
with ligands, favoring the formation of nanosheets. This method offers a straightforward
and remarkably swift pathway for the large-scale production of 2D UiO-66-F4 MOFs.

 
Figure 4. The structure of (a) Zr and BDC-F4, (b) Zr-O cluster, and (c) crystal structure.
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3.2. Mechanically Enhanced Detoxification Performance

The as-prepared UiO-66 nanosheets were introduced to detoxify the CWA simu-
lant. Firstly, we investigated the mechanical property of the fabricated nanosheets by
piezoresponse force microscopy (PFM). The phase hysteresis loop and amplitude loop were
measured to evaluate the polarization degree of the MOF crystals. As reported, for the
two hysteresis loops, the lower the overlap between the blue and red lines, the higher the
degree of MOF crystal polarization [56,57]. As shown in Figure 5a, the sample exhibits
well-defined 180◦ phase-reversal hysteresis, demonstrating a characteristic polarization
switching behavior of the as-prepared MOF. Furthermore, a typical amplitude–voltage
butterfly loop is obtained under a 10 V DC bias field (Figure 5b). The larger amplitude
displacement of UiO-66-F4 (~47 mV) indicates a stronger piezoelectric response than that
of most reported UiO-66-type MOFs. Herein, the introduction of the F4-BDC2− linker that
coordinated weakly to the Zr(IV) metal centers might have caused a strong polarity in the
UiO-66-type MOFs. In addition, the strong hydrogen bonding between F and μ3-OH can
also lead to a large polarization of the nanosheets [37,38,58].

 
Figure 5. The piezoresponse capacity of the UiO-66-F4: (a) phase hysteresis loop, (b) amplitude
hysteresis loop. (Blue line: the change in phase or amplitude with the tip bias voltage gradually
increasing; red line: the change in phase or amplitude with the tip bias voltage gradually reducing).

Subsequently, we subjected the fabricated MOF to CWA detoxification. Given the
severe toxicity of sarin (as demonstrated in Figure S1a) and the necessity to conduct rel-
evant experiments in high-standard laboratories, we chose DMNP as a representative of
nerve agent simulants. As reported, DMNP can undergo hydrolysis to form p-Nitrophenol.
Consequently, the detoxification performance of the prepared MOF can be evaluated by
monitoring the concentration change in p-Nitrophenol [1]. The results indicate that, in a
sonic environment, the conversion remains relatively unchanged after 100 min, indicating
that the DMNP lacks self-degradation capabilities under stirring or ultrasonic conditions
(Figure 6e). When UiO-66-F4 is added to the catalytic system, the UV-Vis characteristic peak
of DMNP gradually diminishes, while the peak of p-Nitrophenol concurrently increases (as
shown in Figure 6a) under stirring conditions, which indicates that DMNP is efficiently
hydrolyzed into p-Nitrophenol. In sonic conditions, UiO-66-F4 demonstrates a superior
hydrolysis efficiency compared to stirring conditions. Furthermore, the hydrolysis model
aligns more closely with first-order reaction kinetics [59]. To more clearly investigate the
hydrolysis performance under varying conditions, the introduction of the reaction rate
constant, k, is employed [44]. The values are calculated as 0.040 and 0.058 min−1 for stirring
and sonic conditions (Figure 6b,d), respectively, and the k is upgraded 45% by sonication
with the addition of the UiO-66-F4. Furthermore, the half-life time has been reduced from
13.61 min to 10.58 min, as demonstrated in Figure 6f. This significant reduction further
underscores the ability of sonication to enhance the hydrolysis performance of UiO-66-F4.
ZnO is a prototypical inorganic material that exhibits remarkable piezocatalysis properties
across diverse fields, making it a highly versatile and responsive material [60,61]. To fur-
ther validate the distinct piezocatalysis characteristics of the UiO-66-F4 material prepared,
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ZnO was incorporated to assess the hydrolysis performance of alternative piezoresponse
materials. However, the findings reveal that ZnO exhibits minimal catalytic activity for the
hydrolysis of DMNP, even under sonication conditions (Figure 6e). Notably, the half-life
of DMNP extends to 1487 min, indicating that conventional piezoelectric materials are
ineffective at converting mechanical energy into chemical energy during the removal of
DMNP. These results demonstrate that DMNP can be efficiently removed by piezorespon-
sive MOFs, aided by mechanical vibration. Additionally, the detoxification performance
of UiO-66-F4 was compared with various reported materials, revealing that the approach
utilized in this study exhibits comparable detoxification efficiency (Table 1).

 

Figure 6. The detoxification experiments results: (a) degradation results and (b) first-pseudo-order
kinetics under stirring conditions; (c) degradation results and (d) first-pseudo-order kinetics under
sonication conditions; (e) comparison of degradation performance and (f) half-life time results of
other control piezoresponse materials.
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Table 1. The comparison with the reported materials.

Catalysts t1/2 (min) k (min−1) Ref.

PP/TiO2/UiO-66-NH2 15 -- [62]
Zr(OH)4@PIM-1-Coat 12.6 0.055 [63]
UiO-66-NH2/PAN 10 -- [64]
Ce-BDC 8.0 0.087 [65]
MOF@PDMAEA@LiCl@PNIPAM >60 -- [66]
MIP/UiO-66-NH2-0.5 9.4 -- [67]
UiO-66-F4 10.58 0.058 This work

To gain a deeper comprehension of the alterations that occur under mechanical stress, a
theoretical calculation was undertaken to emulate the responses exhibited by MOF crystals.
The results initially reveal that the crystals maintain their integrity even when subjected to
significant mechanical stress (Figure 7), indicating that MOF crystals possess remarkable
stability, even under extreme conditions. Furthermore, the Z projection and side view of the
MOFs’ crystal structure reveal significant deformation. Specifically, the crystal has shrunk
by approximately 5% in the direction of applied stress. Nevertheless, the metal cluster
and the benzene ring of the ligand retain rigidity, resisting distortion. This deformation is
primarily attributed to the rotation of carboxyl groups on the ligands’ benzene rings, as
evident from the side view of the crystal structure.

 
Figure 7. The first-principles calculation implementation of the crystal changes under stress.

Moreover, the band gap structure determined the generation of radical oxidation
species (ROS) [68–70]. We also investigated the band gap changes in the MOFs under stress
(Figure 8a,b). The results indicate that the band gap is 2.313 eV, which aligns closely with
our prior research [38]. Upon the application of mechanical stress, the compressive strain
notably altered the band gap structure, resulting in an increase to 2.405 eV. Simultaneously,
the bands in the valence zone exhibit a significant increase under stress, as illustrated
in Figure 8b. This observation underscores the fact that the band gap structure can be
effectively modulated by mechanical stress [71,72]. The density of states (DOS) analysis
offered deeper understanding of the distinct bands’ origins, as illustrated in Figure 8c.
Notably, the application of mechanical stress caused the peak value at the Fermi level to
increase. Concurrently, the conduction band shifted slightly towards the high-energy level,
leading to an expansion in the band gap. This observation aligns well with the calculated
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band gap results. The CB primarily aligns with the Zr 3d electrons or with orbitals that
are delocalized throughout the entire linker (as shown in Figure S3), demonstrating a
relatively low sensitivity to the functional group. Moreover, the application of mechanical
stress causes the polarization to increase at an accelerated rate. Consequently, a novel VB’
emerges, significantly broadening the band gap (Figure 9b).

Figure 8. The band gap structure of (a) raw UiO-66-F4 (2.313 eV) and (b) under stress (2.405 eV);
(c) The DOS of UiO-66-F4 and under stress.

Figure 9. Schematic illustration of (a) mechanical deformation of UiO-66-F4; (b) band diagram;
(c) detoxification mechanism.

Drawing upon the aforementioned results and preceding research, a preliminary band
diagram can be established (Figure 9). During the assembly process of UiO-66-F4, the
absence or unsaturated coordination of Zr-O clusters can lead to a significant number of
metal node or ligand defects, ultimately endowing UiO-66-F4 with remarkable catalytic
capabilities, even without any external assistance. When the UiO-66-F4 nanosheets are
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employed for the removal of CWA simulants, the unsaturated coordination sites can
directly react with the ester group of DMNP, thereby achieving the aim of detoxification [1].
After the application of mechanical vibration, the band gap of the nanocrystals widens
significantly, leading to the polarization effect. Consequently, a substantial number of free
charges (e−) are generated on the catalyst surface, efficiently reacting with O2 to form O•−

2 .
On the one hand, partial O•−

2 can target the phosphoester bonds (O-P), thereby facilitating
the hydrolysis of DMNP as depicted in Figure 9c. On the other hand, O•−

2 can expedite
the generation of additional 1O2 through interaction with residual holes (h+), which can
further oxidatively degrade the hydrolysate [73–77].

4. Conclusions

In this study, we successfully fabricated two-dimensional UiO-66-F4 nanosheets us-
ing a microwave-assisted method. These nanosheets exhibit an ultrathin thickness of
approximately 5 nm and possess a large specific surface area of 331.827 m2/g. These
nanosheets possess remarkable mechanical-energy-harvesting capabilities and have the
potential to be utilized in the mechanically enhanced detoxification of CWA simulant
DMNP. Under optimal conditions, the half-life of DMNP is 10.58 min, and mechanical
vibration can significantly enhance its removal performance by approximately 45%. The
first-principle simulation unveils the structural transformations within MOF crystals. The
mechanical stress potentially influences the rotation angle of the carboxyl groups within the
tetrafluoroterephthalic acid, potentially leading to slight deformations along the direction
of pressure. Subsequently, this could broaden the band gap and reinstate the band gap
structure of the crystals. All the stress-induced changes are advantageous for enhancing
the detoxification capacity of UiO-66-F4, thereby illustrating the efficacy of mechanical
vibration in detoxifying CWAs. This study offers a novel perspective for defending against
CWAs through innovative approaches.
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Abstract: In this study, molecules of propyl gallate (PG) and polyethylene glycol methacrylate
(PEGMA) were covalently bonded via a transesterification reaction and subsequently grafted onto
polyvinylidene fluoride substrates using a homogeneous radiation grafting technique. The enhance-
ment of the membranes’ hydrophilicity with the increment of the grafting rate was corroborated by
scanning electron microscopy imaging and measurements of the water contact angle. At a grafting
degree of 10.1% and after a duration of 4 min, the water contact angle could decrease to as low as 40.1◦.
Cyclic flux testing demonstrated that the membranes modified in this manner consistently achieved
a flux recovery rate exceeding 90% across varying degrees of grafting, indicating robust anti-fouling
capabilities. Furthermore, these modified membranes exhibited significant antioxidant ability while
maintaining antifouling performance over 30 days. The ability of the modified membranes to scav-
enge 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS+) free radicals remained nearly unchanged after being stored in
pure water for 30 days, and the flux recovery rate remained above 95% after immersion in sodium
hypochlorite solution for 30 days. Among the tested membranes, the PVDF-g-PEGMAG modified
membrane with a grafting degree of 7.2% showed the best antioxidant effect.

Keywords: polyvinylidene fluoride; antifouling; antioxidation; homogeneous radiation grafting;
ultrafiltration membrane

1. Introduction

As economies grow and societies progress, the role of high-performance polymer
filtration membranes gains prominence across sectors like water treatment and
biomedicine [1–8]. Among these membranes, ultrafiltration membranes are indispens-
able components that face limitations due to fouling [9–12], which impairs performance
and reduces lifespan due to oxidation during the cleaning phases [12–14]. Moreover, the
demand for these membranes to possess antioxidant properties is critical, especially in
the separation of bioactive substances to curb or eliminate oxidative stress triggered by
reactive oxygen species in procedures like hemodialysis [15–18]. Therefore, the develop-
ment of ultrafiltration membranes with enhanced antifouling and antioxidant features is of
paramount importance.

In recent years, numerous studies have proposed various modification methods to
alleviate membrane fouling issues, such as modification with inorganic ion exchangers,
oxidation of graphene, metal–organic frameworks (MOFs), and others [19–24]. Polyvinyli-
dene fluoride (PVDF) is a commonly used material for ultrafiltration membranes. There
are many research works that highlight the significant improvement in fouling resistance
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when PVDF undergoes PEGylation, enhancing the performance of membranes fabricated
from this material [25–28]. Wang et al. [25] employed the oxidative strength of ozone to
activate PVDF, creating peroxides. This step was crucial for initiating the free radical graft
polymerization process, which facilitated the grafting of polyethylene glycol methacrylate
(PEGMA) onto the PVDF structure. Such a modification markedly improved the mem-
brane’s capacity to repel protein adsorption. Through the utilization of Atom Transfer
Radical Polymerization (ATRP), Hester [26] and Liu et al. [27] developed PVDF-g-PEGMA.
Additionally, Liu et al. [27] successfully constructed a PVDF/PVDF-g-PEGMA filtration
membrane with exemplary antifouling characteristics and devoid of any defects by in-
corporating the grafted polymer as a functional additive. Previous explorations by our
research group [28] have demonstrated the efficacious grafting of methoxy polyethylene
glycol acrylate (mPEGA) onto PVDF, employing it as a PEG monomer via a homogeneous
radiation grafting technique. This grafted composite was directly utilized in membrane
formation, showcasing a water flux recovery rate that consistently remained above 90%
across three fouling cycles. Furthermore, there are studies that have also delved into im-
proving the hydrophilicity and antifouling capabilities of PVDF membranes through the
strategic incorporation of PEGylation during the surface grafting [29–32] and the membrane
fabrication process [33], thus underscoring the importance of PEGylation in enhancing
membrane functionality.

Enhancing a membrane’s hydrophilicity significantly improves its resistance to
fouling [9,34]. However, maintaining these membranes through periodic cleaning is equally
critical for extending their operational longevity and reducing expenses associated with
their use [35–40]. In the realm of maintenance, chemical cleaning stands alongside physical
methods as a vital approach, employing potent agents like hydrochloric acid (HCl), sodium
hydroxide (NaOH), and sodium hypochlorite (NaClO), notable for their robust acidic, alka-
line, and oxidizing effects, respectively [13,38,41–50]. NaClO is one of the most commonly
used chemical agents in membrane cleaning processes [51]. The durability and functional
lifespan of these membranes are heavily influenced by their capacity to withstand oxi-
dation, making oxidation resistance a pivotal characteristic [52]. Investigative efforts by
Gao et al. [43] have shed light on how different concentrations of sodium hypochlorite
impact PVDF membranes, establishing guidelines for optimal cleaning practices to ensure
filtration efficiency. Furthermore, Zhang et al. [34] have provided insights through compar-
ative studies on the susceptibility of PVDF and polysulfone ultrafiltration membranes to
damage and performance degradation when exposed to sodium hypochlorite solutions.

Derived from tannin hydrolysis, gallic acid (GA) is a polyphenolic compound with
a spectrum of biological activities, including anti-inflammatory, antioxidant, and antibac-
terial properties [53–59]. In the realm of membrane technology, GA has been the fo-
cus of various studies. Employing a one-step dip-coating technique, Yang et al. [60]
fabricated a hydrophilic PVDF membrane with GA and gamma-aminopropyltriethoxysilane,
which exhibited remarkable hydrophilicity and antifouling characteristics.
Through biomimetic coating, Cheng et al. [61] demonstrated the creation of a porous
nanofiltration (NF) membrane via the Schiff base reaction, linking GA’s phenolic group
with the amino group of polyethyleneimine. Additionally, Zhao et al. [62] synthesized a
GA-modified polyethyleneimine layer on a hydrolyzed polyacrylonitrile base using a
co-deposition method.

To enhance the antioxidative capabilities of filter membranes, numerous studies have
integrated a variety of antioxidants directly into the membrane material [63]. Addressing
the challenges associated with the migration of antioxidant molecules and their extraction
by solvents during application, several researchers have explored chemically bonding
antioxidants to the membrane surface [64,65]. However, reports on antioxidative modifica-
tions applied to PEGylated filter membranes remain absent from the literature.

In this study, a dual-functional PVDF membrane endowed with both antifouling and
antioxidative properties was successfully developed. The initial phase involved a transes-
terification process between propyl gallate (PG) and PEGMA. Following this reaction, the
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incorporation of PVDF into the mixture led to the formation of PVDF-g-PEGMAG through
a homogeneous radiation grafting method. The fabrication of ultrafiltration membranes
was achieved using the technique of non-solvent-induced phase separation (NIPS). The
degree of grafting (DG) was determined using the gravimetric method. Furthermore,
the grafted product underwent molecular structural analysis through FTIR spectroscopy.
Assessments of the membrane’s surface morphology, hydrophilicity, and filtration capacity
were conducted utilizing SEM, water contact angle measurements, and water flux tests,
respectively. The antifouling properties of the membrane were rigorously evaluated by
filtering a solution of BSA and subsequently measuring the recovery rate of water flux fol-
lowing a cleansing process. The membrane’s antioxidant efficacy was determined through
its ability to scavenge DPPH and APTS+ free radicals, with additional tests conducted to
ascertain the longevity of these antioxidative characteristics by submerging the membrane
in distilled water for an extended duration. Lastly, the resilience of the modified PVDF
membrane against oxidative challenges was rigorously assessed by exposing it to a sodium
hypochlorite solution over a specified timeframe, thereby evaluating its long-term oxida-
tion resistance. This comprehensive study illustrates the potential of PVDF-g-PEGMAG
membranes in applications requiring robust antifouling and antioxidative functionalities.

2. Materials and Methods

2.1. Materials

The PVDF powder (Solef 6020, Mn = 670,000) was purchased from Solvay Co.,
Ltd. (Qingdao, China). Polyethylene glycol methyl acrylate (PEGMA), 2,2-diphenyl-
1-picrylhydrazyl (DPPH), and 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) di-
ammonium salt (ABTS+) were obtained from Sigma-Aldrich Trading Co., Ltd. (Shanghai,
China). Propyl gallate (PG), p-toluenesulfonic acid (TsOH), N,N-dimethylformamide
(DMF), polyvinylpyrrolidone (PVP-K30), sodium chloride (NaCl), disodium hydrogen
phosphate (Na2HPO4), potassium chloride (KCl), potassium dihydrogen phosphate
(KH2PO4), hydrochloric acid (HCl), sodium hypochlorite solution (NaClO), bovine serum
albumin (BSA), anhydrous ethanol, and potassium persulfate (K2S2O8) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The PVDF powder was
washed three times with ultrapure water before use and dried at 80 ◦C for 24 h in a vacuum
oven. All chemical reagents were used without further purification. Additionally, water
purified through a Milli-Q system from Millipore was employed.

2.2. Synthesis of Graft Copolymer

A mixture of PEGMA and TsOH was placed into a reaction flask, subsequently heated
to 120 ◦C in an oil bath with ongoing stirring. Following this, PG was incrementally
introduced to the mixture while stirring persisted. This reaction was conducted over a
span of four hours, with vacuum application for one minute at each hour to eliminate
volatiles. Once the reaction phase concluded and the mixture had cooled, PVDF and DMF
were added, followed by stirring at 70 ◦C for a full day to achieve a homogenous solution.
After cooling to ambient temperature, nitrogen gas was purged into the flask for thirty
minutes before sealing. The samples were then subjected to γ-radiation from a 60Co source,
with a dose of 20 kGy for 18 h at room temperature. After irradiation, the solution was
slowly transferred into an ethanol solution for precipitation. Through repeated rinsing and
washing in ethanol, unreacted substances and homopolymers were removed. The final
step involved drying the precipitate in a vacuum oven at 80 ◦C until reaching a constant
weight to yield PVDF-g-PEGMAG. The reagent quantities used are specified in Table 1.
The schematic diagram of the study is shown in Figure 1.
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Table 1. The formula for synthesizing PVDF-g-PEGMAG.

No. PEGMA/g TsOH/g PG/g PVDF/g DMF/g Total/g

1 3 0.08 4.24 5 37.68 50
2 5 0.08 7.07 5 32.85 50
3 9 0.08 12.72 5 24 50

 

 

Figure 1. Schematic diagram of the synthesis/fabrication process.

The degree of grafting (DG) of PVDF-g-PEGMAG is defined in Equation (1):

DG =
W1 − W0

W0
× 100% (1)

where W1 denotes the mass of PVDF-g-PEGMAG and W0 is the mass of pristine PVDF.

2.3. Fourier Transform Infrared Spectroscopy Characterization

ATR-IR spectroscopy analyses were conducted for pristine polyvinylidene fluoride
(PVDF), PVDF-g-PEGMA, and PVDF-g-PEGMAG samples utilizing a Nicolet Avatar 370
infrared spectrometer (Thermo Nicolet Instrument Corporation, Madison, WI, USA). The

91



Materials 2024, 17, 1867

spectral data collection covered a wavelength range from 400 cm−1 to 4000 cm−1 with
a resolution set at 4 cm−1. Each spectrum acquisition involved 32 repetitive scans to
ensure accuracy. Given the challenges associated with pulverizing the grafted polymer, a
membrane approach was adopted for preparing the samples, consistent with methodologies
described in preceding research [28].

2.4. Preparation of Membrane

The membranes were fabricated using the non-solvent-induced phase separation
(NIPS) method. The composition of the casting solution encompassed a polymer con-
centration of 15 wt.%, a porogen PVP-K30 at 4 wt.%, and the solvent DMF constituting
81 wt.%. Utilization of a casting knife facilitated the even distribution of the casting solution
across a glass plate, targeting a uniform film thickness of 200 μm. The solution underwent
brief evaporation in the ambient atmosphere for 15 s, followed by immersion in deionized
water. To assure the thorough elimination of any residual solvents, the membrane was
meticulously preserved in water for a duration of two days, during which the water was
refreshed multiple times before any testing commenced.

2.5. Dynamic Water Contact Angle Measurement

Contact angle measurements of the membrane were carried out using the Attension
Theta system (KSV Instruments Ltd., Helsinki, Finland). For this process, droplets, each
measuring 5 μL, were carefully dispensed onto the membrane’s surface from a needle’s tip.
Over a 4 min duration, a digital camera captured the interaction between the droplet and
the membrane surface in video format. Subsequently, specialized software in the system
analyzed these video recordings to determine the contact angle values.

2.6. Analysis of Scanning Electron Microscope

Morphological analysis of the membrane was conducted using a LEO1530vp SEM
(Zeiss, Jena, Germany). To prepare the membrane for examination, it was first subjected to
rapid freezing in liquid nitrogen, followed by a brittle fracture to reveal the cross-section.
The images obtained were then analyzed with ImageJ software (National Institutes of
Health, Bethesda, MD, USA, v1.8.0), allowing for the quantification of pores, as well as the
measurement of pore size and distribution across a given unit area.

2.7. Filtering Experiment

The membrane’s performance was assessed using the identical cross-flow apparatus
utilized in prior experiments, as depicted in Figure 2 [28]. Each membrane was fashioned
into a circular specimen boasting a 15.9 cm2 surface area and underwent a pre-compression
process at 0.1 MPa for a duration of 20 min. For each type of membrane, a set of three
independent trials was conducted. The flux measurement involved the quantification of
the solution volume passing through the membrane over a specified period, subsequently
normalized to the membrane’s surface area.

The water flux (F0) was calculated according to Equation (2):

F0 =
Q

AΔT
(2)

where Q refers to the volume of the filtered water; A, the area of the membrane; and ΔT,
the time of the filtration.

In this study, a BSA buffer solution at a concentration of 1 g/L was selected as the
model for pollutant testing, employing the same buffer preparation protocol established in
preceding experiments. Samples were collected both before and after the filtration process
to facilitate subsequent analysis. The quantification of BSA concentration within the
solution was accurately performed using a UV-1100 visible ultraviolet spectrophotometer
(Beijing Ruili Instrument Co., Ltd., Beijing, China), in accordance with methodologies cited
in the reference literature [66].
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Figure 2. The schematic diagram of the cross-flow device used in the filtration experiment [28].

2.8. Evaluation of Antifouling Performance of Membrane

The evaluation of the membrane’s antifouling capability was conducted by measuring
the pure water flux recovery rate following the filtration of a BSA solution. In the cross-flow
filtration setup, the feed solution was alternated between pure water and the BSA buffer
solution every 60 min. After completing three cycles of this process, the recovery rate of
water flux through the membrane was determined.

The flux recovery ratio (FRR) is calculated according to Equation (3):

FRR =
F1

F0
× 100% (3)

where F0 and F1 denote the water flux prior to and following fouling, respectively.

2.9. Evaluation of the Oxidation Resistance of the Membrane

The antioxidative properties of the membrane were evaluated from two perspec-
tives. Firstly, the membrane’s ability to scavenge DPPH and ABTS+ radicals was assessed.
Secondly, the membrane’s resistance to oxidation in NaClO solution was evaluated.

2.9.1. Free Radical Scavenging Effect

A solution of DPPH (0.1 mM) was formulated using anhydrous ethanol. Subsequently,
membrane samples, each measuring 1 × 1 cm2, were submerged in 3 mL of this DPPH
solution and left to incubate for 1 h in a dark environment at room temperature. As a
control, a DPPH solution without any membrane sample underwent identical treatment.
The absorbance of these solutions was then recorded at a wavelength of 517 nm.

To prepare the ABTS+ radical cation solution (0.1 mM), a mixture of ABTS+ solution
(2 mL, 7 mM) and potassium persulfate (K2S2O8) solution (2 mL, 2.45 mM), diluted with
pure water, was allowed to stand for 12 h in the dark at 4 ◦C. This solution was subsequently
adjusted with anhydrous ethanol to achieve an absorbance of 0.700 ± 0.025. Each membrane
sample, again measuring 1 × 1 cm2, was immersed in 4 mL of the ABTS+ solution and left
for 20 min in a dark environment at room temperature. The absorbance of this solution
was measured at 734 nm.
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Equation (4) for calculating the scavenging rate of the membranes against these two
free radicals is presented as follows:

Scavenging =
A0 − A1

A0
× 100% (4)

where A0 represents the absorbance of the control sample devoid of the membrane, while A1
signifies the absorbance recorded for the solution containing various membrane samples.

The enduring stability of antioxidant capabilities holds considerable relevance for
the practical application of antioxidant membranes. To assess this, membrane samples
measuring 1 × 1 cm2 were submerged in distilled water for a duration of 30 days. The ef-
ficiency of these membranes in scavenging free radicals was determined at intervals—on the
1st, 7th, 14th, and 30th days, to gauge the long-term retention of their
antioxidant attributes.

2.9.2. Oxidation Resistance of Membrane to NaClO Solution

Initially, a variety of membranes were submerged in a NaClO solution with a con-
centration of 0.2 wt% for a duration of 30 days, with the NaClO solution being refreshed
daily to maintain consistent concentration levels. The performance of each membrane, in
terms of water flux and BSA rejection rates, was documented on the 1st, 7th, 14th, and
30th days. Furthermore, a modified membrane, possessing a DG of 8.6%, was also im-
mersed in the NaClO solution for 30 days. Following this period, it was thoroughly rinsed
with pure water, and a circulation flux test was conducted. The resistance of the membrane
to oxidation by NaClO solution was assessed based on these two investigative approaches.

3. Results and Discussion

3.1. FTIR Spectra of Graft Copolymer

Figure 3 illustrates the infrared spectra of the pristine PVDF alongside various grafted
polymers, following vector normalization. Among these, PVDF-g-PEGMA, with a DG
of 8.9%, was synthesized by directly grafting PEGMA onto PVDF using the previously
described homogeneous radiation grafting technique [28]. Notably, both grafted polymers
displayed a new characteristic absorption peak at 1712 cm−1, indicative of the carbonyl
(C=O) group present in PEGMA [67]. When comparing PVDF-g-PEGMA to PVDF-g-
PEGMAG, the latter exhibited subtle signals corresponding to phenolic hydroxyl groups
and benzene rings, characteristic of PG molecules, in the range of 3300–3600 cm−1 and at
around 1610 cm−1, respectively [68]. These spectral features confirm the successful grafting
of PEGMA and PG onto the PVDF chain, resulting in the synthesis of PVDF-g-PEGMAG.

Figure 3. FTIR spectra of pristine PVDF and different grafted polymers.
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3.2. Dynamic Water Contact Angle Test

Figure 4 displays the dynamic water contact angles of both the pristine PVDF and
the PVDF-g-PEGMAG membranes with varying degrees of grafting. The water contact
angle for the unmodified PVDF remained consistently above 95◦, indicating pronounced
hydrophobicity. For the PVDF-g-PEGMAG membranes, an increase in the degree of grafting
correlated with an increase in the water contact angle, signifying enhanced hydrophilicity
and, consequently, improved surface wetting. Notably, at a grafting degree of 10.1% and
after a duration of 4 min, the water contact angle could decrease to as low as 40.1◦. This
demonstrates a substantial enhancement in hydrophilicity for the grafted polymers in
comparison to the pristine PVDF. It was observed that the addition of PG segments to the
PEGylated PVDF materials did not alter their hydrophilic properties.

Figure 4. Dynamic water contact angles of pristine PVDF and PVDF-g-PEGMAG membranes with
different DG.

3.3. Morphology Characterization of Membrane

Figure 5 presents the surface and cross-sectional images of membranes with varying
grafting ratios, alongside a pore size distribution histogram derived from the surface
images using ImageJ software (v1.8.0). The images reveal that each membrane exhibits an
asymmetric structure characterized by finger-like pores. The membrane surface pore sizes
are 27.650 nm, 28.432 nm, 30.923 nm, and 32.072 nm in Figure 5a–d, respectively. With an
increase in grafting ratio, there is a noticeable enlargement in pore size on the membrane
surface, and the cross-sectional views begin to show larger pores more prominently [69,70].
In general, an NIPS process generates a dense skin and porous sub-layer. The dense surface
is formed due to the solidification of the polymer top layer induced by a fast solvent
outflow, and the porous sub-layer is induced from the liquid–liquid demixing where the
solution phase separates into a polymer-lean phase and a polymer-rich phase [71]. The
pore formation in the NIPS process may be attributed to the rapid diffusion of solvent into
the non-solvent (water), while the non-solvent does not permeate as swiftly through the
interface between the casting solution and water, generating significant tension within the
final membrane matrix, thus forming the distinctive finger-like pores. As the grafting ratio
rises, the diffusion rate of the non-solvent (water) accelerates, making the macroscopic
pore structure in the membrane matrix more pronounced in the cross-sectional area [72].
Moreover, at the same polymer weight percentage, a higher grafting ratio implies a greater
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content of grafting segments and, consequently, a lower concentration of pure PVDF in the
polymer. This results in a quicker solvent diffusion rate and, subsequently, larger pores in
the modified membrane [73].

Figure 5. SEM images of membrane surface and cross-section with different grafting ratios:
(a) DG = 0, (b) DG = 4.4%, (c) DG = 7.2%, (d) DG = 10.1%. (The rightmost is the square distri-
bution of the membrane pore size calculated by ImageJ based on the SEM membrane surface image).

3.4. Evaluation of Filtration Performance and Antifouling Performance of Membrane

Figure 6 illustrates the comparison of water flux and BSA rejection between the pristine
PVDF membranes and those modified with PVDF-g-PEGMAG at various DG. The graph
demonstrates that, as the DG increases, so does the water flux through the membrane. This
observation aligns with findings from previous contact angle tests, which indicated an
enhancement in membrane hydrophilicity concurrent with rising DG levels. Enhanced
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hydrophilicity leads to diminished filtration resistance, thereby facilitating increased flux.
Additionally, this elevation in water flux corresponds with the morphological attributes
identified in the membrane, such as the expansion in pore size on the membrane surface and
the emergence of larger pores within the membrane cross-section. The BSA rejection rates
for all the membranes hovered around 90%, indicating the effectiveness of the modified
membranes, crafted using grafted polymers, in maintaining robust filtration performance.

Figure 6. Water flux and BSA rejection of polymer membranes with different DG.

In this study, an in situ measurement technique was employed, integrating online
cleaning of the membrane via a cross-flow filtration method. This process entailed alter-
nating the fluid composition, specifically switching between water and a BSA solution.
Figure 7 illustrates the results from antifouling cycle tests on membranes with varying DG.
Specifically, Figure 7a depicts the fouling and cleaning flux of the membrane across multiple
cycles, whereas Figure 7b presents the FRR derived from the data in Figure 7a. During the
cleaning phase, consistent trends in flux variation were observed among different modified
membranes, with a notable increase in flux upon switching the feed to pure water. After
three cycles (420 min) of testing, the flux of pure water post-cleaning remained relatively
unchanged, with only a minor reduction observed during the initial cycle. Conversely,
the pristine PVDF membrane exhibited a significant flux decline upon the initial switch
to pure water. Furthermore, the FRR values calculated from the flux data indicated a
significant decrease in the FRR of the pristine PVDF membrane during the first cycle,
with a continued decline over the subsequent two cycles. In contrast, the FRRs for the
modified membranes consistently exceeded 90% and remained stable through later cycles,
suggesting that higher FRR values correlate with enhanced membrane stability and superior
antifouling performance. The antifouling cycle tests comprehensively demonstrate the
superior antifouling capabilities of the modified membranes.
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Figure 7. Antifouling cycle test of membrane: (a) water and BSA flux of membrane with different DG
under multiple cycles, (b) FRR of membrane with different DG under multiple cycles.

3.5. Oxidation Resistance of the Membrane
3.5.1. Free Radical Scavenging Effect of Membrane

Figure 8 demonstrates the efficiency of different types of membranes in scavenging
DPPH and ABTS+ free radicals. The membranes modified with PG segments, PVDF-g-
PEGMAG, showcased a significantly higher free radical scavenging capacity compared
to both the pristine PVDF and the PVDF-g-PEGMA. This superior scavenging ability
highlights the impactful role of the PG segments in enhancing the membrane’s antioxidative
properties. Furthermore, variations in the grafting rate appeared to have a minimal impact
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on the membranes’ ability to neutralize free radicals. This observation could be attributed
to the fact that the grafting rate mentioned in this study reflects the combined grafting of
both PG and PEGMA segments onto the membrane. During the synthesis of the grafted
polymer with a DG of 10.1%, a larger quantity of PEGMA segments was introduced onto
the PVDF chain compared to PEGMAG, due to the higher proportion of PEGMA, thereby
leading to a slight decrease in the membrane’s free radical scavenging rate compared to the
membrane with DG = 7.2%.

Figure 8. Scavenging rates of DPPH and ABTS+ free radicals by different types of membranes.

Figure 9 illustrates the durability of DPPH and ABTS+ free radical scavenging by
various membrane types. The stability of the membrane’s antioxidative performance is
a parameter that needs to be considered during the normal usage of the membrane. In
this investigation, the antioxidant stability of the membranes was assessed based on their
ability to neutralize free radicals after being submerged in pure water for an extended
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duration. The data indicate that the scavenging efficiency for both types of free radicals
diminished only marginally after a 30-day immersion period in pure water. This experi-
ment underscores that the modified membranes possess not just a measure of resistance
to oxidation, but also maintain considerable stability in their antioxidative properties
over time.

Figure 9. Scavenging stability of DPPH and ABTS+ free radicals by different types of membranes.
(Membrane samples were submerged in distilled water for a duration of 30 days).

3.5.2. Oxidation Resistance of Membrane to NaClO Solution

To investigate the influence of an oxidizing agent on membranes post-grafting of
PG segments, membranes, including PVDF-g-PEGMA (with a DG of 8.9%) and PVDF-g-
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PEGMAG with various DG, were immersed in a sodium hypochlorite (NaClO) solution
(2 wt.%) for a set duration. The impact on membrane filtration performance was assessed
through variations in water flux and bovine serum albumin (BSA) rejection rate over time.
Previous reports on the effect of hypochlorite treatment on UF membranes indicated a
flux increase in NaClO-treated membranes [12,14]. Specifically, the PVDF-g-PEGMAG
membrane with a DG of 8.6% was analyzed to compare its circulation flux before and
after a 30-day immersion in NaClO solution. The antifouling efficacy of the membrane
was appraised by comparing the FRR before and after the 30-day exposure to oxidation.
Figure 10 reveals that, after 30 days of exposure to the oxidizing environment, the water flux
through the PVDF-g-PEGMA membrane increased, while its BSA rejection rate dropped
below 80%, indicating a significant detriment to its filtration performance due to oxidation.
Conversely, the water flux and BSA rejection rates for PVDF-g-PEGMAG membranes with
various DG remained largely stable after the 30-day oxidation period. This suggests that
the PG segment grafting effectively mitigated the oxidation impact on PEGylated PVDF
membranes. Figure 11 displays the antifouling cycle test results for the PVDF-g-PEGMAG
membrane with a DG of 8.6%, both before and after undergoing oxidation treatment for
30 days. It is observed that the flux of the membrane post-oxidation closely mirrors the
FRR prior to oxidation, maintaining stability across three cycles. This outcome indicates
that the antifouling properties of the modified membrane were well-preserved even after
30 days of exposure to oxidizing conditions.

Figure 10. Water flux (a) and BSA rejection (b) of different types of membranes immersed in NaClO
(2 wt.%) solution for a period of time.
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Figure 11. Antifouling cycle test of PVDF-g-PEGMAG (DG = 8.6%) membrane before and after
immersion in NaClO (0.2 wt.%) solution for 30 days: (a) water and BSA flux under multiple cycles
before and after oxidation, (b) FRR under multiple cycles before and after oxidation.

4. Conclusions

In this study, the PG segment was initially bonded to the PEGMA molecule through
a transesterification process. Subsequently, this complex was grafted onto PVDF using a
homogeneous radiation grafting technique to create PVDF-g-PEGMAG, which incorporates
both antioxidant (PG segment) and antifouling (PEGMA segment) functionalities.

The membrane of the grafted polymer was fabricated by employing the NIPS method.
Analysis of the membrane’s surface and cross-section via SEM alongside water contact
angle measurements revealed that the hydrophilicity of the membrane enhanced as the
DG increased. The pore size of the membrane increased with the increase in grafting
rate. Specifically, for the modified membrane with a grafting rate of 10.1%, the pore size
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expands from 27.650 nm in the original PVDF membrane to 32.072 nm. Additionally, after
a duration of 4 min, the water contact angle of the membrane could decrease to as low as
40.1◦. Cyclic flux testing of the membrane indicated that introducing the PG segment to the
modified membrane did not detract from the excellent antifouling capabilities inherent to
PEGylated PVDF membranes. In tests of circulation flux across membranes with varying
DG, the FRR consistently exceeded 90%. Moreover, the antioxidant performance tests
demonstrated that the modified membrane retained its capacity to scavenge DPPH and
ABTS+ free radicals, with its efficacy largely unaffected by prolonged immersion in water.
After soaking in pure water for 30 days, the modified membrane exhibited only a slight
decrease in scavenging rates for both DPPH and ABTS+ free radicals, maintaining them
at above 60% and 70%, respectively. Additionally, the PG grafting significantly bolstered
the membrane’s resistance to oxidation, enabling it to maintain antifouling performance;
even after a 30-day immersion in a NaClO solution, the flux recovery rate remained
above 95%, thus illustrating the membrane’s durability against oxidation during chemical
cleaning processes.

This study successfully developed a membrane that exhibits both antifouling and
antioxidative properties, highlighting its long-term effectiveness and stability. Although
further research is needed to assess the membrane’s tolerance to other chemical clean-
ing methods, such as acid–base treatments, to differentiate the proportion of functional
components in the grafted product, and to elucidate the mechanism of antioxidation.
However, the simplicity and potential scalability of the membrane fabrication process
make it a viable option from an industrial perspective. The membrane exhibits promis-
ing potential for applications in water treatment and the membrane-based separation of
bioactive substances.
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Abstract: As the Brønsted acid sites in the 8-membered ring (8-MR) of mordenite (MOR) are reported
to be the active center for dimethyl ether (DME) carbonylation reaction, it is of great importance to
selectively increase the Brønsted acid amount in the 8-MR. Herein, a series of Fe-HMOR was prepared
through one-pot hydrothermal synthesis by adding the EDTA–Fe complex into the gel. By combining
XRD, FTIR, UV–Vis, Raman and XPS, it was found that the Fe atoms selectively substituted for the Al
atoms in the 12-MR channels because of the large size of the EDTA–Fe complex. The NH3-TPD and
Py-IR results showed that with the increase in Fe addition from Fe/Si = 0 to 0.02, the Brønsted acid
sites derived from Si-OH-Al in the 8-MR first increased and then decreased, with the maximum at
Fe/Si = 0.01. The Fe-modified MOR with Fe/Si = 0.01 showed the highest activity in DME carbonylation,
which was three times that of HMOR. The TG/DTG results indicated that the carbon deposition and
heavy coke formation in the spent Fe-HMOR catalysts were inhibited due to Fe addition. This work
provides a practical way to design a catalyst with enhanced catalytic performance.

Keywords: mordenite; Fe modification; acid distribution; DME carbonylation

1. Introduction

Ethanol can be used as fuel or fuel additive and has broad application prospects in both
the pharmaceutical industry and chemical industry [1,2]. In recent years, ethanol synthesis
from syngas (CO + H2) has attracted great interest. Among the different technologies,
the route involving dimethyl ether (DME) carbonylation to methyl acetate (MA) followed
by hydrogenation is considered the most promising. Syngas can be easily obtained via
coal gasification and then be converted to DME. DME can react through a carbonylation
reaction to form MA, and finally, MA can be hydrogenated to form ethanol (Equations (1)
and (2)) [3]. The key step in syngas-to-ethanol conversion is DME carbonylation catalyzed
by solid acids. Among the candidates, H-form mordenite (MOR) was found to possess
high MA selectivity and good DME conversion in a carbonylation reaction [4]. The specific
catalytic performance lies in the unique pore structure of MOR.

CH3OCH3 + CO → CH3COOCH3 (1)

CH3COOCH3 + 2H2 → CH3OH + C2H5OH (2)

A typical MOR structure seen along the c-axis is shown in Scheme 1. MOR exhibits 12-
membered ring (MR) channels (0.65 × 0.70 nm) along the c-axis, which are interconnected
with 8-MR channels (0.34 × 0.48 nm) along the b-axis [5]. The latter are usually referred
to as side pockets. There are also 8-MR channels (0.26 × 0.57 nm) parallel to the 12-MR
channels, which are too small for most molecules. In the DME carbonylation reaction,
DME molecules first adsorb on the Brønsted acid sites (Z-OH) to form methoxy groups
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(Z-OCH3) and release methanol. Methanol can also adsorb on Z-OH to form Z-OCH3.
Then, CO molecules insert into methoxy groups to form acetyl species (Z-OCOCH3) [6].
Finally, the acetyl species react with DME, leading to the reformation of methoxy groups
and the formation of MA [7].

CH3OCH3 + Z-OH → Z-OCH3 + CH3OH (3)

CH3OH + Z-OH → Z-OCH3 + H2O (4)

CO + Z-OCH3 → Z-OCOCH3 (5)

CH3OCH3 + Z-OCOCH3 → Z-OCH3 + CH3COOCH3 (6)

Scheme 1. A typical MOR structure seen along the c-axis.

The MA formation rate was found to increase linearly with CO pressure, but indepen-
dently of DME pressure, indicating that CO insertion was the rate-determining step [3].
The formation of methoxy groups and CO insertion (Equations (3)–(5)) were found to be
more energetically feasible in the 8-MR [8]. Rasmussen et al. claimed that the reaction
intermediate of DME carbonylation was ketene, which was formed by CO reacting with
methoxy groups in the 8-MR (Equations (7) and (8)) [9]. In the 8-MR, ketene underwent
rapid protonation to form acylium ion, followed by MA formation [10]. However, in the
12-MR, the dimerization of ketene led to the formation of carbon deposit [11]. Therefore, the
Brønsted acid sites in the 8-MR side pockets were the active centers of DME carbonylation
to MA, while those in the 12-MR were favorable for side reactions [12,13]. To improve the
catalytic properties of MOR catalysts, it is critical to adjust the acid distribution of Brønsted
acid sites, especially to selectively increase the Brønsted acid amount in the 8-MR.

CO + Z-OCH3 →Z-O−-CH3CO+ (7)

Z-O−-CH3CO+ →Z-O-COCH2 (8)

Many efforts have been made to tune the acid distribution of MOR. Post-treatment,
such as acid/alkaline leaching, and steam treatment are extensively used to remove or
introduce framework Al, but they will lead to a decrease in crystallinity and the blockage
of pore channels [14–16]. Trivalent and tetravalent metal ions can substitute for framework
atoms during one-pot synthesis, which can adjust the distribution of Brønsted acid sites
through the incorporation of heteroatom. Ce-incorporated MOR was reported to exhibit
higher activity thanks to increased Brønsted acid sites in the 8-MR [17]. Zhou [18] reported
that the DME carbonylation performance of Fe-incorporated MOR was improved because

108



Materials 2024, 17, 2417

the acid amount in the 12-MR was reduced. However, the location of Fe ions and the
detailed influence of Fe species on acid distribution had not been studied. Zhang [19]
synthesized template-free Fe-MOR with oxalic acid complexed iron. The Fe atoms were
mainly located at the 8-MR; thus, the Brønsted acid sites in the 8-MR decreased, which led
to better stability. However, the activity was decreased compared to HMOR because the
acid amount and strength in the 8-MR of the reported Fe-MOR catalysts were not improved.

In this work, Fe atoms were selectively incorporated into the 12-MR, which led to an in-
crease in the Brønsted acid sites derived from Si-OH-Al in the 8-MR. A series of Fe-modified
mordenite zeolites were synthesized through the one-pot hydrothermal synthesis method
by adding ferric complex into the gel. The complexing agent was ethylenediaminete-
traacetic acid (EDTA). The effects of Fe addition on the structure and acid properties of the
MOR catalysts were investigated in detail. The location of the framework Fe atoms was
found to be mainly in the 12-MR channels, which enhanced the amount and strength of
the Brønsted acid sites in the 8-MR. The catalytic performances for the DME carbonylation
reaction were studied and correlated with the properties of the zeolites.

2. Materials and Methods

2.1. Synthesis of Fe-Modified Mordenite

The details of the chemicals are provided in the Supplementary Materials. The syn-
thesis procedure of Fe-modified mordenite is shown in Scheme 2. In a typical synthesis
procedure, sodium hydroxide and sodium meta-aluminate were dissolved in deionized
water under magnetic stirring. When a clear solution was formed, tetraethylammonium
hydroxide was added to the flask. Then, colloidal silica was added dropwise under vig-
orous stirring, followed by 2 h of aging. Fe(NO3)3·9H2O and ethylenediaminetetraacetic
acid (EDTA) were dissolved in NaOH aqueous solution. The clear yellow solution formed
was added to the gel and stirred for another 2 h. Then, the mixture was transferred to
a Teflon-lined stainless-steel autoclave and crystallized at 170 ◦C for 120 h. The molar
composition of the mixture was 0.23Na2O: 1SiO2: 0.033Al2O3: 0.10TEAOH: 40H2O: xFe:
xEDTA, (x = 0.005, 0.01, 0.015, 0.02). After crystallization, the solid product was separated
by filtration and washed with deionized water until the pH of the supernatant liquid was
less than 8. The resulting solid was dried at 120 ◦C overnight and calcined at 500 ◦C for
6 h. The obtained Na-form mordenite was then ion-exchanged three times with 1 mol/L
NH4NO3 aqueous solution at 80 ◦C for 2 h. After ion exchange, the product was dried and
calcined. The prepared Fe-HMOR zeolites are referred to as M-Fe-x.

Scheme 2. Synthesis procedure for Fe-modified mordenite.

An HMOR zeolite without Fe modification was prepared. The synthesis process for
this sample was the same as that for M-Fe-x, but no Fe(NO3)3·9H2O or EDTA were added.
The final composition of the gel was 0.23 Na2O:1 SiO2:0.033 Al2O3:0.10 TEAOH:40 H2O.
The ion-exchange and calcination procedures were also the same as described above. This
sample is referred to as HM.

For comparison, a Fe-containing sample was prepared without the complexing agent.
The synthesis procedure was similar to M-Fe-x, but ferric nitrate aqueous solution was
added to the gel instead of ferric complex. The final gel contained 0.23 Na2O:1 SiO2:0.033
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Al2O3:0.10 TEAOH:40 H2O:0.01 Fe(NO3)3. The ion-exchange and calcination procedures
were the same as described above. The obtained sample is referred to as 0.01Fe/M.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were collected using a Bruker D8 ADVANCE
X-ray diffractometer (Bruker AXS GMBH, Karlsruhe, Germany) with Cu Kα radiation
(λ = 0.15418 nm) operating at 40 kV and 40 mA. The scanning speed was 8 ◦/min in the
range of 5–50◦ with a step size of 0.01◦. The relative crystallinity was calculated using
the sum of the heights of the five characteristic peaks (2θ = 9.9◦, 19.8◦, 22.5◦, 25.9◦, 26.5◦)
relative to that of the reference sample.

Elemental analysis of the samples was performed on Bruker S4 Pioneer X-ray fluores-
cence (XRF).

The solid state nuclear magnetic resonance (NMR) experiments were performed on a
JEOL JNM ECZ600R spectrometer (JEOL, Tokyo, Japan). Chemical shifts were referenced
versus excess aluminum nitrate aqueous solution.

Field-emission scanning electron microscopy (SEM) images were recorded using a Hi-
tachi S-4800 instrument (Hitachi High-Technologies Corporation, Ibaraki, Japan) operated
at 3 kV. The samples were coated with Pt.

The textural properties of the samples were measured in nitrogen adsorption–desorp-
tion experiments on a Micromeritics TriStar 3000 automated physisorption instrument
(Norcross, GA, USA) at liquid nitrogen temperature (77 K). Before the nitrogen adsorption–
desorption experiments, the samples were heated to 350 ◦C for 5 h under vacuum to remove
adsorbed species. The specific surface area (SBET) was calculated based on the Brunauer–
Emmett–Teller equation. The external surface area (Sext) and micropore volume (Vmic) were
determined using the t-plot method. The total pore volume (Vtotal) was determined from
the quantity adsorbed at relative pressure of P/P0 = 0.97.

FTIR spectra were recorded on a Nicolet iS 50 spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). For pyridine-adsorbed FTIR (Py-IR) measurements, 18 mg of H-form
mordenite samples was pressed into self-supported disk wafers, and background spectra were
recorded before pyridine adsorption. The wafers were saturated with pyridine at 300 ◦C under
vacuum for 4 h, followed by evacuation to remove physically adsorbed pyridine. The Py-IR
spectra were taken at 4 cm−1 resolution from 2000 to 1000 cm−1 when the self-supported
wafers were cooled down to room temperature. For NH3-adsorbed FTIR (NH3-IR), 18 mg
of H-form mordenite samples was pressed into self-supported disk wafers, and background
spectra were recorded before NH3 adsorption. The samples were subjected to pretreatment
at 400 ◦C for 30 min and cooled down to 100 ◦C to adsorb NH3 for 10 min. Afterward, the
samples were flushed with flowing He for 2 h to remove physically adsorbed NH3. Then,
NH3-IR spectra were taken at 4 cm−1 resolution from 2000 to 1000 cm−1.

UV–Vis spectra were collected using a PE Lambda 750 spectrophotometer (Perkin
Elmer, Shanghai, China) in the range of 190–600 nm with BaSO4 as reference.

Raman spectra were taken on a Horiba Confocal Raman Microscopy (Kyoto, Japan)
using a 532 nm laser.

X-ray photoelectron spectroscopy (XPS) was performed using a Thermo Fisher Scien-
tific ESCALAB 250Xi instrument (Thermo Fisher Scientific, MA, USA). The X-ray source
was Al Kα. The binding energy was calibrated relative to C 1 s at 284.8 eV.

NH3-TPD experiments were performed on a TP-5076 chemical adsorption instrument
(Xianquan Industrial and Trading Co., Ltd., Tianjin, China). In a typical test, a 100 mg
H-MOR sample was loaded in a quartz tube and purged with flowing He at 400 ◦C for
1 h. After cooling down to 100 ◦C, NH3 was introduced for 10 min, followed by purging
with He for 2 h to remove physically adsorbed NH3. The TPD profiles were recorded from
100 to 700 ◦C at a heating rate of 10 ◦C/min.

TG analysis was conducted on a Shimadzu TGA-50 instrument (Shimadzu, Kyoto,
Japan). The spent catalysts after 24 h of reaction were used to analyze the carbon de-
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posits. The samples were combusted from room temperature to 750 ◦C at a heating rate of
10 ◦C/min in oxygen.

2.3. Catalyst Tests

DME carbonylation reactions were performed with a tubular fixed-bed reactor under
2.0 MPa. An amount of 0.50 g of the catalyst (40–60 mesh) was loaded in the central part
of the reactor. The catalyst was heated to 500 ◦C for 2 h under a nitrogen atmosphere
(60 mL/min) to remove the moisture. After the temperature dropped down to 200 ◦C, the
gas feed was then changed to the reactant mixture (3%DME/30%CO/67%Ar) with a flow
rate of 30 mL/min. The outlet gas was analyzed in an Agilent 4890 gas chromatograph
(Santa Clara, CA, USA) equipped with a flame ionization detector. DME conversion and
product selectivity were calculated as reported [20].

3. Results and Discussion

3.1. Fe-Modified Mordenite Zeolites

The XRD patterns of all samples are shown in Figure 1a. The typical diffraction peaks
of MOR zeolite can be observed, indicating that well-crystallized mordenite zeolites are
successfully synthesized either with or without Fe modification. There are no characteristic
peaks of iron oxide species in the XRD patterns, probably due to the good dispersion of the
iron species. All the peaks for Fe-modified MOR zeolites shift to lower angles compared
with HM. The peaks positioned at around 22.5◦ of the Fe-HMOR samples (Figure 1b)—one
of the most prominent peaks for the MOR structure—also shift to lower angles, which is
ascribed to the increases in d values and unit cell parameters [21]. This is evidence that
Fe3+ has been incorporated into the mordenite framework because Fe3+ has a larger ionic
radius than Al3+ [18]. To confirm the accuracy of the XRD measurements, the average
crystal sizes of these samples are calculated based on the Scherrer equation and com-
pared with the average particle sizes obtained from SEM images (Figure S2). As shown in
Table S1, the crystal sizes from the Scherrer equation are similar to those obtained from
SEM images. The relative crystallinity is calculated according to the sum of the heights
of the five characteristic peaks at 2θ = 9.9◦, 19.8◦, 22.5◦, 25.9◦ and 26.5◦ relative to that
of M-Fe-0. As shown in Table 1, an increase in relative crystallinity is observed with the
increasing Fe/Si ratio, suggesting that the substitution of Al by Fe does not affect the
zeolite framework.

The iron contents, Si/Al and Si/(Al+Fe) ratios of the products are determined by XRF
and listed in Table 1. As the Fe/Si ratio in the raw materials increases from 0.005 to 0.02,
the iron content in the Fe-HMOR product increases from 1.03 wt% to 3.55 wt%. The iron
content in 0.01Fe/M is 2.38 wt%, which is slightly higher than that in M-Fe-0.01 (2.06 wt%).
The Si/Al ratios of M-Fe-x increase from Fe/Si = 0 to 0.02, but the Si/(Al+Fe) ratios of these
samples are similar. This indicates that the substitution of Fe for Al increases with the Fe
addition increasing. The Si/Al ratio and Si/(Al+Fe) ratio of 0.01Fe/M are slightly lower
than those of M-Fe-0.01. 27Al NMR spectra were employed to determine the fraction of
different Al species and are shown in Figure 2. The peaks at 58 ppm and 0 ppm correspond
to the framework Al (AlF) and extraframework Al (AlEF), respectively [22]. The AlF and
AlEF fractions are also listed in Table 1. HM exhibits a high AlEF fraction of 21.4%. When
Fe/Si = 0.005 and 0.01, the AlEF fractions of the Fe-HMOR samples decrease slightly. When
the Fe/Si ratio increases to 0.015 and 0.02, the AlEF fractions of the samples apparently
decrease. The lower fraction of AlEF might result from the competitive incorporation of Fe
and Al. With the increase in Fe/Si, the large size of the complexed iron (III) inhibits the
access of excessive Al species to the aluminosilicate network. Additionally, Al is preferred
to be incorporated rather than Fe [21]; thus, most of the Al species have been successfully
incorporated into the zeolite framework, which results in a decrease in AlEF. The AlEF
fraction of 0.01Fe/M is also lower than that of M-Fe-0.
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(a) (b) 

Figure 1. (a) XRD patterns of the samples; (b) XRD patterns in the 2θ region of 22–23◦.

Table 1. Relative crystallinity and chemical compositions of HM, M-Fe-x and 0.01Fe/M.

Sample Relative Crystallinity (%) Iron Content a (wt%) Si/Al a Si/(Al+Fe) a
27Al NMR (%) b

AlF AlEF

HM 100 - 8.6 - 78.6 21.4
M-Fe-0.005 129 1.03 10.1 8.9 80.9 19.1
M-Fe-0.01 125 2.06 11.3 8.8 80.5 19.5
M-Fe-0.015 131 2.69 11.8 8.6 89.3 10.7
M-Fe-0.02 134 3.55 12.4 8.1 87.1 12.9
0.01Fe/M 142 2.38 10.3 7.9 81.8 18.2

a Determined by XRF. b The fractions of framework Al (AlF) and extraframework Al (AlEF) were calculated using
the peak area of 27Al NMR spectra.

Figure 2. 27Al NMR spectra of the samples.

As shown in the SEM images (Figure S2), all samples are micro-sized bulk irregular
crystals with a diameter of ca. 6 μm, which are assemblies of nanoscale particles. Fe
addition does not affect the morphology of the zeolites apparently. The crystal of 0.01Fe/M
is larger than that of M-Fe-x, which exhibits a diameter of ca. 8 μm. Additionally, for
0.01Fe/M, the edges of the primary particles and the voids between the nanoparticles
become less clear (Figure S3).

The N2 adsorption–desorption isotherms of all samples are given in Figure S4. HM
and M-Fe-x samples exhibit type I + IV isotherms. The hysteresis loop is in the region of
0.4 < P/P0 < 1, which indicates the existence of intercrystalline mesopores. As mentioned
above, HM and M-Fe-x samples are bulk crystallites consisting of nano-structures; thus, a
small number of mesopores are formed by the aggregation of the primary particles [23].

112



Materials 2024, 17, 2417

However, 0.01Fe/M exhibits type I isotherm, typical of microporous materials. The lack
of a mesopore structure in 0.01Fe/M might be attributed to the dense aggregation of
the nanoparticles. The pore size distribution of the samples is shown in Figure S5. The
textural properties of the samples are summarized in Table 2. At relatively low Fe/Si
ratios (0.005 and 0.01), the micropore surface area and micropore volume of the samples
increase compared to M-Fe-0. A similar phenomenon has also been reported by Zhang [19].
The Fe–O bond is longer than the Al–O bond, which might result in an increase in Smicro.
With the Fe/Si ratio further increasing to 0.015, the Smicro and Vmicro slightly decrease.
When the Fe/Si ratio increases to 0.02, the Smicro and Vmicro decrease sharply; the external
surface area and mesopore volume also decrease. As the Fe/Si ratio increases to 0.015 and
0.02, the extraframework iron species might also increase, which results in the blockage of
micropores and even mesopores. The Smicro and Vmicro of 0.01Fe/M are similar to those of
M-Fe-0, but the Sext and Vmeso are lower.

Table 2. Textural properties of synthesized MOR zeolites.

Sample
Surface Area (m2/g) Pore Volume (cm3/g)

SBET Smicro Sext V total Vmicro Vmeso

HM 449 412 37 0.194 0.163 0.031
M-Fe-0.005 489 449 40 0.214 0.179 0.035
M-Fe-0.01 488 450 38 0.211 0.179 0.032

M-Fe-0.015 459 424 35 0.207 0.169 0.038
M-Fe-0.02 364 340 24 0.159 0.136 0.023
0.01Fe/M 445 426 19 0.180 0.169 0.011

3.2. Framework Incorporation of Fe Atoms

The FTIR spectra in the region of 500–1500 cm−1 are shown in Figure S6. The bands
located at approximately 570 cm−1 are attributed to T-O (T = Si, Al, Fe) vibrations, which
is typical of zeolites containing 5-membered structures, including mordenite [24]. This
band is sensitive to the crystallinity of the zeolite [25]. The band intensities of Fe-modified
samples are comparable to HM, indicating that all samples are well-crystallized mordenite.
The bands of symmetric and asymmetric stretching of T-O are located at 800 cm−1 and
1089 cm−1, respectively [26]. The bands at around 1089 cm−1 for Fe-modified samples
gradually become blunt and shift to lower wavenumbers compared to HM, which is
due to the longer bond length of Fe–O than Al–O. The results of FTIR are consistent
with XRD patterns, further confirming that the Fe atoms have been incorporated into the
MOR framework.

The chemical states of the iron species were detected by XPS analysis. The O 1s XPS
spectra are shown in Figure S7. Only one strong peak centered at 532.4 eV is observed,
which is accredited to the oxygen in T–O–T bonds. The peak of oxygen in the iron oxides at
530 eV is not observed [17], which reveals that there are no bulk iron oxide particles on the
zeolite surfaces. As shown in Figure 3, the Fe 2p spectra of the Fe-HMOR samples exhibit
Fe 2p3/2 and Fe 2p1/2 signals at ca. 711.9 and 725.0 eV, respectively. There are also shake-up
satellite peaks at approximately 717.7 and 731.2 eV. The binding energy for Fe 2p3/2 and
Fe 2p1/2 of pure Fe2O3 is 710.8 and 724.2 eV, respectively [27]. The signals of Fe2+ 2p3/2
and 2p1/2 are located at lower values (710 and 723 eV) [28]. Therefore, the Fe atoms in the
zeolites are Fe (III) species. The peaks of the Fe-modified samples shift to higher values by
0.8–1.1 eV compared with Fe2O3, which should be due to the higher electronegativity of
Si compared to Fe. This further confirms that the Fe atoms have been incorporated into
the zeolite framework. For M-Fe-0.015 and M-Fe-0.02, the Fe 2p3/2 and Fe 2p1/2 signals
shift to lower values of 711.4 and 724.7 eV, which might be attributed to the increased
extraframework iron species.
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Figure 3. XPS spectra of Fe 2p for Fe-modified samples.

The UV–Vis spectrometer was employed to investigate the framework and extraframe-
work Fe species. The spectra are shown in Figure 4. The bands at 200 nm are observed
for all samples, which belong to the Al–O charge transfer transition of four-coordinated
framework aluminum [29]. The bands at ca. 216 and 274 nm are ascribed to the isolated Fe3+

ions incorporated into the zeolite matrix in tetrahedral coordination [30]. With the increase
in the Fe/Si ratio, the band at 200 nm is gradually overlapped by the band at 216 nm, and
the band at 274 nm becomes more intense, indicating the increase in incorporated Fe atoms.
The weak and broad bands in the range of 300–450 nm are ascribed to Fe3+ ions form-
ing oligonuclear clusters and iron oxide nanoparticles, while the adsorption bands above
450 nm are due to large iron oxides [31,32]. The bands ascribed to iron oxides become more
intense for the samples with higher Fe/Si ratios, indicating the increase in extraframework
iron species. Comparing the spectra of M-Fe-0.01 and 0.01Fe/M, the peak areas of the
bands at 300–600 nm of 0.01Fe/M are smaller than those of M-Fe-0.01, suggesting there are
less extraframework iron species in 0.01Fe/M.

Figure 4. UV–Vis spectra of Fe-modified samples.

Raman spectroscopy is applied to characterize the structure of zeolites [33]. The
framework structure of MOR consists of 5- and 4-membered T-O-T rings, corresponding
to bands at around 402 cm−1 and 465 cm−1 in the Raman spectra [34]. As shown in
Scheme 1, mordenite has four non-equivalent crystallographic tetrahedral sites: T1, T2
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and T4 in the 12-MR main channels and T3 in the side pockets [35]. In other words, Fe
atoms have four possible different locations in the MOR framework. The 5-membered rings
contain T1 and T2, while the 4-membered rings contain T3 and T4 [36]. To distinguish the
location of framework Fe atoms, Raman spectra were taken and are shown in Figure 5.
For HM, the bands corresponding to 5- and 4-membered rings are located at 390 and
456 cm−1, respectively. Regarding the Fe-HMOR modified by adding ferric complex, the
band corresponding to 5-membered rings shifts from 390 to 378 cm−1, whereas the other
band remains at 456 cm−1. This indicates that the Fe atoms preferably occupy the T1 and
T2 sites in the 12-MR main channels [17]. These two bands of 0.01Fe/M are located at 392
and 450 cm−1, respectively, suggesting that the Fe atoms in this sample prefer to occupy
the T3 and T4 sites [19]. The large size of the EDTA–Fe complex might cause difficulties
for the complexed iron (III) to enter the 8-MR channels; thus, the Fe atoms are located in
the main channels for M-Fe-x (x = 0.005, 0.01, 0.015, 0.02). However, when the Fe source is
Fe(NO3)3, Fe3+ species can enter both the 12-MR and 8-MR channels; therefore, Al atoms in
the T3 sites and T4 sites can both be substituted by Fe atoms.

Figure 5. Raman spectra of the samples.

3.3. Acid Properties of the Catalysts

Mordenite is a kind of solid acid catalyst containing Lewis acid sites and Brønsted
acid sites. The Lewis acid sites are related to the tri- or penta-coordinated Al sites, while
the Brønsted acid sites correspond to the bridging OH sites (Si-OH-Al) [37]. It is of great
importance to distinguish between the Brønsted acid sites in the 12-MR channels and the
side pockets, as the latter are the active sites in the DME carbonylation reaction. The acid
strength of Brønsted acid sites in the 8-MR is higher than those in the 12-MR [38]. NH3 can
reach all acid sites because of its strong alkalinity and small molecular diameter; thus, it
has been intensively used as a probe molecule [39]. The NH3-TPD profiles of all HMOR
catalysts are shown in Figure 6. The NH3 desorption on the H-form mordenite occurs
in two temperature regions, corresponding to weak acid sites formed by amorphous Al
species and strong Brønsted and/or Lewis acid sites [40]. The TPD profiles can be further
deconvoluted into weak, moderate and strong peaks. The moderate peak is related to
the Lewis acid sites, which are usually located below 300 ◦C [20,40,41]. The moderate
peak temperature of the Fe-HMOR shifts to a higher region compared to that of HM
(Table S2). It was reported that the NH3 desorption peak of iron oxide was positioned at
368 ◦C [42]. Therefore, the shift of moderate peak temperature should be due to the higher
acid strength of iron oxides compared to extraframework Al species. This phenomenon
is not observed for 0.01Fe/M, indicating that most of the iron species exist as framework
Fe atoms. The strong peak at the highest temperature corresponds to the framework
Brønsted acid sites, which was verified by various researchers [41,43,44]. Therefore, the
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total amount of Brønsted acid sites in both the 12-MR (B12-MR) and 8-MR side pockets
(B8-MR) is determined by the integration of the deconvoluted strong peak area. The amounts
of weak, moderate and strong acid sites in the samples are calculated and summarized in
Table 3. The total Brønsted acid amount (Btotal) of Fe-HMOR increased compared to that
of HM. As the Fe/Si ratio increases, the Btotal of the Fe-modified samples also increases.
As described above, with the Fe/Si ratio increasing, the Si/Al ratios increase, but the
Si/(Al+Fe) ratios slightly decrease. Therefore, the increased Btotal could result from the
formed bridging hydroxyl groups of Si-OH-Fe. The Btotal of 0.01Fe/M is 0.573 mmol/g,
slightly higher than that of M-Fe-0.01 (0.555 mmol/g), which is consistent with the higher
framework Fe fraction of 0.01Fe/M. The peak temperature of M-Fe-0 for strong acid
sites is 503 ◦C. When ferric complex is added, the peak temperature increases to around
527 ◦C. The peak temperature of M-Fe-0.01 is the highest (536 ◦C), indicating that the
strength of total Brønsted acid sites is enhanced through Fe incorporation. The acid strength
of Si-OH-Fe is weaker than that of Si-OH-Al because the electron-acceptor property of Fe3+

is weaker compared to Al3+ [45–47]. According to the Raman spectra, for M-Fe-x (x = 0.005,
0.01, 0.015, 0.02), the Fe atoms mainly enter the 12-MR channels. Thus, it is speculated that
the strong acid site strength of these Fe-incorporated samples is enhanced as a result of the
increased Si-OH-Al in the 8-MR. On the other hand, the peak temperature of 0.01Fe/M
decreased to 490 ◦C compared with HM, suggesting a decrease in the acidic strength.

Figure 6. NH3-TPD profiles of the samples.

Table 3. Acid amounts and distributions of H-MOR samples.

Sample
NH3-TPD (mmol/g) a Py-IR (mmol/g) NH3-IR (mmol/g) c

Weak Moderate Strong B8-MR B12-MR
b B L

HM 0.550 0.164 0.307 0.157 0.150 0.304 0.157
M-Fe-0.005 0.492 0.101 0.407 0.246 0.161 0.399 0.127
M-Fe-0.01 0.519 0.223 0.555 0.395 0.160 0.559 0.214

M-Fe-0.015 0.451 0.207 0.568 0.336 0.232 0.566 0.208
M-Fe-0.02 0.464 0.227 0.586 0.290 0.296 0.604 0.228
0.01Fe/M 0.479 0.155 0.573 0.293 0.280 0.552 0.161

a Calculated using the integrated peak areas of the weak, moderate and strong peaks from NH3-TPD profiles.
b Based on the peak integration of 1545 cm−1 peaks in py-IR spectra. c Calculated based on the extinction
coefficients of 0.147 and 0.022 cm2/μmol for the bands at 1450 and 1620 cm−1, respectively [37].

NH3-adsorption FTIR (NH3-IR) was also employed to quantify the Brønsted (B) and
Lewis (L) acid sites. As shown in Figure 7, the bands at 1450 and 1620 cm−1 are assigned
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to NH3 interacted with B and L acid sites, respectively [17]. The B and L acid amounts
calculated based on the NH3-IR spectra are summarized in Table 3. The values of the B acid
amount are similar to those obtained for NH3-TPD. The L acid amounts show a similar
variation trend to the moderate acid amounts.

Figure 7. NH3-IR spectra of the samples.

Pyridine is widely employed as a probe molecule to assess both the Brønsted and
Lewis acidity of zeolites. The FTIR spectra of pyridine-adsorbed HMOR (Py-IR) are shown
in Figure 8. The adsorption bands at 1545 and 1446 cm−1 are ascribed to PyH+ and Py-L:
pyridine adsorbed on protonic acid sites or pyridine-forming complexes with Lewis acid
sites, respectively [48]. The band at 1490 cm−1 is due to pyridine interacted with both
Brønsted and Lewis acid sites. The kinetic diameter of the pyridine molecule is 0.57 nm [49],
which makes it difficult to adsorb on the acid sites in the side pockets. Thus, Py-IR spectra
are suitable for measuring the acidity in the 12-MR. The quantities of B12-MR are calculated
according to the integrated areas of the peak at 1545 cm−1 and the relative molar extinction
coefficient reported by Emeis [50]. The B12-MR of the samples are summarized in Table 3.
The B12-MR increases from 0.150 mmol/g for HM to 0.296 mmol/g for M-Fe-0.02 as the
Fe/Si ratio increases. The B12-MR of 0.01Fe/M is 0.280 mmol/g, which is higher than that of
M-Fe-0.01 (0.160 mmol/g). The B8-MR is calculated as Btotal minus B12-MR and is also given
in Table 3. With the Fe/Si ratio increasing from 0 to 0.02, the B8-MR increases first from
0.157 mmol/g (HM) to 0.395 mmol/g (M-Fe-0.01) and then decreases to 0.290 mmol/g
(M-Fe-0.02). The B8-MR of the Fe-HMOR samples is higher than that of HM, which verifies
that the improved strong acid strength of Fe-HMOR should be ascribed to the increased
Si-OH-Al in the 8-MR. The B8-MR of 0.01Fe/M (0.293 mmol/g) is apparently lower than
that of M-Fe-0.01, while the Btotal of 0.01Fe/M is slightly higher. As discussed in Section 3.2,
for 0.01Fe/M, the Fe atoms substitute the Al atoms both in the 8-MR and 12-MR. Therefore,
the Si–OH–Fe bonds of 0.01Fe/M are formed both in the 8-MR and 12-MR channels, which
does not affect the Si-OH-Al distribution.

Combining the results of Raman spectra and the acid amounts of the samples, by
adding ferric complex into the synthetic gel, the Fe atoms selectively located in the 12-MR
channels, thus greatly affecting the acid distribution of Brønsted acid sites and facilitating
the formation of Si-OH-Al in the 8-MR.
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Figure 8. Py-IR spectra of the samples.

3.4. Catalytic Performance in DME Carbonylation

The catalytic performances in the DME carbonylation to MA reaction of all the samples
were investigated. The changes in the DME conversion, MA selectivity, methanol (MeOH)
selectivity and hydrocarbon (HCs) selectivity with the reaction time are shown in Figure 9a–d.
All the catalysts exhibit a relatively low DME conversion at the beginning of the reaction.
Then, the DME conversion gradually increases and reaches the maximum value. Then, the
DME conversion decreases over time. The maximum values of DME conversions decrease in
the following order: M-Fe-0.01 (30.9%) > M-Fe-0.015 (21.2%) > M-Fe-0.005 (19.2%) > 0.01Fe/M
(16.4%) > HM (11.7%) > M-Fe-0.02 (9.0%). This is consistent with the first increasing and then
decreasing trend of B8-MR. The maximum space-time yield of MA (STYMA) in each catalyst
is calculated and shown in Figure 10a. The STYMA of M-Fe-0.01 is 0.11 g/(gcat·h), which
is nearly three times that of HM (0.04 g/(gcat·h)). The relations between STYMA and B8-MR
are shown in Figure 10b. It was reported that STYMA had a positive correlation with B8-MR
because the Brønsted acid sites in the 8-MR were the active center for the DME carbonylation
reaction [51,52]. In Figure S8b, a positive correlation is observed for HM, M-Fe-0.005, M-Fe-
0.01 and M-Fe-0.015. The STYMA of M-Fe-0.02 is relatively low, considering that the B8-MR of
M-Fe-0.02 is higher than that of HM. Zhou [18] ascribed the low catalytic activity of the catalyst
with a high iron content to the decreased BET surface area and pore volume, which decrease
the accessibility of the acid sites. The decrease in the BET surface area and pore volume of
M-Fe-0.02 is also observed, which might be attributed to the increased extraframework iron
species. The STYMA of 0.01Fe/M is also low, which should be due to the substitution of Al by
Fe. The Si–OH–Fe bonds formed in the 8-MR contribute to the B8-MR, but they are less active
in the DME carbonylation reaction.

The MA selectivity of all catalysts is high in the first 5 h (>95%) and then decreases as
the reaction proceeds. The selectivity of methanol is relatively high at the beginning of the
reaction, which should be ascribed to the methanol formed via DME dissociation on the
acid sites [12]. When the acid sites are saturated with methoxy species, methanol selectivity
reaches the lowest level. Then, methanol selectivity increases continuously with the reaction
time. The variation trend of hydrocarbon selectivity is similar to that of methanol. The
relatively high initial hydrocarbon selectivity might be due to the decomposition of DME
and methanol on acid sites [53]. Liu [54] reported that methanol-to-hydrocarbon (MTH)
reactions in the 12-MR were responsible for the decrease in DME conversion. The water
molecules formed in MTH reactions competitively adsorbed on the acid sites in the 8-MR,
thus leading to the decrease in MA selectivity and the increase in byproducts [55]. The MA
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selectivity of HM, M-Fe-0.005 and 0.01Fe/M decreases fast and drops down to less than
50% at 24 h, while the MA selectivity of M-Fe-0.01, M-Fe-0.015 and M-Fe-0.02 remains high
during the reaction process. The byproduct selectivities of these samples are also lower.
As discussed in Sections 3.2 and 3.3, for M-Fe-x (x = 0.005, 0.01, 0.015, 0.02), the Fe species
exist in the zeolite framework as Si-OH-Fe in the 12-MR. Additionally, the framework Al
species of Fe-HMOR decrease compared to those of HM. Therefore, the Si–OH–Al bonds
in the 12-MR of M-Fe-x (x = 0.005, 0.01, 0.015, 0.02) are decreased. Meng [56] reported
that Fe-substituted MFI zeolite exhibited very low activity in the MTH reaction due to
the low acid strength of Si-OH-Fe. It is speculated that the activity of Si-OH-Fe is also
low in the side reactions of DME carbonylation; thus, fewer byproducts are formed when
Al is substituted by Fe in the 12-MR channels of MOR. The contents of extraframework
Al species, which would decrease the accessibility of acid sites in the 8-MR and favor
methanol formation [57], are relatively low in the Fe-substituted samples. This might also
contribute to the lower byproduct selectivity of M-Fe-x (x = 0.01, 0.015, 0.02). The amount
of framework Fe in M-Fe-0.005 is relatively low; thus, there is no significant difference in
the MA and byproduct selectivity compared to HMOR. The Si-OH-Al distribution in the
12-MR and 8-MR of 0.01Fe/M is not apparently affected, which results in the lower MA
selectivity compared to M-Fe-0.01.

 
(a) (b) 

 
(c) (d) 

Figure 9. (a) DME conversion; (b–d) MA, methanol and hydrocarbon selectivities of DME carbony-
lation over the catalysts. Reaction conditions: T = 200 ◦C, P = 2 MPa, DME/CO/Ar = 3/30/67,
GHSV = 3600 mL/(g·h).
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(a) (b)

Figure 10. (a) STYMA of the samples; (b) The relation between STYMA and B8-MR of the samples.

The TG and DTG profiles of the spent catalysts are presented in Figure 11a,b. The
weight loss ratio of HM is the highest. With the increase in the Fe/Si ratio, the carbon
deposition gradually decreases from 9.9 wt% in HM to 5.6 wt% in M-Fe-0.02. The weight
loss ratio of 0.01Fe/M is 9.6 wt%, which is comparable to that of HM. The Brønsted acid
sites in the 12-MR are thought to be favorable for side reactions. As discussed above, Si-OH-
Fe might exhibit low activity in the side reactions. Therefore, carbon deposition could be
inhibited only when Fe atoms are incorporated into the main channels of MOR. The weight
loss in the region of 250–350 ◦C is due to the oxidation of soft coke composed of reaction
intermediates, such as surface methyl and acetyl species associated with the formation of
MA [7,58]. The heavy coke composed of large hydrocarbons, such as hydrogen-deficient
aromatic species, oxidizes above 350 ◦C [7,11]. The DTG curves of all spent catalysts show
two peaks in the temperature range of 250–350 ◦C and above 350 ◦C, respectively. The peak
temperature related to heavy coke of the spent catalysts varies. The peak temperature is
600 ◦C for M-Fe-0 and M-Fe-0.005, and it then decreases to 450 ◦C for M-Fe-0.01. With the
Fe/Si ratio further increasing, the peak temperature of M-Fe-0.015 and M-Fe-0.02 decreases
to 425 ◦C and 400 ◦C, respectively. The peak temperature of 0.01Fe/M is 420 ◦C. The results
of DTG analysis indicate that the incorporation of Fe into the zeolite framework is an
effective way to suppress the formation of heavy coke species with lower H/C ratios [59].

 
(a) (b) 

Figure 11. (a) TG and (b) DTG profiles of the spent catalysts.

The morphology and acidity of the spent and regenerated catalysts were investigated.
The spent HM, M-Fe-0.01 and 0.01Fe/M are referred to as HM-spent, M-Fe-0.01-spent
and 0.01Fe/M-spent, respectively. The spent catalysts were calcined in air at 500 ◦C for
6 h to obtain regenerated catalysts. The regenerated catalysts are referred to as HM-R,
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M-Fe-0.01-R and 0.01Fe/M-R, respectively. SEM images of the spent catalysts are shown in
Figure S8a–c. The morphology of the samples remains largely steady after 24 h of reaction,
except for some small fragments or debris on the surface of the assemblies. This suggests
that the carbon deposit has little influence on the morphology of the catalysts. As shown in
Figure S8d–f, more fragments and debris appear on the zeolite surface after regeneration,
indicating that the calcination process has a negative effect on the morphology. The NH3-
TPD profiles of the spent and regenerated catalysts are shown in Figure S9. The weak,
moderate and strong acid amounts calculated based on the deconvoluted peak areas of the
samples are listed in Table S3. The weak, moderate and strong acid amounts of the spent
catalysts decrease compared with fresh ones, which might be due to the coverage of carbon
deposit [7]. After the regeneration, the acid amounts of the samples increase compared
to spent catalysts, which should be attributed to the combustion of carbon deposit. The
moderate acid amounts of HM-R, M-Fe-0.01-R and 0.01Fe/M-R are higher than those of the
fresh ones, indicating there is an increase in the Lewis acid sites of the regenerated catalysts.
The strong acid amounts (i.e., total Brønsted acid amounts) of regenerated catalysts decrease
compared with the fresh catalysts, suggesting that part of the framework Al or Fe atoms are
removed during the reaction and the regeneration process. The Py-IR spectra of the spent
and regenerated catalysts are shown in Figure S10. The calculated B12-MR and B8-MR are
listed in Table S3. For the spent catalysts, both Brønsted acid sites in the 12-MR and 8-MR
are largely reduced compared to the fresh ones due to the formation of a coke precursor
or carbon deposit [7]. After the regeneration, the Brønsted acid sites in both channels are
recovered, but the B12-MR/B8-MR are still lower than those of the fresh catalysts.

4. Conclusions

Fe-modified mordenite catalysts with different Fe/Si ratios from 0.005 to 0.02 were
synthesized by adding Fe complex as Fe source through one-step hydrothermal conversion.
As a reference, 0.01Fe/M with a Fe/Si ratio of 0.01 was synthesized by adding Fe(NO3)3
as Fe source. The Si/Al ratios of Fe-modified samples increased with the increasing
Fe/Si ratio, while the Si/(Al+Fe) ratios slightly decreased. The influence of Fe source on
the constitution of Fe species was investigated. It was found that most of the Fe atoms
successfully substituted for the Al atoms in the zeolite framework. The framework Fe atoms
were preferentially located in the 12-MR channels of the Fe complex modified samples,
while the framework Fe atoms of 0.01Fe/M were located both in the 12-MR and 8-MR.
Except for 0.01Fe/M, the Brønsted acid strength of the Fe-HMOR was improved compared
to the HMOR sample without Fe modification. By increasing the Fe/Si ratio, the total
Brønsted acid amount increased due to the decrease in Si/(Al+Fe) ratio. The Brønsted
acid amounts in the 8-MR (B8-MR) first increased and then decreased with the Fe/Si ratio
increasing from 0 to 0.02. M-Fe-0.01 with the Fe/Si ratio of 0.01 exhibited the highest B8-MR.
The results of acid strength and Brønsted acid distribution suggested that the selective
incorporation of Fe atoms into the 12-MR might facilitate the formation of Si–OH–Al bonds
in the side pockets. However, the Si–OH–Al bond distribution of 0.01Fe/M was not affected
because Si–OH–Fe bonds were formed in both channels. By incorporating a certain amount
of Fe through the Fe complex into the zeolite framework—for instance, M-Fe-0.01 in this
work—the Brønsted acid sites derived from framework Al in the side pockets could be
largely enhanced, while those in the 12-MR decreased. In the DME carbonylation reaction,
M-Fe-0.01 showed the highest DME conversion, which was nearly three times that of
HMOR and two times that of 0.01Fe/M, respectively. The MA selectivity of M-Fe-0.01 also
remained high during the reaction process due to the improved Brønsted acid distribution.
By adding Fe complex into the synthetic gel, the Brønsted acid strength, amount and
distribution of the synthesized Fe-HMOR were effectively regulated, thus affecting the
catalytic performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17102417/s1, Figure S1: Pictures of experimental appara-
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tus; Figure S2: SEM images of the samples; Figure S3: SEM images in higher magnifications;
Figure S4: N2 adsorption–desorption isotherms of the samples; Figure S5: Pore size distribution of
the samples; Figure S6: FTIR spectra in 500–1500 cm−1; Figure S7: XPS spectra of O 1s for Fe-modified
samples; Figure S8: SEM images of the spent catalysts and the regenerated catalysts; Figure S9:
NH3-TPD profiles of the spent and regenerated catalysts; Figure S10: Py-IR spectra of the spent
and regenerated catalysts; Table S1: Crystal sizes calculated from XRD patterns using the Scherrer
equation and average particle sizes obtained from SEM images; Table S2: Weak, moderate and strong
peak temperatures of the NH3-TPD profiles; Table S3: Acid amounts and distributions of the spent
and regenerated catalysts. Reference [60] is cited in the Supplementary Materials.
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Abstract: The exploration of catalysts for the oxygen evolution reaction (OER) with high activity
and acceptable price is essential for water splitting to hydrogen generation. High-entropy mate-
rials (HEMs) have aroused increasing interest in the field of electrocatalysis due to their unusual
physicochemical properties. In this work, we reported a novel FeCoNiMoZn-OH high entropy hy-
droxide (HEH)/nickel foam (NF) synthesized by a facile pulsed electrochemical deposition method
at room temperature. The FeCoNiMoZn-OH HEH displays a 3D porous nanosheet morphology and
polycrystalline structure, which exhibits extraordinary OER activity in alkaline media, including
much lower overpotential (248 mV at 10 mA cm−2) and Tafel slope (30 mV dec−1). Furthermore,
FeCoNiMoZn-OH HEH demonstrates excellent OER catalytic stability. The enhanced catalytic per-
formance of the FeCoNiMoZn-OH HEH primarily contributed to the porous morphology and the
positive synergistic effect between Mo and Zn. This work provides a novel insight into the design of
HEMs in catalytic application.

Keywords: high entropy; water splitting; oxygen evolution reaction; electrocatalytic

1. Introduction

Hydrogen with high combustion efficiency and green renewability has been widely
recognized as a promising and achievable new energy source to replace fossil fuel [1,2]. Elec-
trochemical water splitting is a highly efficient hydrogen production technology without
polluting byproducts [3,4]. Nevertheless, as one of the key reactions of water electrolysis,
the oxygen evolution reaction (OER) suffers from high overpotential and sluggish reaction
kinetics as a result of the complicated four-electron transfer process [5–7]. Currently, noble
metal-based electrocatalysts, including RuO2 and IrO2, are considered excellent electro-
catalysts for OER [3,5,8]. However, their scarcity, high price, poor durability, and low
selectivity restricted their large-scale commercial application [9–11]. Consequently, it is of
great importance to develop non-noble metal electrocatalysts with acceptable cost, high
efficiency, and satisfactory durability for OER.

In this scenario, catalysts composed of transition metal have been widely studied
as promising OER catalysts because of their abundant resources and low price. To date,
various electrocatalysts consisting of the transition metal have been extensively developed,
including NiFe [12], NiFe hydroxide [13], FeCoW hydroxide [14], and NiFeMo oxide [15].
However, the binary or ternary catalysts lack broad compositional tunability [16], resulting
in a limited number and types of active sites [17].

Recently, high-entropy materials (HEMs), comprised at least five principal elements,
have aroused extensive interest in the field of electrocatalysis as a result of their unusual
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physicochemical properties. The large lattice distortion in HEMs not only induces plenty of
lattice defects on the surface, which allows the introduction of plentiful active sites but also
limits the atomic diffusion to enhance the structural stability. Furthermore, the synergistic
interaction among multiple principle components improves the tunability of the electronic
structure of HEMs [6,18–20]. Therefore, HEM electrocatalysts have been extensively studied
in the past few years. Recently, Huang et al. [21] synthesized FeCoNiMnCu high entropy
alloy (HEA) using a solvothermal method; the synthesized HEA catalyst exhibited out-
standing catalytic activity and stability for catalyzing OER. Strotkoetter et al. [22] fabricated
the FeCoNiCrMn high entropy oxide via the codeposition method and this catalyst showed
an outstanding OER electrocatalytic performance in an alkaline medium. So far, various
methods have been developed to synthesize HEM catalysts, including plasma sintering [23],
arc-melting [24], carbothermal shock [25], and laser ablation [26]. Nevertheless, most of
these methods usually involve harsh high-temperature conditions [27,28]. Consequently, it
is highly desirable to explore a facile technique under mild atmospheres for the synthesis
of HEM catalysts with high activity and excellent durability [29]. Electrodeposition, as
a conventional method, has been extensively used to fabricate electrocatalysts owing to
its low cost and simple process. For example, He et al. [30] synthesized FeCoNiMn (oxy)
hydroxide by electrodeposition for OER catalysis. Bian et al. [31] prepared FeMnCuCo
HEA as an efficient OER catalyst via one-step electrodeposition.

It is noteworthy that the performance of high entropy catalysts is strongly dependent
on component selection. The adjustable elemental components and ratios of high entropy
catalysts offer a possibility to develop catalysts with higher catalytic activity [19]. Especially,
the catalysts based on 3d-transition metals including Fe, Ni, Co, etc., demonstrated excellent
electrocatalytic performance in alkaline media [19,32]. Furthermore, Zn could be combined
with active metal Ni to modulate the electronic property of the catalyst [6,33]. For instance,
Huang et al. [34] synthesized the Fe0.5CoNiCuZnx catalyst by electro-deoxidizing molten
salts at high temperature, this electrode shows a low overpotential (340 mV at 10 mA cm−2)
and superior durability for 24 h. The introduction of Zn alters the HEA bond with the
element and thereby increases the adsorption energies between the surface of the HEA
catalyst and OH−/H+. Moreover, the introduction of Zn also increases the interplanar
spacing of HEA and thus enhances the OER activity [34]. Additionally, as a 4d high-valence
metal, Mo has a larger spatial extent, being endowed with strong hybridization with ad-
jacent ligand orbitals. The large electronic bandwidth of Mo allows for a wider tunable
range of electronic structures [35]. Furthermore, Mo metals have additional orbital degrees
of freedom, which facilitates the tuning of the electronic band structure and the adsorp-
tion/desorption energy of the intermediates [32]. For instance, Qiu et al. [36] developed
the AlNiCoRuMo HEA by a melting and de-alloying process. The catalyst exhibited an
outstanding OER activity. The addition of Mo makes the eg-orbital occupation of both Co
and Ru close to unity, which results in a high OER of the catalyst. Li et al. [37] designed a
FeCoNiMnMo HEA by molten salt electrolysis of oxides and this catalyst showed lower
overpotentials (279 mV at 10 mA cm−2) and smaller tafel slopes (56.1 mV dec−1). However,
the combination of Fe, Co, Ni, Mo, and Zn in OER catalysis has not already been reported
and its interactions are not clear. Considering that both Mo and Zn have promotive effects
on OER electrocatalysis, it is therefore possible that the combination of Mo and Zn may
have positive synergistic effects on FeCoNiMoZn catalysts.

Herein, we synthesized the FeCoNiMoZn-OH-layered high entropy hydroxide (HEH)
on the surface of nickel foam (NF) via the pulse electrodeposition method under a mild
atmosphere. The obtained FeCoNiMoZn-OH HEH exhibits a three-dimensional (3D)
porous morphology, which consists of a large number of nanosheets. This unique structure
ensures an ample specific surface area and facilitates the ions transfer. The obtained
FeCoNiMoZn-OH catalyst afford outstanding OER catalytic performance under alkaline
condition, including a lower overpotential of 248 mV at 10 mA cm−2, a smaller tafel slope
of 30 mV dec−1, and a long-term durability of 55 h compared with the commercial RuO2.
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2. Experimental Section

2.1. Reagents and Materials

Ferrous (II) sulfate heptahydrate (FeSO4·7H2O, 99%), sodium dodecylsulfate (SDS),
hydrochloric acid (HCl, 37%), and anhydrous athanol (C2H5OH, 99.7%) were purchased
from Feng Chuan Chemical Reagent Co., Ltd. (Tianjin, China). Cobalt sulfate heptahydrate
(CoSO4·7H2O, 99.5%) was bought from Macklin Biochemical Co., Ltd. (Shanghai, China).
Isopropyl alcohol (C3H8O, >99%) and nickel sulfate hexahydrate (NiSO4·6H2O, 99%) was
obtained from Aladdin Chemical Technology Co., Ltd. (Shanghai, China). Sodium molyb-
date dihydrate (Na2MoO4·2H2O, ≥99.5%) was obtained from Dibo Chemicals Technology
Co., Ltd. (Shanghai, China) Zinc(II) sulfate heptahydrate (ZnSO4·7H2O), trisodium citrate
dihydrate (Na3C6H5O7·2H2O, ≥99.5%), and potassium hydroxide (KOH, 85%) were sup-
plied by Kermel Chemical Reagent Co., Ltd. (Tianjin, China). Ruthenium (IV) oxide (RuO2,
97%) was bought from Haohong Scientific Co., Ltd. (Shanghai, China). Nickel foam (NF)
was obtained from Leviathan Technology Co., Ltd. (Tianjin, China).

2.2. Synthesis of HEH Catalyst

FeCoNiMoZn-OH HEH was synthesized on the surface of NF by a pulse electrodepo-
sition method. Firstly, a NF (1mm thick, 110 ppi, exposed area of 1 cm2) was ultrasonically
cleaned in hydrochloric acid, ethanol, and deionized water (DI). Secondly, a conventional
three-electrode system was used to prepare the FeCoNiMoZn-OH HEH catalyst. The
working electrode was the cleaned NF. The reference electrode and counter electrode were
the Ag/AgCl electrode and graphite rod, separately. The distance between the working
electrode and the counter electrode was 2.50 cm. In total, 0.04 M FeSO4, 0.04 M CoSO4,
0.05 M NiSO4, 0.025 M Na2MoO4, 0.03 M ZnSO4, 0.1 M Na3C6H5O7, and 0.15 g L−1 SDS
were dissolved sequentially into an aqueous solution to obtain the electrolyte. The Fe-
CoNiMoZn HEH was electrodeposited by square pulse potential mode at 25 ◦C using an
electrochemical workstation (CHI 760E, Chenhua Instruments, Inc., Shanghai, China). The
upper potential limit and pulse duration were 0 V and 0.1 s; the lower potential limit and
pulse duration were set as −2 V and 0.1 s, respectively. The entire electrode position process
lasted for 3000 cycles. Thirdly, the obtained electrode was cleaned with DI water repeat-
edly. FeCoNi-OH, FeCoNiMo-OH, and FeCoNiZn-OH catalysts were prepared following a
similar process to FeCoNiMoZn-OH HEH. The concentrations of the corresponding metal
salts were kept consistent throughout the synthesis.

2.3. Materials Characterization

The morphology of FeCoNiMoZn-OH HEH was characterized by a field-emission scan-
ning electron microscope (FE-SEM, JSM-7800F, JEOL, Tokyo, Japan) and a high-resolution
transmission electron microscope (HRTEM, JEM-F200, JEOL, Tokyo, Japan) equipped with
energy-dispersive X-ray spectroscopy (EDX). The phase characteristics of the sample were
investigated via the X-ray powder diffractometer (XRD, Bruker D8 Advanced, Ettlingen,
Germany). The chemical states of the obtained catalyst elements were detected via X-ray
photoelectron spectroscopy (XPS, AXIS SUPRA, Kratos, Manchester, UK) using an Al Kα

X-ray as the exciting source. The coordination environment as well as functional group
within the material were characterized by Raman spectroscopy (Thermo Fischer DXR,
Waltham, MA, USA) and Fourier transform infrared spectroscopy (FTIR, Thermo Fisher is
10, Waltham, MA, USA).

2.4. Electrochemical Tests

In this work, OER catalytic performance tests were conducted with a standard three-
electrode system (the electrochemical workstation, CHI 760E). The working electrode was
NF-loaded with catalysts and the counter electrode and reference electrode were Pt foil
and Ag/AgCl, separately. The electrolyte was 1.0 M KOH aqueous solution. All potentials
(vs. Ag/AgCl) were converted into potentials against the reversible hydrogen electrode
(RHE) (ERHE = EAg/AgCl + 0.059 pH + 0.197 V). Before all electrochemical testing, cyclic
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voltammetry (CV) was conducted for 20 cycles at 40 mV s−1 to energize the catalyst activity.
Linear sweep voltammetry (LSV) was employed to measure the catalytic efficiency for the
OER of the samples. The LSV polarization curves ranged from 1.2 to 1.7 V (vs. RHE) and
were collected at 5 mV s−1. Tafel slopes of these samples were determined from the LSV
curves (the linear region). Tafel slopes were estimated according to equation η = b log j + a,
where η is the overpotential of the electrode, j is the current density, b is the tafel slope, and
a is the intercept of the fitted curve. All the polarization potentials obtained in the LSV test
were implemented with iR compensation (90%). Electrochemical impedance spectroscopy
(EIS) tests were performed in a KOH solution at the overpotential corresponding to the
current density of 10 mA cm−2. The lower- and upper-frequency limits during the test
were 0.01 Hz and 100 kHz, separately. The obtained catalysts were subjected to CV tests in
1.0 M KOH solution at different scan rates and CV curves ranging from 0.72 to 0.82 V (vs.
RHE) were collected to evaluate the electrochemical active surface area (ECSA). The ECSA
of the samples were evaluated by the equation ECSA = Cdl/Cs, where Cdl (double-layer
capacitance) was obtained by plotting Δj = (ja − jc) against the scan rates, which is half
of the value of the linear slope. Cs (specific capacitance) was set as 40 μF cm−2 [38]. The
long-term durability was evaluated by chronopotentiometry tests. For comparison, the
benchmark RuO2 electrodes (2.5 mg cm−2) were fabricated. Overall, 10 mg of commercial
RuO2 powder, 35 μL Nafion (5 wt. % in ethanol), and 965 μL of isopropanol were mixed and
then ultrasounded for 30 min, followed by the formation of a homogeneous ink suspension.
Then, 250 μL of this suspension was evenly drop-coated on the surface of NF and the
sample was finally dried. In all testing, each set of tests is performed more than three times
to ensure that the obtained data are within the permissible range of error.

3. Results and Discussion

Compared with the smooth morphology of bare nickel foam (Figure S1), the sur-
face of the deposited NF is entirely covered by the FeCoNiMoZn-OH HEH catalyst layer
(Figure 1a,b). The HEH layer exhibits the 3D porous morphology, which consists of a
large number of nanosheets (Figure 1b). This unique 3D porous structure not only favors
the provision of ample specific surface area but also promotes ions/mass transportation.
Figure 1c displays the XRD spectrum of the FeCoNiMoZn-OH HEH. The main diffrac-
tion peaks appear at 19.3◦, 33.1◦, 38.4◦, 51.8◦, 60.2◦, 70.8◦, and 81.2◦, indexing to (001),
(100), (002), (012), (111), (201), and (202) of FeCoNiMoZn-OH HEH (JCPDS 74-1057). This
indicates that the FeCoNiMoZn-OH HEH has a polycrystalline structure. To further in-
vestigate the microstructure of FeCoNiMoZn-OH HEH, Figure 1d shows a TEM image of
FeCoNiMoZn-OH HEH. The HEH possesses the ultrathin nanosheet structure, which is in
accordance with the morphology shown in SEM (Figure 1b). The HRTEM of FeCoNiMoZn-
OH HEH (Figure 1e) displays the interplanar spacing of 0.15, 0.20, and 0.23 nm (Figure 1e),
indicating (111), (202), and (002) planes of FeCoNiMoZn-OH HEH, respectively. Also,
FeCoNiMoZn-OH HEH displays a large number of lattice defects, demonstrating the lattice
distortion effect of high entropy materials. The red and green symbols indicate the disloca-
tion and stacking faults, separately. The selected area electron diffraction (SAED) pattern
exhibits multiple sets of bright diffraction concentric rings (Figure 1f), further confirming
the polycrystalline structure of FeCoNiMoZn-OH HEH. Furthermore, the EDS line and
mapping spectra of FeCoNiMoZn-OH HEH show the existence of Fe, Co, Ni, Mo, Zn, and
O elements (Figures S2 and S3, Supplementary Materials; Figure 1g) and these elements
are uniformly distributed on the whole sample (Figure 1g). The atomic weight percentage
of the corresponding elements is also listed in Table S1 (Supplementary Materials).
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Figure 1. (a,b) SEM images, (c) XRD spectrum, (d) TEM image, (e) HRTEM image, (f) the correspond-
ing SAED pattern, and (g) elemental mappings of FeCoNiMoZn-OH HEH.

An XPS test was conducted to characterize the chemical states of FeCoNiMoZn-OH
HEH. The XPS survey spectra of FeCoNiMoZn-OH HEH present the peaks of Fe 2p, Co 2p,
Ni 2p, Mo 3d, Zn 2p, and O 1s (Figure S4, Supplementary Materials). The high-resolution
spectrum of Fe 2p (Figure 2a) shows peaks at 706.2 eV, 708.8 eV, and 711.9 eV, corresponding
to Fe0 2p3/2, Fe2+ 2p3/2, and Fe3+ 2p3/2. The peaks appear at 718.2 eV, 720.6 eV, and 722.5 eV,
indexing Fe0 2p1/2, Fe2+ 2p1/2, and Fe3+ 2p1/2 [39]. Two typical satellite peaks of Fe at
715 and 724.2 eV were also observed [3]. These suggest the presence of metallic Fe and
iron hydroxides/oxides. For the Co 2p spectrum (Figure 2b), the peaks appear at 777.4 eV,
780.4 eV, 793.2 eV, and 794.9 eV, which index to Co0 2p3/2, Co2+ 2p3/2, Co0 2p1/2, and
Co2+ 2p1/2 separately [39]. Two typical satellite peaks are situated at 784.1 and 799.5 eV.
Obviously, Co has only a zero and divalent valence state. In the high-resolution spectrum
of Ni 2p (Figure 2c), two typical satellite peaks of Ni are found at 858.3 and 875.9 eV.
Moreover, the peaks at 852.0 eV, 853.2 eV, 869.6 eV, and 871.9 eV conform to Ni0 2p3/2,
Ni2+ 2p3/2, Ni0 2p1/2, and Ni2+ 2p1/2, separately, which demonstrates the presence of
metallic Ni and divalent Ni compounds [18,21]. The high-resolution spectrum of Mo 3d
(Figure 2d) displays the peaks located at 230.9 eV, 232.0 eV, 233.7 eV, and 235.2 eV, assigning
to Mo4+ 3d5/2, Mo6+ 3d5/2, Mo4+ 3d3/2, and Mo6+ 3d3/2 separately [3]. The two peaks of
the Zn 2p spectrum at 1020.8 and 1043.9 eV belong to Zn2+ 2p3/2 and Zn2+ 2p1/2 separately
(Figure 2e) [40]. In the O 1s spectrum, the peaks at 531.8 and 533.1 eV indicate M-OH and
H2O (Figure 2f) [41]. The intense signal of M-OH implies that the synthesized sample is
mainly composed of hydroxides, which is also confirmed by the conclusion of XRD analysis
(Figure 1c).
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Figure 2. XPS high-resolution spectra of FeCoNiMoZn-OH HEH. (a) Fe 2p, (b) Co 2p, (c) Ni 2p,
(d) Mo 3d, (e) Zn 2p, and (f) O 1s spectra of FeCoNiMoZn-OH HEH.

To understand the coordination environment of FeCoNiMoZn-OH HEH, Raman
spectroscopy measurement was performed (Figure S5, Supplementary Materials). The
prominent Raman signals at about 460 and 530 cm−1 are derived from the existence of
metal-hydroxide (M-OH) bonds [42]. In addition, the spectral features of FeCoNiMoZn-
OH HEH are relatively broad and diffuse. This demonstrates the lower crystallinity
of the obtained catalysts and the higher density of lattice defects [43]. FTIR spectrum
revealed the presence of oxygen-containing groups in FeCoNiMoZn-OH HEH (Figure S6,
Supplementary Materials). The peaks at 3380 cm−1 and 1650 cm−1 indicate the hydroxyl
radicals and the interlayer water, separately [44]. These are in accordance with the findings
of XRD and XPS.

The OER catalytic activity of the obtained samples was revealed by LSV curves
tested in O2-saturated 1.0 M KOH aqueous solution. It is found that FeCoNiMoZn-OH
HEH demonstrates the most excellent OER catalytic activity compared to FeCoNiMo-OH,
FeCoNiZn-OH, FeCoNi-OH, RuO2, and NF samples (Figure 3a). Figure 3b shows the
histogram of overpotential at different current densities. FeCoNiMoZn-OH HEH possesses
the lowest overpotential of 248 mV at the current density of 10 mA cm−2 in comparison to
FeCoNiMo-OH (267 mV), FeCoNiZn-OH (287 mV), and FeCoNi-OH (280 mV) catalysts
and commercial RuO2 (261 mV). Moreover, FeCoNiMoZn-OH HEH also has the lowest
overpotential of only 269 mV at 50 mA cm−2 among the obtained samples, followed by
FeCoNiMo-OH (310 mV), FeCoNi-OH (328 mV), and FeCoNiZn-OH (332 mV) catalysts
and commercial RuO2 (340 mV). Obviously, the introduction of Zn almost has no effect
on the overpotential of FeCoNiZn-OH catalyst compared to FeCoNi-OH. In contrast, the
introduction of Mo significantly lowers the overpotential of FeCoNiMo-OH, suggesting that
Mo can promote the catalytic efficiency of OER. Although Zn has little effect on lowering
the overpotential of FeCoNiZn-OH, its introduction further reduces the overpotential
of FeCoNiMoZn-OH. This demonstrates the positive synergistic effect of Mo and Zn in
FeCoNiMoZn-OH HEH. The Tafel slope is a significant indicator to reflect the kinetic
characteristics of the OER-catalyzed process. Figure 3c shows that FeCoNiMoZn-OH HEH
has the smallest tafel slope of 30 mV dec−1 in comparison to FeCoNi-OH (53 mV dec−1),
FeCoNiMo-OH (42 mV dec−1), FeCoNiZn-OH (45 mV dec−1), and RuO2 (108 mV dec−1),
demonstrating the superior OER kinetics of FeCoNiMoZn-OH HEH.
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Figure 3. Electrocatalytic performance of FeCoNiMoZn-OH electrocatalysts. (a) LSV, (b) histogram
of overpotential, (c) Tafel slope, (d) EIS, (e) Cdl values, and (f) chronopotentiometry curve.

Figure 3d displays the typical Nyquist plots of the obtained catalysts and the correspond-
ing equivalent electrical circuit. Rct and Rs represent charge transfer resistance and electrolyte
solution resistance, separately. Among all obtained electrocatalysts, FeCoNiMoZn-OH HEH
displays the smallest diameter of the semi-arc of Rct, demonstrating its superior properties
in charge transfer. This is conducive to the acceleration of OER and therefore improves the
catalytic activity. Additionally, the CV curves of the catalysts tested at various scan rates
were collected (Figure S7, Supplementary Materials) to estimate the ECSA of the obtained
catalysts. ECSA is determined by Cdl (ECSA = Cdl/Cs, the Cs was set as 40 μF cm−2) [21].
As shown in Figure 3e, FeCoNiMoZn-OH HEH electrocatalyst displays the largest Cdl
value (2.35 mF cm−2) among the obtained catalysts, almost two times higher than the
FeCoNi-OH catalyst (1.30 mF cm−2). Correspondingly, the FeCoNiMoZn-OH HEH has
the largest ECSA of 58.8 cm2 compared with FeCoNiMo-OH (37.5 cm2), FeCoNiZn-OH
(37.0 cm2), and FeCoNi-OH (32.5 cm2) catalysts (Figure S8, Supplementary Materials),
suggesting the most potential active sites of FeCoNiMoZn-OH HEH. This is ascribed to the
abundant structural defects of FeCoNiMoZn-OH HEH.

The LSV curves normalized by ECSA are employed to investigate the intrinsic activity
of the obtained electrocatalysts. FeCoNiMoZn-OH HEH has the highest intrinsic activity
among the obtained samples, followed by FeCoNiMo-OH, FeCoNi-OH, and FeCoNiZn-OH
catalysts (Figure S9, Supplementary Materials). The introduction of Zn results in a slight
reduction in the intrinsic activity of FeCoNiZn-OH eletrocatalyst compared to FeCoNi-OH.
This may be attributed to the fact that Zn itself is catalytically inactive and occupies some
active sites or covers the active sites. On the contrary, the introduction of Mo plays a vital
role in improving the intrinsic activity of the FeCoNiMo-OH HEH catalyst. As a high
valence metal, Mo allows fast multi-electron transfer between the species with multiple
oxidation valence states, favoring the improvements in catalytic intrinsic activity [45].
Interestingly, the combination of inactive Zn and Mo in FeCoNiMoZn-OH HEH produces
a positive synergistic effect between Zn and Mo, which results in the further improvement
in the intrinsic activity of FeCoNiMoZn-OH HEH. It is possible that the Zn can effectively
tune the amounts of Mo4+ and Mo6+ and improve the distribution of high valence ions,
thus regulating the adsorption process of the OER intermediates.

In addition, the mass of the prepared samples before and after electrodeposition were
measured and the loading of the obtained catalysts was compared (Table 1). There was little
difference in the loading (ΔM) of the prepared catalysts. Moreover, the turnover frequency
(TOF) of FeCoNiMoZn-OH HEH is calculated assuming that all materials obtained by
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deposition are active sites. Notably, the TOF of the FeCoNiMoZn-OH HEH is as high
as 1.81 s−1 at 10 mA cm−2 (Figure S10), suggesting an enhanced electrocatalytic oxygen
production capability. Compared with other reported advanced catalysts, the obtained
FeCoNiMoZn-OH HEH exhibits a high TOF (Table S2, Supplementary Materials).

Table 1. Comparison of the mass of the prepared samples before and after electrodeposition.

Materials M1 (mg) M2 (mg) ΔM (mg)

FeCoNiMoZn-OH HEH 52.5 55.7 3.2
FeCoNiMo-OH 53.7 56.6 2.9
FeCoNiZn-OH 51.6 55.1 3.5

FeCoNi-OH 52.6 56.4 3.8
M1 is the mass of bare NF and M2 is the mass of the sample after electrodeposition. ΔM indicates the difference in
mass before and after deposition.

Moreover, the long-term durability of catalysts is regarded as another crucial indi-
cator of catalyst performance. Figure 3f shows the chronopotentiometry curve of the
FeCoNiMoZn-OH HEH tested in an alkaline aqueous solution. The OER polarization
potential was consistently maintained at about 1.51 V (vs. RHE) for 55 h at 10 mA cm−2,
demonstrating its satisfactory long-term durability. To reveal the change in morphology,
structure, and composition of FeCoNiMoZn-OH HEH after stability testing for 55 h, a series
of characterizations of the obtained samples were carried out. After stability testing for 55 h,
FeCoNiMoZn-OH HEH remains the integrated 3D porous morphology consisting of plenty
of nanosheets (Figure 4a–c), demonstrating its excellent structural stability. The elements of
Fe, Co, Ni, Mo, Zn, and O are still observed and uniformly distributed in FeCoNiMoZn-OH
HEH (Figure 4d), further implying excellent OER durability of FeCoNiMoZn-OH HEH.

Figure 4. (a,b) FESEM images, (c) TEM image, and (d) corresponding elemental mappings of
FeCoNiMoZn-OH HEH after stability testing for 55 h.

4. Comparison with the Literature

Table 2 shows the comparison of FeCoNiMoZn-OH HEH with the state-of-the-art
catalysts reported in previous work. The obtained FeCoNiMoZn-OH HEH exhibits the
extraordinary catalytic activity of OER (overpotential of 240 mV at 10 mA cm−2, Tafel
slope of 30 mV dec−1) in 1 M KOH aqueous solution compared to the catalysts reported in
previous work.
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Table 2. Comparison of OER performance of FeCoNiMoZn HEH catalyst with the state-of-the-
art electrocatalysts.

Catalysts Electrolyte η10 (mV) Tafel Slope (mV dec−1) Synthesis Method Ref.

Co3O4-MoSe2@C 1 M KOH 360 75.7 hydrothermal method [46]
Co-Mo2C@NC 1 M KOH 440 156 solvothermal method [47]
Co2B/CoSe2 1 M KOH 320 56 wet chemical method [48]
Ce-MnCo2O4 1 M KOH 390 125 coprecipitation and calcination [49]

La0.5Sr0.5Mn0.15Fe0.15Co0.4Ni0.15Cu0.15O3 1 M KOH 309 93.4 electrospinning technology [50]
MnFeCoNi HEA 1 M KOH 302 83.7 Mechanical alloying [51]

(Fe0.2Co0.2Ni0.2Cr0.2Mn0.2)3O4 1 M KOH 275 50.3 solution combustion [52]
CoFeNiMnMoPi 1 M KOH 270 74 high-temperature fly-through method [53]

(CoNiMnZnFe)3O3.2 1 M KOH 336 47.5 mechanical alloying [54]
FeCoNiCuIr NPs 1 M KOH 360 70.1 heat-up method [55]

(Cr0.2Mn0.2Fe0.2Ni0.2Zn0.2)3O4 1 M KOH 295 53.7 solvothermal method [56]
Cu0.5Fe0.5NNi2Co0.5Fe0.5 1 M KOH 370 55 chemical solution deposition [57]

AlNiCuCoFeY 1 M KOH 261 50 melt spinning [58]
FeCoNiMnCu 1 M KOH 280 59 electrodeposition [39]
FeCoNiMnW 1 M KOH 512 161 electrodeposition [4]

(Fe0.2Co0.2Ni0.2Mn0.2Cr0.2)3O4@CC 1 M KOH 287 95.8 electrodeposition [59]
CNFMPO 1 M KOH 252 44.3 electrodeposition [60]
This work 1 M KOH 248 30 electrodeposition −

5. Conclusions

In summary, a novel FeCoNiMoZn-OH-layered HEH was synthesized by electrode-
position under a mild atmosphere. The obtained FeCoNiMoZn-OH exhibits 3D porous
nanosheet morphology and a polycrystalline structure. This structure possesses abun-
dant lattice defects and a large number of surface unsaturated coordination active atoms,
providing plenty of active sites. The FeCoNiMiZn-OH HEH demonstrates excellent OER
catalytic performance under alkaline conditions, including low overpotential (248 mV at
10 mA cm−2) and outstanding durability. The positive synergistic effect of Mo and Zn
optimizes the electronic structure of HEH and thus modulates the adsorption process of
intermediates, enhancing the intrinsic activity for OER. The obtained catalyst in this work
exhibits excellent catalytic performance under laboratory conditions and is expected to be
practically applied to the electrolysis of water. This study will afford an efficient strategy
for the design and synthesis of novel high-entropy catalysts with high performance.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/nano14100889/s1. Figure S1: SEM images of bare nickel foam; Figure S2:
SEM image and line spectrum of FeCoNiMoZn-OH HEH; Figure S3: EDS spectrum of FeCoNiMoZn-
OH HEH; Figure S4: XPS survey spectrum of FeCoNiMoZn-OH sample; Figure S5: Raman spectrum
of FeCoNiMoZn-OH sample; Figure S6: FTIR spectrum of FeCoNiMoZn-OH sample; Figure S7:
The CV curves of four samples at different scan rate (a) FeCoNiMoZn-OH, (b) FeCoNiMo-OH,
(c) FeCoNiZn-OH, and (d) FeCoNi-OH; Figure S8: Histogram of electrochemically active area of four
samples; Figure S9: The LSV curves normalized by ECSA; Figure S10: TOF curves of FeCoNiMoZn-
OH HEH derived from LSV; Table S1: Weight and atomic ratios of the corresponding elements
of FeCoNiMoZn-OH HEH; Table S2: Comparison of TOF at the corresponding overpotentials of
FeCoNiMoZn-OH HEH catalyst with recently reported other electrocatalysts. References [61–67] are
cited in the Supplementary Materials.
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Abstract: Titanium silicon molecular zeolite (TS-1) plays an important role in catalytic reactions due
to its unique nanostructure. The straight channel on TS-1 was parallel to the orientation of the short b-
axis and directly exposed to the aperture of the 10-member ring with a diameter of 0.54 nm × 0.56 nm.
This structure could effectively reduce the diffuse restriction of bulk organic compounds during the
oxidative desulfurization process. As a kind of cationic polymer electrolyte, polydimethyldiallyl
ammonium chloride (PDDA) contains continuous [C8H16N+Cl−] chain segments, in which the Cl−

could function as an effective structure-directing agent in the synthesis of nanomaterials. The chain
of PDDA could adequately interact with the [0 1 0] plane in the preparation process of zeolite, and
then the TS-1 nanosheet with short b-axis thickness (6 nm) could be obtained. The pore structure of
the TS-1 nanosheet is controlled by regulating the content of PDDA. Scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), N2 physical
adsorption analysis, infrared absorption spectrum and ultraviolet–visible spectrum were used to
determine the TS-1. The thinner nanosheets exhibit excellent catalytic performance in oxidative
desulfurization of dibenzothiophene (DBT), in which the removal rate could remain at 100% after
three recycles. Here, the TS-1 nanosheet with short b-axis thickness has a promising future in
catalytic reactions.

Keywords: titanium silicon molecular zeolite; PDDA; nanosheets; tunable short b-axis thickness;
desulfurization

1. Introduction

Fine desulfurization of fossil fuels has attracted considerable interest as an environ-
mental pollution problem [1,2]. There are a lot of desulfurization methods, including
oxidative desulfurization (ODS), which is an effective, high-efficiency technology used to
obtain fuels with lower sulfur content under mild conditions [3]. TS-1 was first reported
in 1983 [4]. Numerous research studies of TS-1 were developed in selective oxidation and
epoxidation reactions of organic compounds, in which hydrogen peroxide (H2O2) and
ter-butyl hydroperoxide (TBHP) were usually applied as oxidants. As an environmen-
tally friendly feature, H2O2 is usually employed in catalytic reactions under mild reaction
conditions [5].

TS-1 has been extensively applied for manufacturing oxygenates, in which H2O2 is
usually employed as an oxidizing organic reactant, such as in the hydroxylation of benzene,
epoxidation of olefins, and ammoxidation of cyclohexanone [6,7]. However, the small size
(0.55 nm) of the micropore and framework structure in TS-1 zeolite hinders the diffusion
of organic sulfur, especially for the molecules that are adsorbed on Ti-active centers. The
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microspore property of TS-1 further constrains the mass transfer of sulfides, which limits
its application in oxidative desulfurization [8,9]. The catalytic oxidation performance of
TS-1 is highly dependent on the content of Ti and the accessibility of the target in the active
site of the catalyst.

The hierarchical TS-1 has attained considerable attention as an additional mesoporous
pore formed between intercrystalline and interconnected intracrystalline, and is benefi-
cial for mass transfer, which is a feature that could improve the efficiency of catalytic
reactions [10,11]. The hierarchical structure in TS-1 zeolite could provide a mass transfer
route and enhance the accessibility of the active sites in the TS-1 framework. Several
methods [12–16] have been proposed for the preparation of mesoporous zeolites with
hierarchical structures, such as the partial crystallization of amorphous mesoporous struc-
ture [17], zeolite seeds assisting in building primary structure units [18], the crystallization
of mesocellular silica foam into a hierarchical structure [19], and a hydrothermal approach
using a special surfactant [20]. As a kind of surfactant molecule, the cationic polymers can
electrostatically adsorb onto nanocrystals and generate zeolite nanoparticles with hierar-
chical structure through a self-assembly process [21,22]. The spherical micelle, cylindrical
micelle, and lamellar micelle could be formed through the self-assembly of surfactant
molecules that could serve as a template for producing the mesopore structures of zeo-
lite [23–25]. These nanoscopic micelle structures could incorporate meso-macropores into
microporous zeolites with substantial structures [26,27].

Some researchers have confirmed that the single-crystalline zeolite beta with inter-
connected mesopores could be synthesized by using a commercial polymer, PDDA, as a
dual-functional template [28]. The single-crystalline nature endowed Beta-MS with better
hydrothermal stability and exhibited remarkably higher catalytic activity compared with
surfactant-derived mesoporous zeolite Beta. PDDA has also been successfully applied
in the regulation of hierarchical TS-1 zeolites with abundant intracrystalline mesopores
and regular hexagonal morphology [29]. However, the manufacture of lamellar material
with a hierarchical structure has not been reported, and the PDDA content should be a
crucial factor.

In this work, a PDDA-assisted synthetic strategy was developed for constructing a
hierarchical TS-1 stacked nanosheet with tunable short b-axis thickness, in which the PDDA
mainly served as a mesopore template and structure-directing agent. TS-1 zeolite was
successfully synthesized through a PDDA electrostatic adsorption route under conven-
tional hydrothermal process, and the TS-1 nanosheets (PTS) showed superior catalytic
performance compared with conventional TS-1 zeolite in the oxidative desulfurization of
thiophenic sulfur [30].

2. Materials and Methods

2.1. Reagents and Chemicals

Tetraethyl orthosilicate (TEOS, 98%, Shanghai Macklin Biochemical Co., Ltd., Shang-
hai, China), tetrapropylammonium hydroxide (TPAOH, 25%, Beijing InnoChem Science &
Technology Co., Ltd., Beijing, China), tetrabutyl titanate (TBOT, 98%, Guangfu Fine Chemi-
cal Research Institute, Tianjin, China), polydiallyldimethyl ammonium chloride (PDDA,
Mw 100,000~200,000, 20%, Shanghai Yuanye Bio-Technology Co., Ltd., Shanghai, China),
noctane (95%, Shanghai Macklin Biochemical Co., Ltd.), hydrogen peroxide solution (H2O2,
30%, Sigma-Aldrich chemicals Co., Ltd., St. Louis, MO, USA), dibenzothiophene (DBT, 98%,
TCI Shanghai Development Co., Ltd., Shanghai, China), and ethanol (100%, Tianjin Wind
Boat Chemical Reagent Technology Co., Ltd., Tianjin, China) were used in this experiment.

2.2. Synthesis of Conventional TS-1(CTS)

Conventional TS-1 zeolite was prepared using a hydrothermal method in which a
mixture of SiO2/TiO2/TPAOH/H2O/EtOH with a molar ratio of 30/1/12/2100/120 was
used as a starting gel. Typically, 5.1915 g TPAOH (25%) was mixed with deionized water
under violent stirring for 30 min and then 3.32 g TEOS was added dropwise under stirring
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for another hour. Finally, the mixture of 0.181 g TBOT and 2.94 g ethanol was dispersed
into the above solution under continuous stirring for 2 h. The resultant gel was transferred
into a Teflon-lined stainless-steel autoclave. After crystallization at 150 ◦C for 48 h, the
solid product was centrifuged twice, rinsed thoroughly with deionized water, and dried
overnight at 80 ◦C. Then, the product was calcined at 550 ◦C for 8 h in air condition, and
the conventional TS-1 (CTS) was obtained.

2.3. Synthesis of TS-1 Nanosheets (PTS)

The starting gel of SiO2/TiO2/TPAOH/H2O/EtOH with a molar ratio of 30/1/12/2100/120
was prepared according to the above procedure, and then PDDA was dispersed in the
starting gel under stirring for 1 h. The content of PDDA in the starting gel was set at x wt %,
where x is 0.010, 0.015, 0.030, 0.090, and 0.180, respectively. Following the above procedure
of crystallization and calcination, the TS-1 nanosheets with ultra-thin lamellar structure
were obtained and named x PTS.

2.4. Characterizations

The X-ray diffraction (XRD) spectra were obtained with a Bruker D8 Advance diffrac-
tometer (Bruker, Billerica, MA, USA) equipped with Cu Kα (λ = 1.5418 Å, 40 kV, 40 mA).
Transmission electron microscopy (TEM) images and selected area electron diffraction
(SAED) patterns were observed on a JEM 2100F electron microscope (JEOL Ltd., Tokyo,
Japan) with an accelerating voltage of 200 kV. Infrared (FT-IR) spectra were collected using
a Nicolet iS50 infrared instrument (Nicolet Instrument Corporation, Madison, WI, USA)
with a KBr compression method in the range of 400 cm−1 to 4000 cm−1. The UV–vis diffuse
reflectance spectra (DRS) were recorded in the range between 200 nm and 400 nm with
an Agilent Cary5000 spectrophotometer (Agilent, Santa Clara, CA, USA). N2 adsorption–
desorption experiments were performed with an automated gas sorption analyzer of
Quantachrome autosorb iQ2. XPS spectroscopy (ESCALAB 250Xi+, Thermo Fisher Scien-
tific, Waltham, MA, USA) was employed to obtain the core-level information of zeolite
under the test condition of passing energy of 20 eV, residence time of 50 ms, step length of
0.05 eV, and 20 runs. The content of sulfur was measured with a TSN5000 sulfur analyzer
(Jiangsu Electric Analysis Instrument, Jiangsu Skyray Instrument, Kunshan, China).

2.5. Catalytic Performance Test

The solution of noctane with DBT was used as the model fuel, in which the concen-
tration of sulfur was 500 ppm. The oxidative desulfurization reaction was performed in
a conical flask (50 mL) reactor at 60 ◦C and equipped with an air condenser tube. In a
typical reaction, 20 mL of model fuel, 15 mL of H2O, 0.05 mL of H2O2, and 0.15 g of a
catalyst were added into the reactor. The oxidative desulfurization reaction was carried out
at 60 ◦C for 105 min. The upper oil phase was extracted at a 15 min interval. After that,
the concentration of organic sulfur in the oil phase was measured and the removal rate (%)
was calculated based on the results.

3. Results and Discussion

3.1. Morphology and Characterization of CTS and PTS Zeolites

The TEM images of the TS-1 zeolites are shown in Figure 1. The bright gray areas
in the images were due to the uniform micropores and hierarchical mesopores inside the
zeolites. There is an obvious difference between the morphologies of zeolites prepared with
different conditions. The bright gray regions with an irregular distribution of hierarchical
pore structures of TS-1 zeolites were observed (Figure 1a–c). In contrast, the continuous
mesopores were observed from the 0.030PTS, 0.090PTS, and 0.180PTS zeolites presented
in the regular bright gray regions (Figure 1d–f). The high-magnification TEM image of
0.030PTS is shown in Figure 1g, in which the ultra-thin lamella structure (6 nm) was
observed and continuous mesopores were marked with white lines. As shown in the SAED
pattern (Figure 1h,i), the 0.030PTS zeolite showed single-crystalline properties and was presented
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in the distinguishable [0 1 0] plate. Three lattice planes of [1 0 1], [2 0 1], and [3 0 1] were observed
from the 0.030PTS, and the straight channels of microporous structures were well exposed
in 0.030PTS crystal along the short b-axis orientation. Based on the TEM images and SAED
pattern, it could be concluded that PTS mesocrystals of nanosheets have an orderly stacked
structure. The exposed [0 1 0] plates, ultra-thin lamellas (6 nm), and textural properties
(Table 1) were beneficial for the oxidation desulfuration.

Figure 1. TEM images of CTS and PTS prepared with different amounts of PDDA: (a) CTS.
(b) 0.010PTS. (c) 0.015PTS. (d) 0.030PTS. (e) 0.090PTS. (f) 0.180PTS. (g,h) High-magnification TEM for
0.030PTS. (i) The SAED pattern of selected region in (h) for 0.030PTS.

Table 1. The texture properties of CTS and PTS zeolites as prepared.

Sample Sa
total (m2/g) Sb

micro (m2/g)
Sc

external

(m2/g)
Vd

total
(cm−3/g)

Ve
micro

(cm−3/g)
Vf

meso

(cm−3/g)
d

g
average (nm)

CTS 509 423.9 85.11 0.4687 0.1914 0.2773 3.683
0.010PTS 508 368.6 139.5 0.4858 0.1797 0.3061 3.824
0.015PTS 509.3 396.1 113.2 0.3532 0.1825 0.1707 2.774
0.030PTS 504.6 386.8 117.8 0.3220 0.1722 0.1498 2.552
0.090PTS 503.2 397.8 105.4 0.3809 0.1837 0.1972 3.028
0.180PTS 516.3 406 110.3 0.3430 0.1880 0.1550 2.658

a Specific surface area calculated using BET equation. b Micropore area calculated using t-plot method. c External
surface area. d Total pore volume at 0.995 of p/p0. e Micropore volume calculated using t-plot method. f Mesopore
volume resulting from total pore volume subtracting micropore volume. g Average pore diameter calculated by
BET specific surface area and total pore volume of cylindrical pore model.

The N2 adsorption–desorption isotherms of CTS and PTS zeolites are shown in Figure 2a.
All samples presented a typical I adsorption isotherm based on the IUPAC classification,
which indicated that the TS-1 zeolites have a typical microporous structure. The pore
distribution of the cylindrical pore model for TS-1 zeolites was calculated using the density
functional theory (DFT) method as shown in Figure 2b, in which the intrinsic micropores,
hierarchical mesopores, and continuous mesopores were obtained. The micropore volumes
of all zeolites ranged from 0.1722 to 0.1914 cm3·g−1 (Table 1, e), and the difference in
micropore volumes was caused by the intercrystalline microchannel continuity. These
results indicated that the intrinsic micropore of the MFI structure was almost unchanged
with the different dosages of PDDA used in the starting gel.
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Figure 2. Nitrogen adsorption–desorption analysis of CTS and PTS zeolites: (a) Adsorption–
desorption isotherm. (b) Pore size distribution of cylindrical pore model using DFT method.

The mesoporous and microporous surface areas of CTS zeolite were 85.11 m2·g−1

and 423.9 m2·g−1, respectively. In contrast, the surface areas of 0.010PTS zeolite were
139.5 m2·g−1 and 368.6 m2·g−1, as shown in (Table 1, b,c). The variation of the surface
areas of 0.010PTS was due to the strong interaction between the polymer chain of PDDA
and the growing crystal for zeolite, in which the PDDA functioned as a template agent for
generating more mesoporous volume (Table 1, f). However, the external specific surface
and mesoporous volume were decreased as the dosage of PDDA was further increased
in the starting gel. As result, the 0.030PTS zeolite had a relatively high external specific
surface and the lowest mesoporous volume. Obviously, The PDDA could generate more
external surfaces, and the [0 1 0] plates of PTS zeolites were even exposed (Figure 1i). It
was concluded that the PDDA was most likely adsorbed on the [0 1 0] plate and restricted
the growth of crystals along the b-axis orientation.

The XRD patterns of CTS and PTS zeolites were measured and shown in Figure 3. Five
diffraction peaks were observed at 7.9◦, 8.8◦, 23.1◦, and 23.9◦, which were assigned to the
typical MFI structure of TS-1 zeolites (PDF#01-070-6302) [30,31]. There was no diffraction
peak observed at 25.4◦, which indicated the absence of the TiO2 anatase phase. Furthermore,
no additional peaks were observed, which confirmed the high phase purity of the zeolites.
The diffraction peaks of CTS, 0.010PTS, and 0.180PTS zeolites showed higher intensity than
the other samples because they had bigger crystal sizes of 40.8 nm, 37.0 nm, and 36.8 nm,
as calculated by the Scherrer formula. Meanwhile, the other three zeolites had proximate
and lower diffraction intensity, which indicated that the smaller crystal grains were formed.
The 0.030PTS zeolite only showed a crystal size of 27.3 nm. It is noteworthy that the weak
diffraction peaks of the [3 0 1] crystal plane could be observed at 14.926◦ from 0.015PTS,
0.030PTS, and 0.090PTS zeolites (Figure 3b). This had undoubtedly been observed in the
TEM images (Figure 1i). The species adsorbed by PDDA between adjacent nanosheets
could bring continuous mesoporous channels, accompanied by the changes in TS-1 zeolite
aperture distributions (Figure 2b).

FT-IR spectra was used to determine the surface groups of TS-1 zeolites (Figure 4a),
and six obvious peaks were observed at 450 cm−1, 550 cm−1, 800 cm−1, 970 cm−1, 1100
cm−1, and 1230 cm−1. The peaks at 550 cm−1, 800 cm−1, and 1230 cm−1 belonged to the
stretching vibrations of the -O-Si-O- and -O-Ti-O- groups from the double five-membered
rings [32]. The peak at 970 cm−1 was attributed to the stretching vibration of the Si-O-Ti
bond and Si-O bond that was perturbed by the framework titanium species [33,34]. The
intensity ratio of I970/I800 was commonly used to evaluate the relative content of Ti species
in the framework structure, which was 1.18, 1.09, 1.14, 1.10, 1.13, and 1.12 corresponding
to CTS, 0.010PTS, 0.015PTS, 0.030PTS, 0.090PTS, and 0.180PTS, respectively. The intensity
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ratios of I970/I800 indicated that the relative content of Ti in the framework structure was
decreased by adding PDDA into the precursor gel. Meanwhile, it was also accompanied by
the increment of surface Ti species content (Table 2, b).

Figure 3. XPD powder patterns: (a) XRD characterization of CTS and PTS zeolites. (b) The [3 0 1]
crystal plate of 0.030PTS zeolite.

Figure 4. Structure composition analysis: (a) FT-IR spectra. (b) UV–vis spectra.

Table 2. Surface atomic composition by XPS and Ti relative content by FT-IR.

Sample Sia
Atomic% Tib

Atomic% Si/Tic
Atomicratio Non−Framework Tid

Atomic% Ie
970/800

CTS 31.64 0.69 45.85 0.21 1.18
0.010PTS 30.73 0.79 38.89 0.29 1.09
0.015PTS 30.11 1.00 30.11 0.52 1.14
0.030PTS 31.03 0.95 32.66 0.48 1.10
0.090PTS 30.88 1.10 28.07 0.59 1.13
0.180PTS 28.74 1.08 26.61 0.58 1.12

a, b, c, d Measured by XPS. e FT-IR intensity ratio of the bands at 970 cm−1 and 800 cm−1.

The UV–vis DRS spectra were used to investigate the chemical environment of tita-
nium species in TS-1 (Figure 4b). There are two major peaks presented at 210 nm and
330 nm. The strong peak at 210 nm was assigned to the charge transfer between titanium
and oxygen atoms in tetrahedral coordination [8]. This result verified that the titanium
atoms entered the framework of TS-1 zeolites. The weak peak around 270 nm corresponded
to the partially polymerized titanium species with hexagonal coordination [35], and the
absorption peak around 330 nm confirmed the existence of anatase TiO2 in TS-1 zeolite.
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However, there was no characteristic peak in the anatase phase of TiO2 observed in the
XRD powder patterns due to a smaller amount of incorporation or the small particle size of
the anatase phase [36].

XPS spectroscopy was employed to investigate the content and the chemical state
of the Ti species on the external surface of zeolites. The binding energy for carbon at
284.8 eV was used to make binding energy correction. The chemical state was observed
after peak fit analysis of XPS spectra, as shown in Figure 5. The Ti 2p3/2 at 460.2 eV and
Ti 2p1/2 at 465.0 eV were assigned to the framework Ti species in tetrahedral coordina-
tion. As the increment of PDDA, the Ti 2p3/2 at 460.2 eV split off a new band at 459.0 eV
and became narrower, indicating the existence of new Ti species in hexahedral coordi-
nation (TiO6) [37]. The oxidation mechanisms over TS-1 were investigated by means of
DFT/ONIOM2 calculations [38]. The calculated activation energy of oxidation with TS-1
containing non-framework Ti (TiO6) was found to be remarkably lower than that without a
non-framework Ti zeolite catalyst, and the intermediate of the double-toothed superoxide
IM_1b (η2) had more reaction activity and stability.

Figure 5. Ti 2p region for CTS and PTS zeolites.

Compared to CTS zeolite, the utilization of PDDA could enrich Ti species on the
surface of PTS, which was also accompanied by the presentation of more than two-fold
hexahedrally coordinated Ti species (Table 2, d), and it has been proved that the TiO6
exhibited two~three-fold higher run activity than that of tetrahedral coordination. PDDA
has numerous C8H16N+ chains, which could effectively adsorb Si-OH and Ti-OH, and
the Ti-OH exhibited a stronger interaction with PDDA compared with Si-OH [39]. The
C8H16N+ chain could not only enrich tetrahedrally coordinated Ti species on the surface
but also improve the dispersion.

3.2. Formation Mechanism of Short b-Axis-Oriented TS-1 Nanosheets

The TS-1 nanosheets were successfully synthesized with a thickness of 6 nm. PDDA
functioned as a mesoporous template and structure-directing agent during the preparation
process of PTS. The texture property and chemical state of TS-1 zeolite could be controlled
by adjusting the content of PDDA in the precursor gel. The ZSM-5 zeolite with a thinner
b-axis was gradually formed in the growth process, and the fluoride anions functioned
as a structure-directing agent in the TPA+F− ion pair, which conducted the process of
microcrystal growth [40]. The abundant cations and anions in PDDA could match with
TPA+ and material species in the precursor gel.

The synthesis progress of nucleation, microcrystals, and nanosheets was investigated.
In the initial stage, a network structure was formed between the TPA+, silicon, and titanium
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species, which spontaneously developed into a large number of crystal nuclei. On one
hand, the scale of the network structure began to mature and evolve into microcrystals. On
the other hand, the [010] plate of microcrystals had the feature of energetically favorable
orientation, which was inclined to adsorb additives because of the coordination between Si
and O atoms on the [010] plate [41]. The precursor of 0.030PTS was also characterized by
XPS, which showed the presence of Cl2p and N1s species on the surface of the precursor
(Figure 6).

Figure 6. XPS for the precursor of 0.030PTS.

The C8H16N+ and Cl− could be adsorbed on the [010] plate of microcrystals and
effectively prescribe the orientation to the TPA+, silicon, and titanium species, and the
PDDA could occupy the growing orientation along the b-axis. The TPA+, silicon, and
titanium species were fully dispersed along the a-axis and c-axis and then grew rapidly
along the ac crystal plate (Figure 7). Moreover, polymer electrolyte was virtually located
between the adjacent ac crystal plates, which could be easily removed through calcination
and form a continuous mesoporous channel. Meanwhile, the abundant Ti species were
incorporated into the crystal surface as revealed by XPS (Table 2, b,d). Thus, a bulky organic
sulfur compound such as DBT with a diameter of 0.887 nm could easily reach the Ti site via
continuous mesoporous channels.

Figure 7. Mechanism of formation of PTS zeolite.
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3.3. Catalytic Performance

The conventional CTS and PTS zeolites served as the heterogeneous catalysts for the
oxidation of a sulfur compound in the model fuel. The PTS zeolites showed superior
catalytic activity compared to the CTS zeolite in the oxidation of DBT [42]. The superior
catalytic performance was due to the exposed external surface of PTS (105.4–139.5 m2/g,
Table 1c), which could greatly overcome the restricted access of bulky molecules. Thus,
DBT was artificially mixed in noctane and used as a model fuel to evaluate the catalytic
performance of the PTS zeolites. Hydrogen peroxide was employed as an oxidizing agent
in the reaction. The removal rate of DBT was investigated with a sulfur analyzer (Figure 8a).

Figure 8. Catalytic test: (a) Oxidation of DBT over CTS and stacked nanoplate PTS zeolites. (b) Recycle
tests for stacked nanosheet 0.030PTS zeolite.

The catalytic activity in oxidation was highly related to the diffusion of DBT in the
catalyst. The removal rate of DBT could reach 98.5% in 45 min by using 0.030PTS, and the
removal rate was 21.5%, 29.5%, 85.6%, 60.7%, and 58.2% corresponding to CTS, 0.010PTS,
0.015PTS, 0.090PTS, and 0.180PTS, respectively. The PDDA could function as a mesoporous
template agent for the 0.010PTS zeolite, and the hierarchical intercrystal mesopores were
formed after roasting. However, the lowest dosage of PDDA only incorporated a small
amount of Ti species onto the surface of the 0.010PTS zeolite (0.79% and 0.29%, Table 2, b,d).
As the increment of PDDA, continuous mesopores were formed in 0.015PTS, 0.030PTS,
0.090PTS, and 0.180PTS, and high titanium content was obtained, as shown in Table 2,
b,d. It could be concluded that the texture characteristics, surface properties, and phase
composition of PTS could be regulated by adjusting the dosage of PDDA. The catalytic
activity of zeolite was highly reliant on the accessibility and enrichment degree of the Ti
species on the exposed surface.

PDDA that was located between the ac crystal plates (Figure 7) was removed during
the calcined process, and the Si and Ti species remained on the zeolite surface. The 0.030PTS
zeolite presented the highest desulfurization performance among the prepared TS-1 zeolites
because it possessed a higher external area, uniform pore diameter, and moderate surface Ti
content. Moreover, the 0.030PTS zeolite could be easily recycled by centrifugation without
any pretreatment and the removal rate of DBT was 98.6% in 90 min after seven recycles
(Figure 8b). The results demonstrated that the PTS zeolite is a slightly effective and stable
catalyst for oxidative desulfurization of DBT and could also be used as a catalyst for other
oxidation reactions.

4. Conclusions

Herein, we developed a novel and efficient method for preparing TS-1 nanosheets
along with short b-axis orientation by utilizing PDDA as a structure-directing agent, which
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could facilitate the incorporation of Ti species on the [0 1 0] plane of zeolites. The surface
Ti content of the prepared TS-1 zeolite could be increased by 59%. The prepared surface
of the Ti-rich zeolite catalysts possessed more hexahedrally coordinated Ti species and
less anatase, which showed superior catalytic activity in the oxidation desulfurization of
DBT compared to CTS zeolite. The PTS zeolites prepared in this study may bring more
opportunities for oxidative desulfurization.
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Abstract: Copper squarate is a metal–organic framework with an oxo-carbonic anion organic linker
and a doubly charged metal mode. Its structure features large channels that facilitate the adsorption
of relatively small molecules. This study focuses on exploring the potential of adsorbing small
pollutants, primarily greenhouse gases, with additional investigations conducted on larger pollutants.
The objective is to comprehend the efficacy of this new material in single and multiple molecular
adsorption processes using theoretical methods based on density functional theory. Furthermore, we
find that the molecular adsorption energies range from 3.4 KJ·mol−1 to 63.32 KJ·mol−1 depending on
the size and number of adsorbed molecules. An exception is noted with an unfavorable adsorption
energy value of 47.94 KJ·mol−1 for 4-nitrophenol. More importantly, we demonstrate that water
exerts an inhibitory effect on the adsorption of these pollutants, distinguishing copper squarate
as a rare MOF with hydrophilic properties. The Connolly surface was estimated to give a more
accurate idea of the volume and surface accessibility of copper squarate. Finally, using Monte Carlo
simulations, we present a study of adsorption isotherms for individual molecules and molecules
mixed with water. Our results point out that copper squarate is an efficient adsorbent for small
molecular pollutants and greenhouse gases.

Keywords: copper squarate; metal–organic framework; molecular adsorption; DFT; adsorption isotherms

1. Introduction

Nowadays, scientists around the world are actively seeking new porous materials
to tackle the pollution crisis caused by urbanization and emissions from motor vehicles
and industry [1,2]. Extensive research has been conducted, resulting in the publication
of in-depth studies on air emissions and the various types of pollutants present in our
atmosphere, such as carbon dioxide (CO2), the main contributor to the greenhouse effect,
which is largely responsible for global warming. Additionally, methane (CH4), tropospheric
ozone (O3), dinitrogen monoxide (N2O), nitrogen trifluoride (NF3), and sulfur hexafluoride
(SF6) are critical trace gases that contribute to climate change. These six compounds are
among the main greenhouse gases identified in the Kyoto Protocol [3–6].

In addition, the combustion of coal, fossil fuels, or biomass also releases air pollutants,
such as sulfur dioxide (SO2) and volatile organic compounds (VOCs), which contribute
significantly to industrial and vehicle exhaust pollution. At the same time, VOCs produce
a variety of pollutants, including polycyclic aromatic hydrocarbons (PAHs) derivatives
such as NPAH nitrates. This category includes, for example, 4-nitrophenol (4NP), which is
considered one of the most hazardous pollutants in our daily lives [7–15]. Nitrophenols
are classified as priority pollutants by the U.S. Environmental Protection Agency [16].
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Due to their high toxicity, atmospheric pollutants have considerable negative effects on
human health, wildlife, and global warming. For this reason, emphasis has been placed on
experimental and theoretical studies concerning the application of separation, adsorption,
gas capture and storage, and selective catalysis as potential solutions [17–22].

Recently, metal–organic frameworks (MOFs) have been in great demand for the cap-
ture and storage of gaseous pollutants due to their extraordinary porosity, surface area,
crystallinity, controllable structure, and chemical separation capabilities [23–25]. Conse-
quently, a plethora of work has been carried out on various materials, such as zeolitic
imidazolate frameworks (ZIFs), clay minerals, lignite, anthracites, and more, to adsorb
pollutants [26–30]. The presence of water has also been considered, providing valuable
information on its impact on the adsorption process [31–33].

In this paper, we will focus on a type of MOF [34] that has not yet been explored
for adsorption or capture processes: the copper squarate (C-S) metal–organic framework.
The crystal structure of this material was first analyzed and described in detail by Din-
nebier et al. [35,36]. C-S was subsequently investigated by Colmenero et al. [37] using
theoretical solid-state methods based on density functional theory (DFT). This study firmly
established the crystal structure of copper squarate, previously determined using a re-
stricted rigid-body Rietveld refinement, which discovered that it exhibits the phenomenon
of negative linear compressibility due to the presence of the empty channel structural motif.
Colmenero et al. demonstrated that other squarate MOFs, such as zinc [36] and uranyl
squarates [38], also exhibit negative linear compressibility. In fact, Colmenero [39] has
shown that oxo-carbonic acids in the solid state exhibit extremely anomalous mechanical
behavior, and recently, Qiu et al. [40] have revealed that lead and barium squarates exhibit
zero linear compressibility and thermal expansion effects over a wide range of pressures.
The presence of empty spaces inside these structures and their large pore size have led us to
believe in the viability of these materials for the capture and storage of hazardous gases. As
far as we know, squarate MOFs have only been recently studied for molecular adsorption
applications. Namely, the use of cobalt squarate MOF has recently been investigated for
CO2/N2 separation by Zhang et al. [41].

The aim of our work is to characterize the behavior of squarate materials in molec-
ular adsorption applications, which have not yet been explored, using solid simulation
techniques. Specifically, we will investigate the ability of copper squarate to absorb a
series of different classes of gaseous pollutants in the presence and absence of water. We
will closely examine its response to these pollutants, determining its preferred adsorption
sites, energies, and mechanisms, as well as its adsorption isotherms. Unfortunately, to our
knowledge, no experimental or theoretical studies have been published on adsorption in
copper squarate. The present work is therefore the first to provide theoretical results that
will serve as a starting point for further experiments. The exploration of new materials
for the adsorption of contaminants is crucial to counter the wave of pollution caused by
urbanization that we are currently experiencing.

2. Results and Discussion

The copper squarate crystal structure was re-optimized, and the results obtained are
fairly consistent with those obtained by Colmenero et al. [36]. The powder X-ray diffraction
(PXRD) patterns of copper squarate were derived from the computed and experimental
structures using the program REFLEX included in the Materials Studio program suite [42].
The results are displayed in Figure S1 of the Supplementary Materials and, as can be seen,
they are consistent. Because of the small size of the unit cell, it was doubled along the axis
to facilitate the adsorption of the pollutant, as was conducted in previous works studying
the adsorption of similar molecules in materials like zeolite [43]. The calculations were then
continued with a series of optimizations of the double unit cell containing the pollutant
gases. These gases were introduced inside using the Adsorption Locator tool of Materials
Studio [42] in order to conduct the adsorption processes inside this material. The results
are presented in Table 1, where the lattice parameters of the crystal unit and the double
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cell of copper squarate are provided, as well as the parameters of the cells distorted due
to the capture of one or more pollutants and water molecules. The optimized geometries
of different species are compared with the corresponding experimental data in Table S1
of the supporting information. The optimized structure of copper squarate is shown in
Figure 1. The optimized copper squarate unit and double cell can be downloaded from the
Supplementary Information (Table S2).

Table 1. Structural parameters of copper squarate (C-S) are in the pure form and contain adsorbed
pollutant molecules and water separately. The experimental unit cell parameters are from Ref. [36].

Species a(Å) b(Å) c(Å) α(◦) β(◦) γ(◦) Vol. (Å
3
)

C-S (1 × 1 × 2) 11.017 9.352 11.288 89.918 117.636 90.082 1030.39
Exp. (1 × 1 × 1) 10.686 8.939 5.674 90.0 117.600 90.0 480.455

1 CH4 11.159 9.145 11.224 89.570 116.579 90.186 1024.40
4 CH4 10.707 9.812 11.394 90.089 117.974 89.977 1057.25
1 CO2 11.212 9.071 11.208 89.278 116.246 90.607 1022.29
2 CO2 11.096 9.264 11.276 89.356 116.571 90.410 1036.68
5 CO2 10.926 9.579 11.405 89.330 115.918 89.907 1073.61
1 O3 11.062 9.275 11.253 90.081 117.058 89.949 1027.85
3 O3 10.972 9.654 11.206 89.975 119.881 90.149 1029.24
5 O3 10.937 9.563 11.409 90.103 116.515 90.254 1067.79
1 SF6 10.904 9.754 11.226 89.641 118.322 89.846 1051.02
1 NF3 11.106 9.225 11.261 90.333 116.512 89.765 1023.45
1 CF4 11.015 9.610 11.192 89.801 119.085 90.008 1035.35
1 N2O 10.925 9.683 11.217 90.014 120.345 90.007 1024.08
1 S2O 11.139 9.167 11.215 90.160 116.500 90.140 1024.94
1 H2O 11.214 9.015 11.187 90.279 116.117 89.714 1015.56
5 H2O 11.070 9.431 11.155 90.185 117.025 89.544 1037.45

18 H2O 10.907 9.524 12.334 93.334 106.045 89.533 1229.24
14NP 10.027 10.51 11.722 88.364 114.868 90.152 1120.26

  
(A) (B) 

Figure 1. Optimized crystal structure of copper squarate: (A) single unit cell; (B) double unit cell
along edge. (Color code: Red: Oxygen/Orange: Copper/Gray: Carbon).

2.1. Crystal Bulk Structure and Analysis of Connolly Free Volume and Surface Area Properties

In this section, we employ another feature of Materials Studio 22.0 [42], the “Atoms
Volume and Surfaces” to approximate the Connolly surface of copper squarate and the
pollutants separately using the probe radius. This allows us to thoroughly explore the cavity
and surface features of the internal complex structure after the adsorption process [44] and
to obtain the occupied and free volumes, as well as surface area (Table 2). These parameters
are then used to calculate the pore volume using the expression below [45]:

Pore volume (cm 3·g−1) =
Cell Free Volume

(3)
Density (g·cm−3)× Cell Volume (3)

(1)
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Table 2. Connolly free volume, surface area of supercell sizes, and density of copper squarate.

Sample Density (g·cm−3) Accessible Surface Area (Å
2
) Free Volume (Å

3
) Pore Volume (g·cm−3)

C-S
Exp. [36]

2.263
2.427 283.7 223.5 0.0958

From Table 2, we notice a good agreement between the experimental density (2.427 g·cm−3)
and the theoretical value (2.263 g·cm−3), showing the accuracy of the DFT-D3 method in
describing unit cell structures in crystalline materials. The total pore volume of copper
squarate (1 × 1 × 2 cell) is expected to be 0.0958 g·cm−3, i.e., 23% of the total cell volume
reported in Table 1. This value is close to the experimental one (24.6%) approximated from
available data (density and cell volume) in the work of Colmenero et al. [36] considering
the (1 × 1 × 2) cell, as well as using the theoretical cell free volume. All these calculations
use a probe radius of 1.0 Å and a grid interval of 0.6 Å [45].

Moreover, we employed the same grid interval of 0.6 Å for the Connolly surface
parameters to estimate the volume and surface area of other adsorbed species. Meanwhile,
we varied the probe radius from one molecule to another due to the electronic density of
those molecules [32,45]. For H2O, SO2, N2O, and CH4, we use a probe radius of 1.37 Å due
to their similar electronic cloud characteristic except for CH4. The corresponding results
were (18.99 Å3/34.79 Å2), (40.48 Å3/58.08 Å2), (28.87 Å3/50.42 Å2), and (27.47 Å3/46.18 Å2),
respectively. In the case of 4NP, a slightly larger probe radius of 1.4 Å was employed to
achieve a result of (115 Å3/138.02 Å2). Finally, for the more electronegative molecules CO2,
O3, NF3, SF6, CF4, and 2NP, a probe radius of 1.7 Å was chosen, considering their higher
electron density due to hindrance, resulting in (32.28 Å3/51.37 Å2), (31.25 Å3/50.37 Å2),
(40.71 Å3/60.59 Å2), (74.81 Å3/89.45 Å2), (50.04 Å3/69.05 Å2), and (110.49 Å3/134.58 Å2),
respectively. These results indicate the ability of C-S to adsorb the pollutants listed, except
2NP and 4NP, which have almost the same Connolly surface and volume as the filter,
potentially causing repulsive disturbances.

To delve deeper into the understanding of C-S capacity as a filter and elucidate the
outcomes of the Connolly analysis, we employed the DFT-D3 veracity method. This
method allows us to ascertain the maximum quantity of adsorbed pollutants within the
bulk. Table 3 shows the structural parameters of the co-adsorption process.

Table 3. The structural parameters of copper squarate containing a co-adsorbed mixture of a pollutant
with water.

Mixture a(Å) b(Å) c(Å) α(◦) β(◦) γ(◦) Vol. (Å
3
)

1 CH4 + 1 H2O 11.088 9.246 11.231 89.983 116.856 89.765 1027.29
1 CO2 + 1 H2O 11.082 9.249 11.216 90.009 116.896 89.695 1025.20
1 O3 +1 H2O 11.134 9.192 11.229 89.511 116.154 90.203 1030.70
1 SF6 +1 H2O 10.902 9.796 11.247 90.335 118.839 90.090 1051.76
1 NF3 +1 H2O 11.021 9.376 11.298 89.924 116.777 89.956 1024.30
1 CF4 +1 H2O 11.014 9.573 11.187 89.728 118.839 90.084 1033.19

1 N2O + 1 H2O 11.053 9.533 11.185 90.004 119.398 90.076 1026.75
1 SO2 +1 H2O 11.095 9.232 11.221 90.499 116.896 89.693 1025.20
1 4NP + 1 H2O 9.9750 10.55 11.774 88.224 116.634 90.125 1107.77

2.2. Adsorption Analysis

Achieving optimal DFT performance in this study involves a hierarchical approach.
First, we locate the most stable configuration in conformational space, as was previously
described using the Adsorption Locator module with COMPASS III force field [46], by
dropping the molecule at various pressures employing the Metropolis algorithm. The DFT
geometry is then optimized for the most favorable configuration. (Figure 2) shows the
single final adsorption structure of pollutants and water in C-S and (Table 4) gives the
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energy data for the adsorption process. Negative adsorption energies indicate favorable
capture of gases [31].

   
CS-CH4 CS-CO2 CS-N2O 

   
CS-SO2 CS-H2O CS-NF3 

   

CS-CF4 CS-SF6 CS-O3 

 
CS-4NP 

Figure 2. Zoomed interactions of optimized copper squarate containing single pollutants or wa-
ter. (Color code: Red: Oxygen/Orange: Copper/Gray: Carbon/White: Hydrogen/Royal blue:
nitrogen/Yellow: Sulfur/Light blue: Fluorine).

Table 4. Adsorption and co-adsorption energies in copper squarate calculated with CASTEP.

X Pollutant H2O Energy (eV) ΔEads(KJ·mol−1) ΔEmult
ads (KJ·mol−1) ΔEint(KJ·mol−1)

1 CH4 0 −28,377.13 −19.42
4 CH4 0 −29,036.92 −23.02
1 CO2 0 −29,174.10 −18.93
2 CO2 0 −30,190.92 −17.72
5 CO2 0 −33,241.66 −22.22
1 O3 0 −29,443.50 −30.51
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Table 4. Cont.

X Pollutant H2O Energy (eV) ΔEads(KJ·mol−1) ΔEmult
ads (KJ·mol−1) ΔEint(KJ·mol−1)

3 O3 0 −32,016.10 −50.05
5 O3 0 −34,588.30 −26.94
1 SF6 0 −32,355.32 −3.785
1 NF3 0 −33,375.60 −14.12
1 CF4 0 −30,908.98 −3.400
1 N2O 0 −29,137.72 −63.32
1 SO2 0 −29,322.81 −38.04
1 H2O 0 −28,621.07 −51.16
5 H2O 0 −30,476.14 −47.01

18 H2O 0 −36,505.20 −46.78
1 4NP 0 −30,730.94 +47.94
1 CH4 1 −28,157.25 −33.11 +4.364
1 CO2 1 −29,638.03 −40.39 −10.68
1 O3 1 −29,907.21 −35.52 +10.63
1 SF6 1 −32,818.70 −6.186 +42.67
1 NF3 1 −30,839.30 −26.83 +11.01
1 CF4 1 −31,373.09 −41.31 −27.96
1 N2O 1 −29,601.17 −39.10 +36.30
1 SO2 1 −29,786.61 −43.48 +1.952
1 4NP 1 −30,730.93 +47.93 −10.34

2.2.1. Pollutants and Water Adsorption

The results indicate favorable adsorption of CO2, N2O, SO2, and H2O molecules into
C-S using force field loading, with up to five, one, one, and eighteen species per double unit
cell, respectively. The accuracy of these findings was validated by CASTEP calculations,
revealing adsorption energies of −18.93, −63.32, −38.04, and −51.16 KJ·mol−1, respectively,
for a single captured molecule. This suggests the existence of electrostatic interactions,
as illustrated in the zoomed images in Figure 2. For all four species, we observe a short
consistent interaction involving C-S oxygen with C (CO2), N (N2O), S (SO2), and strong
hydrogen [47] bound with H (H2O), comprising a bound distance of 2.811, 2.954, 2.775, and
1.966 Å, respectively. In addition, a weaker interaction is evident with C (C-S), interacting
with O (CO2), N (N2O), O (SO2), and O (H2O) at distances ranging from 2.847–3.080 Å.

In Table 4, the calculated energies are CH4 (−219.678 eV), CO2 (−1016.651 eV),
O3 (−1285.930 eV), SF6 (−4198.029 eV), NF3 (−2218.200 eV), CF4 (−2751.691 eV), N2O
(−979.812 eV), SO2 (−1165.160 eV), H2O (−463.290 eV), 4NP (−2574.182 eV), and C-S
(−28,157.254 eV), referring to the number of adsorbed pollutant and water molecules.

Generally, metal–organic frameworks (MOFs) are known to be unstable in humid envi-
ronments. Zeolite has been highlighted in the literature for its hydrophobic nature [48–50].
However, recent experimental studies have identified exceptions, such as ZIF-8 and ZIF-
90, which show stability in the presence of water [51,52]. In our study, we theoretically
demonstrate that C-S exhibits stability in the presence of water, which is consistent with
the hydrophilic behavior observed in some MOFs. In particular, we show that O-H bond
lengths in water approach 0.966 Å, which closely matches the experimental value of
0.98 Å [52].

Methane is a non-polar molecule and has been the subject of previous adsorption
studies, particularly on zeolites [45]. In our study, different quantities of CH4 ranging from
one to four were absorbed and optimized to identify the most favorable insertion sites. Our
results are consistent with those of a previous study in which four methane molecules were
observed inside the ZIF-4 cell [32]. By analyzing the modeled structures, we observed that
all CH4 molecules are in close proximity to the C-S, involving a hydrogen interaction with
the oxygen atom of C-S, with a bonding distance of 2.737 Å, as illustrated in (Figure 2).
This interaction represents a limiting case of hydrogen bonding, characterized by a weak
donor to a strong acceptor due to their substantial contribution to dispersion [47]. This

153



Molecules 2024, 29, 3140

contributes to system stabilization, resulting in negative adsorption values ranging from
−19.42 KJ·mol−1 to −23.02 KJ·mol−1 for one and four CH4 uptake molecules, respectively.

From Table 4, we can observe high adsorption energies of −30.51, −50.05, and
−26.94 KJ·mol−1 for the adsorption of one, three, and five O3 molecules, respectively,
including a strong uptake within the bulk. This is attributed to the reactive nature and
high polarity of ozone due to the presence of oxygen atoms. Capture involves intermolec-
ular Van der Waals forces, mainly OO3-OC-S with an average bond length of 2.8 Å for
all the optimized structures. In this case, the charged fluctuation of the oxygen and the
electronic density leads to a sensitive instantaneous dipole moment, creating a type of
London dispersion.

The vacuum inside the cavity allows the capture of one molecule with fluorine atoms
due to the steric effect of the electronic density of the halogen, causing a repulsion with
the oxo-carbonic anion of the copper squarate. We observed that the adsorption energy is
−14.12 KJ·mol−1 for NF3, while it decreases consistently for CF4 and SF6, with values of
−3.40 and −3.78 KJ·mol−1, respectively. We deduce that as the number of fluorine atoms
increases, the adsorption energy decreases. Additionally, we notice that when the central
atom is nitrogen, the adsorption energy is higher, as seen with N2O. The optimized lengths
are shown in Figure 2, where it can be seen that the carbon of C-S interacts with the fluorine
of CF4 and NF3 at 2.7 and 2.8 Å, while a shorter value of 1.98 Å is noted with SF6 because
its octahedral form minimizes the distance between the pollutant and the bulk.

A positive adsorption energy of +47.94 KJ·mol−1 was noted for 4NP (Table 4), indicat-
ing unfavorable capture of the aromatic pollutant by the C-S. This is in contradiction with
the adsorption locator calculation, which allows the uptake of one molecule. This implies
the lack of accuracy of the force field and the foremost importance of using the DFT-D3
method to complement and achieve a reliable calculation.

2.2.2. Co-Adsorption of Pollutants and Water

In this section, we study the effect of a humid environment on the adsorption inside
copper squarate bulk. The adsorption energy and interaction energy are calculated using
Equations (2) and (3), respectively, and the results are presented in Table 4.

According to Table 4, the co-adsorption of the pollutant with water gives negative
adsorption energy, revealing favorable adsorption energy, except for 4NP. The latter has a
positive adsorption value in both dry and humid environments, which can be caused by
the unavailability of sufficient space on the pores due to its large size and radius.

For CH4, SO2, and CO2, the adsorption energies increased in the presence of water to
reach −33.11, −43.48, and −40.39 KJ·mol−1, respectively. This implies the same interaction
as above between the pollutant and the bulk. In addition, weak hydrogen bonds are formed
between the water and the pollutant, which further increases the adsorption energy. The
same trend is noted for molecules with fluorine atoms, where the values of the mixed
adsorption energy increased to reach −26.83, −41.31, and −6.186 KJ·mol−1 for NF3, CF4,
and SF6, respectively. The important impact on the adsorption energetic value is due to the
multiple interactions caused by the reactive sites of these types of pollutants. In contrast,
for ozone and dinitrogen monoxide, the adsorption energy decreases slightly but remains
favorable to the adsorption process. Most of the interaction energies are positive, indicating
repulsion between the species and far adsorption between the small pollutants and the
water inside the pore. This is due to the electron density, as depicted in Figure 3.

Finally, the adsorption of 4NP in the presence of water does not counterbalance capture
towards a favorable process. In previous work on nitrophenol on activated carbon bulk
under humid conditions, the authors observed a possibility of adsorption by water as it
moved to place itself between 4NP and the surface bulk, creating hydrogen bonds and
electrostatic interactions. This suggests a lack of space inside the C-S pore, which can create
repulsion due to the high charge density of water, 4NP, and C-S cell, as can be seen in
Figure 3 where water is placed in the cell extremity, not inside. We also noticed this in the
previous section on the Connolly free volume, where we noted that 4NP and 2NP have
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almost the same volume. The interaction energy here is negative due to the hydrogen
bonding of the aromatic compound to the copper squarate.

   

CS-CH4-H2O CS-CO2-H2O CS-N2O-H2O 

   
CS-SO2-H2O CS-4NP-H2O CS-NF3-H2O 

   

CS-CF4-H2O CS-SF6-H2O CS-O3-H2O 

Figure 3. Zoomed interactions of optimized copper squarate containing co-adsorbed pollutants with
water. (Color code: Red: Oxygen/Orange: Copper/Gray: Carbon/White: Hydrogen/Royal blue:
nitrogen/Yellow: Sulfur/Light blue: Fluorine).

These fluctuations in no way interfere with copper squarate’s favorable ability to
capture these small pollutants. On the contrary, they positively highlight the fact that the
adsorbent can capture them in both dry and humid states, without the presence of water
playing a counterbalancing role. It is important to remember that the small pollutants, as
well as water, are energetically stable separately in the C-S.

The main geometric parameters of the co-adsorption (water/pollutant) were analyzed
and are reported in Table 5 above. The results indicate that there is no significant change in
the bond distance and valence angle between them compared with the isolated adsorbed
form. This is due to the presence of more free space, allowing more water molecules to be
captured, confirming the observation that the interaction energy is positive. The presence of
additional adsorbed molecules can lead to an increase in distortion due to space limitations.
This phenomenon has already been observed in solid simulations, notably in studies of
methane, where the angle of increased from 109◦ to 114◦ [45].
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Table 5. Main geometrical parameters for the optimized co-adsorption (1 X −1 H2O) structures
(distances in Å and angles in degrees) on copper squarate X = (CH4, CO2, O3, SF6, NF3, CF4, N2O,
and SO2).

X H2O dH-O One Distance of (X) Angles (X)

CH4 1 0.961 105.9 C-H = 1.094 109.255

CO2 1 0.961 105.7 C-O = 1.165 179.344

O3 1 0.961 103.4 O-O = 1.267 117.303

SF6 1 0.960 104.8 S-F = 1.584 89.787

NF3 1 0.969 104.0 N-F = 1.410 102.390

CF4 1 0.961 106.6 C-F = 1.345 109.673

N2O 1 0.961 105.9 N-N = 1.140
N-O = 1.149 179.782

SO2 1 0.962 103.8 S-O = 1.440 118.205

2.3. Sorption Isotherms

The isothermal sorption of pollutants and water in singular and mixed forms was
studied at 298 K using the “sorption isotherm” module implemented in Materials Studio
22.0 [42]. This study is based on random moves to perform energy changes for the new
conformation. This is by measuring the chemical potential, expressed as the gas fugacity
with pressure inside the cell bulk. The results are shown in Figure 4, indicating the average
adsorption capacity of gas molecules by the copper squarate.

 

Figure 4. Cont.
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Figure 4. Sorption isotherms of single and mixture adsorbed pollutants with and without water at
298 K.

By analyzing the adsorbed singular graphs in Figure 4, we observe that most of the
pollutants present a consistent loading profile with molecules inserted around zero or zero
per the considered unit cell in low- or high-pressure variations. For example, N2O shows
zero loaded molecules, while the adsorption study shows high negative adsorption energy
of −63.32 kJ/mol, indicating a favorable capture. This aligns also with the Connolly studies,
which show available space inside copper squarate. These particular results contradict the
precise results obtained by the DFT-D3 method. These strange results can be attributed
to the limitations of the force field used in this C-S model, which includes pressure and
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is unable to accurately describe the unusual properties of the material, in particular its
negative linear compressibility [36], highlighting the necessity of complementing it with
ab initio calculations. In contrast, water is well described, showing an uptake loading
of 15 molecules per cell, which is in good agreement with CASTEP calculations. This
agreement may indicate the established hydrophilic nature of the solid. Similarly, ozone
molecules show comparable behavior due to their common nature with water.

In the presence of water, the line graph representing the pollutant does not change.
There are two reasons for this. The first reason is the same as when they are loaded
individually. The second reason may be due to the hydrophilicity of water, which dominates
the pollutants and competes with them, reducing their loading capacity in the cell. This
phenomenon is evident with ozone, which loads around three molecules instead of six in a
dry environment. This is due to the stronger hydrogen bonds between the water and the
copper squarate to the intermolecular interactions between the pollutants and the bulk.

3. Quantum Computational Methods

All calculations for the solid-state compounds considered in this work were performed
with CASTEP code [53] using theoretical methods based on DFT using norm-conserving
pseudopotentials and plane wave basis sets [54]. Due to the large pore size of MOFs,
which contain hundreds of atoms or more, quantum mechanical methods such as post-HF
are impractical for such large systems [55]. The geometry optimizations were performed
employing the Broyden–Fletcher–Goldfarb–Shanno scheme (BFGS) [55,56]. We treated the
exchange-correlation energy term using the generalized gradient approximation (GGA)
with Perdew–Burke–Ernzerhof (PBE) density functionals [57]. Since the pollutant molecules
are packed together inside the unit cell of copper squarate, their description requires the
inclusion of Van der Waals forces. For this purpose, Grimme’s empirical dispersion cor-
rection method (DFT-D3) for dispersive vdW interactions was used in calculations [58,59].
Customized atom pseudopotentials [60] generated with the CASTEP code and a plane
wave kinetic energy cut-off of 1000 eV were utilized. Convergence criteria were set at
2 × 10−5 eV/atom for energy, 0.05 eV/Å for interatomic forces, 0.1 GPa for maximum
stress, and 0.002 Å for displacements. Atomic forces and charges were evaluated at the
minimum in potential energy surface to predict the harmonic vibrational infrared spectrum
using density functional perturbation theory [61,62].

After a full geometry optimization of all CH4, CO2, O3, SF6, NF3, CF4, N2O, SO2,
4NP, water, and copper squarate, the most stable adsorption sites of the pollutants inside
the solid material were determined in order to minimize the first adsorption energy. The
adsorption sites and mechanisms within the copper squarate were determined by Monte
Carlo simulations [63], implemented in the Adsorption Locator module using COMPASS
III [46] force field in Materials Studio 22.0 [42] code. Simulations involve a fraction of
10,000 steps following a number of cycles of 3 with 15,000 steps per cycle. Subsequent to
the initial results, Density Functional Theory (DFT) calculations were conducted to optimize
performance by adjusting the generic force fields within the Adsorption Locator module.
More specifically, it was already proved that force fields such as COMPASS III [46] and
Dreiding [64] tend to overestimate the number of molecules adsorbed in simulations [65],
as was demonstrated in previous studies involving ZIF-4 or ZIF-6 [32,45].

The adsorption process occurs through chemical or physical binding, facilitated by
the attractive forces between the solid cavity of the copper squarate and the pollutants,
in both dry and humid conditions. The adsorption energies were calculated according to
equations [66]:

ΔEads(X) = [ET − (EC−S + nEX)]/n(X = Polluants or H2O) (2)

ΔEmult
ads (X, Y, · · ·) = [ET − (EC−S + nEX + mEY + · · ·+ tEZ)]

(n + m + · · ·+ t)
/(X, Y, Z · · · = Polluants or H2O) (3)
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In these equations, ΔEads refers to the isolated adsorption energy for each individual
species (X) and ΔEmult

ads denotes the mixed adsorption energy for species (X, Y, · · · . . .). ET
stands for the total energy of copper squarate (C-S) with gas molecules included, EC−S
corresponds to the energies of pure C-S, and EX is the energy of the respective pollutants. In
addition, n, m, t represent the quantities of loaded molecules. The assessment of pollutants
and water is conducted using a 10 Å supercell. A negative adsorption energy implies
favorable adsorption.

The interaction energies between the co-adsorbed pollutants on the C-S material were
calculated with the help of the energetic database obtained from DFT calculations using
equation [45]:

Eint = E(n)−pollutants+Bulk + EBulk − ∑ En−pollutants+Bulk (4)

where E(n)−pollutants+Bulk represents the total energy of the solid material after adsorption
of the n pollutants by copper squarate bulk, and ∑ En−pollutants−Bulk is the sum of the total
energy of the previously adsorbed species calculated separately.

The Grand Canonical Monte Carlo (GCMC) method [67] implemented in the Sorption
module of Materials Studio 22.0 [42] was used to determine adsorption isotherms with the
Metropolis algorithm and COMPASS III. The gas molecules were randomly loaded at a
fixed temperature of 298 K into the fixed-volume copper squarate structure based on the gas
fugacity. The simulations involve 100,000 equilibration steps followed by 1,000,000 Monte
Carlo steps, assuming periodic boundary conditions. Long-range interactions were treated
using the Ewald and group summation method with an Ewald accuracy of 0.0001 kcal/mol
and a cut-off distance of 15.5 Å. The results are presented as a line graph (N = f (μ)),
where f is the density of the number of loaded molecules N, expressed as a function of
chemical potential.

4. Conclusions

In this work, we focus our interest on a new kind of MOF, namely copper squarate,
whose adsorption behavior has not been explored in previous studies. For this reason, the
adsorption of a series of small pollutants and some aromatic compounds was investigated
using DFT calculations in a dry and humid environment. As a first observation, we note that
small pollutants such as CH4, CO2, O3, SF6, NF3, CF4, N2O, and SO2 favor the adsorption
by different amounts depending on their chemical composition.

Squarate demonstrates excellent stability in the presence of the considered pollutants,
exhibiting a favorable capture of the latter that results in a negative adsorption energy
value. This phenomenon can be attributed to the existence of electrostatic interaction forces
between pollutants and squarate. These interactions are particularly pronounced at short
distances, occurring between the oxygen of squarate and the carbon atoms, nitrogen, and
sulfur in the molecules CO2, N2O, SO2, and H2O, respectively. The presence of other
weak parallel interactions further reinforces the binding of these molecules of the C-S.
Additionally, the non-polarity of CH4 gas makes it a favorable insert within squarate,
accentuated by a hydrogen bond. Finally, the dipole nature of O3 imparts characteristic
properties, enabling it to react very selectively as an electrophile. These characteristic
properties enable them to react very selectively as an electrophile. This characteristic
facilitates its strong adsorption with squarate, driven by the intermolecular forces of Van
der Waals and London dispersion.

Pollutants with higher volume and surface density are adsorbed in smaller quantities;
for example, molecules with fluorine o nitrogen atoms. Indeed, adsorption in NF3, CF4, and
SF6 molecules is influenced by the number of fluorine atoms used and the adapted geometry.
The smaller this number, the more the adsorption process is promoted. Furthermore, the
more it adopts a complex structure, the more the interactions between pollutants and
squarate are minimized. In contrast to all previous gases, nitrophenols are not able to be
adsorbed in this bulk because of the small pore size.
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The adsorption energy of the molecule containing nitrogen as N2O in a dry en-
vironment is revelaed to be the highest one (−63.02), even if the maximal insertion is
one molecule per cell compared to four insert molecules of CH4 with a maximum value
of −23.02. This indicates the strong interaction involved in the first adsorption. Glob-
ally, the addition of water does not interfere with the adsorption, keeping the adsorption
energy negative.

The co-adoption of CH4, SO2, and CO2 with H2O implies an increase in adsorption
energy. The same trend is observed for molecules containing fluorine atoms, such as NF3,
CF4, and SF6. This impact on adsorption energy values is attributed to multiple interactions
caused by the reactive sites of these pollutants, as well as the formation of weak bonds
between water molecules.

In a humid environment, the same order is found for O3 and N2O molecules as
in the dry state, with a very slight decrease in adsorption energies. Meanwhile, 4NP
is an exception to the other pollutants studied. On the other hand, it is characterized
by an unfavorable capture on C-S in both humid and dry environments, resulting in
positive adsorption energy. This is attributed to its large size and the unavailability of
sufficient space in the pore. However, C-S exhibits a high capacity to insert water inside
its cavity, revealing its hydrophilic nature. This behavior stands in contrast to enormous
MOFs well-documented in the literature for their highly hydrophobic characteristics. Such
hydrophilicity is particularly advantageous, especially considering that gas molecules are
typically present in humid conditions, allowing us to regard C-S as a revolutionary MOF
for adsorption, making it a novel target in this field.

The number of molecules fixed in the C-S decreases from the dry to the wet state,
indicating that water molecules compete with pollutants and form strong hydrogen bonds
with the squarate, compared to the interactions between pollutants and the bulk.

In future work, it is recommended to simulate a molecular work with a reduced part
of copper squarate to understand deeper what is happening inside the cell cavity and
comprehend with better precision to adsorption nature and the type of electrostatic interac-
tion, including Van der Waals or hydrogen bonds in both dry and humid environments,
as well as to determine the factors that govern this adsorption phenomenon. In addition,
to complete this, a molecular dynamics (MD) trajectory will be helpful to understand
dynamic adsorption.
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Abstract: The abundant pore structure and carbon composition of sphagnum peat moss render it a
bio-based adsorbent for efficient methylene blue removal from wastewater. By utilizing sphagnum
moss sourced from Guizhou, China, as raw material, a cost-effective and highly efficient bio-based
adsorbent material was prepared through chemical modification. The structure and performance
of the modified sphagnum moss were characterized using SEM, EDS, FTIR, and TGA techniques.
Batch adsorption experiments explored the effects of contact time, adsorbent dosage, pH, initial
dye concentration, and temperature on adsorption performance. Kinetics, isotherm models, and
thermodynamics elucidated the adsorption behavior and mechanism. The modified sphagnum
moss exhibited increased surface roughness and uniform surface modification, enhancing active site
availability for improved adsorption. Experimental data aligned well with the Freundlich isotherm
model and pseudo-second-order kinetic model, indicating efficient adsorption. The study elucidated
the adsorption mechanism, laying a foundation for effective methylene blue removal. The utilization
of modified sphagnum moss demonstrates significant potential in effectively removing MB from
contaminated solutions due to its robust adsorption capability and efficient reusability.

Keywords: sphagnum moss; modification; adsorption; methylene blue; adsorption mechanisms

1. Introduction

Water pollution is a grave environmental issue, posing significant threats to both
human health and aquatic organisms as well as ecosystems. The presence of organic
dye pollutants in wastewater has become a global concern, particularly originating from
industries such as printing, textiles, cosmetics, and pharmaceuticals [1,2]. These pollutants
are characterized by their complex composition, high toxicity levels, and resistance to
biodegradation [3]. If left untreated before discharge into the environment, they can pose
severe risks to both the ecosystem and human well-being. In fact, large quantities of organic
pollutants are discharged into water bodies annually [4].

Organic synthetic dyes are extensively used due to their vibrant colors and light
sensitivity [5]. However, the uncontrolled release of organic dye wastewater (e.g., methyl
orange, malachite green, methylene blue, methyl red) from textile manufacturing processes
or other related industries significantly contributes to pollution levels. Such untreated
waste liquids not only disrupt the activity of aquatic organisms but also lead to cell car-
cinogenesis in individuals who consume contaminated water, ultimately inflicting damage
upon essential organs like the liver, kidneys, and eyes, thus posing substantial risks to
human well-being [6].

Notably, methylene blue (MB), a cationic dye favored for its chemical stability and
color properties, finds application across multiple sectors, including textile, medical, and
scientific research [7,8]. Despite its benefits, MB’s high solubility and toxicity classify it as a
detrimental pollutant capable of ascending the food chain via direct contact or consumption,
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thereby endangering both human and animal health. Moreover, the chemical structure of
methylene blue contains a benzene ring and methylene group, which confer high stability,
making it resistant to natural degradation [9]. Therefore, effective treatment measures
for dye-containing wastewater are crucial in preventing major health risks associated
with environmental discharge. Consequently, studying efficient removal methods for
dyes from wastewater holds great significance for environmental protection and resource
recycling. Currently, predominant approaches for wastewater decolorization comprise
adsorption [10–12], membrane filtration [13], photocatalytic degradation [14,15], advanced
oxidation [16], etc., However, the drawbacks of these methods, such as non-biodegradability,
high cost, and process complexity, have significantly limited their application in treating
large-scale production wastewater. Conversely, adsorption emerges as a straightforward,
cost-effective, and eco-friendly technique for water reclamation. This process entails the
adhesion of ions or molecules from the aqueous phase onto the surface of an adsorbent
material [17]. This selective attraction and retention make it an ideal choice for many
industrial wastewater flows based on dye chemical properties. Bio-based adsorption
materials have gained wide popularity in water pollution treatment due to their low
cost, high removal efficiency, easy recovery/reusability of the adsorbent material without
causing secondary pollution issues, and versatile applications. Several low-cost bio-based
materials like coconut wastes [18], cactus [19], rice husk [20], luffa fiber [21], cotton husk
bracts [7], sugar cane residue [22], betel nut shell [6], and corn straw [12] have been
utilized to reduce dye concentrations and explore possibilities for water treatment purposes.
Nevertheless, traditional adsorbents suffer from limitations, including low efficiency, high
costs, poor reusability, and complex operations; hence, there is a pressing need to explore
and develop new types of adsorption materials.

Sphagnum moss, a plant thriving in damp environments, primarily comprises cellu-
lose, lignin, and other constituents, exhibiting a porous structure and a significant specific
surface area [23]. Found in countries like Brazil, Ireland, China, and the United Kingdom,
it is biocompatible, biodegradable, non-toxic, and cost-efficient. Sphagnum moss contains
abundant oxygen-containing functional groups and aromatic structural substances, which
provide numerous active sites for organic matter adsorption. Additionally, it exhibits a high
cation exchange capacity, enabling the absorption of diverse water pollutants through ion
exchange and complexation reactions [24]. While extensive research has been conducted
on sphagnum moss-based adsorption materials for the effective removal of heavy metals
like Cd, Pb, Cu, Ni, and Cr [25–28], there are limited studies on dye wastewater adsorption,
particularly regarding methylene blue dye’s adsorption process and mechanism [29]. This
paper utilizes sphagnum moss sourced from Guizhou Province in China as raw mate-
rial to enhance its adsorption efficiency through appropriate chemical modification of
organic compounds. The study systematically investigates the adsorption performance of
methylene blue dye by conducting batch adsorption experiments while exploring various
experimental parameters to determine their impact on the adsorption capacity. Further-
more, the study delves into the thermodynamics, kinetics, and isotherms of the adsorptive
process to elucidate its mechanism, thereby providing novel ideas and methods for the
efficient treatment of dye wastewater. This research represents the first detailed study in
the literature on organic pollutant removal using Sphagnum moss.

2. Experimental Section

2.1. Materials

In this research, sphagnum moss (SM) collected from Guizhou Province, China, served
as the adsorbent material. Before application, the moss underwent a pretreatment process
involving sodium hydroxide (NaOH) and hydrogen peroxide (H2O2), sourced from Al-
addin Reagent (Shanghai, China) Co., Ltd. Additional modifying agents such as silane,
silicon dioxide, and sulfuric acid (H2SO4) and nitric acid (HNO3), were obtained from
Sinopharm Beijing Co., Ltd. (Beijing, China). Ethanol, a chemically pure substance, was
acquired from Tianjin Hengxing Chemical Co., Ltd. (Tianjin, China), while methylene blue
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and potassium bromide were supplied by Tianjin Kemeiou Chemical Reagent Co., Ltd.
(Tianjin, China). All chemicals utilized in the study were of analytical grade and were used
as received without further purification.

2.2. Preparation of the Materials

The sphagnum moss was crushed and dried in preparation of the materials. Subse-
quently, 10 g of this moss was added to a 1 L three-necked flask, combined with 800 mL of
a sodium hydroxide solution at 0.0375 mol/L concentration, and the mixture was agitated.
This blend was magnetically stirred at 95 ◦C within a water bath. Subsequently, hydrogen
peroxide (2.0 mL, 30%) was incrementally introduced, with stirring continuing for an hour.
After the reaction ended, the mixture was allowed to cool to ambient temperature, and its
pH was balanced to neutral using a dilute sulfuric acid solution (0.1 mol/L). Vacuum filtra-
tion facilitated the separation of the treated sphagnum moss, which was then vacuum-dried
at 50 ◦C for six hours.

The pretreated sphagnum moss (6 g) was placed in a beaker containing nitric acid
(60 mL, 14.4 mol/L) and sulfuric acid (120 mL, 18.4 mol/L), maintaining a 1:2 volume ratio
of nitric to sulfuric acid. The mixture was stirred for five minutes, then heated in a water
bath at 31 ◦C for 20 min. Once the reaction was complete, the material was filtered and
rinsed until a neutral pH was achieved in the filtrate. Subsequently, it was dried at 50 ◦C
for 24 h to obtain the adsorption material of modified sphagnum moss.

2.3. Analytical Methods

Various analytical techniques were applied to assess the morphology and characteris-
tics of sphagnum moss samples before and after modification. Surface morphology and
structure were examined using scanning electron microscopy (SEM; Gemini 300, Zeiss
Oberkochen, Germany), while electron diffraction scattering (EDS) analysis was conducted
using Smart EDX, Zeiss, Germany. The infrared spectrum of sphagnum moss before and
after modification was analyzed using an FT-IR spectrometer (Tensor 27, Bruker, Karlsruhe,
Germany). The sample was mixed with potassium bromide in a mass ratio of 1:200 and
pressed into a pellet. FT-IR spectra were collected in the 4000–400 cm−1 range for each
sample. The thermal stability of the sphagnum moss was characterized using thermogravi-
metric analysis (TGA) (209 F1, Netzsch, Sable, Germany). The analysis took place in a
nitrogen atmosphere with a heating rate of 10 ◦C·min−1, covering a temperature range
from 25 ◦C to 800 ◦C.

2.4. Batch Adsorption Experiments

A stock solution (300 mg/L) was prepared by dissolving the appropriate amount of
methylene blue (MB) in deionized water. Batch experiments were conducted to investigate
the impact of contact time (0–210 min), pH of the dye solution (4–14), adsorbent dosage
(0.3–2 g/L), initial dye concentration (20–200 mg/L), and temperature (298–328 K). In
each experiment, except for one that aimed to test the effect of adsorbent dosage, 0.05 g of
modified sphagnum moss was added to 30 mL of MB solution after adjusting its pH. The
mixture was then agitated at a rate of 150 r/min for 180 min until reaching equilibrium
conditions at room temperature. Separation of adsorbate from adsorbent occurred through
sand core funnel filtration. The supernatant solution was collected by removing it from
the filter bottle, and its residual concentrations of MB were measured using a UV–visible
spectrophotometer to determine absorbance levels (UV-1800, Shimadzu, Kyoto, Japan;
Specord210 plus, Analytik Jena AG, Jena, Germany). The residual concentration could be
determined from the calibration curve using Beer–Lambert law principles. Each sample
underwent three tests, and an average value was taken to ensure accuracy and repeatability.
Removal efficiency R and adsorption capacity qe (mg/g) were determined using Equations
(1) and (2), respectively,

R =
C0 − Ce

C0
× 100% (1)
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qe =
V
m
(c0 − ce) (2)

Initial MB concentration (C0) in mg/L, equilibrium concentrations (Ce) in mg/L, batch
solution volume (V) in L, and the adsorbent mass (m) in g were utilized.

2.5. Adsorption Isotherms

An amount of 0.05 g of the modified sphagnum moss was added to centrifuge tubes
containing 30 mL of MB solutions at the optimal pH. The initial concentrations of the MB
solutions were adjusted to 100, 120, 140, 160, 180, 200, and 220 mg/L. The centrifuge tubes
were placed in a temperature-controlled water bath shaking box and agitated for a duration
of 12 h at a constant temperature of 298 K and a speed of rotation at 150 r/min. The
adsorption processes followed the method described in Section 2.4 above. Subsequently,
the temperature was adjusted to both 308 K and 318 K for further repetitions of the
aforementioned procedure. The experimental data were fitted using both Langmuir and
Freundlich models to determine the relevant parameters associated with these adsorption
isotherm models [7,12]. The formulas were presented by Equations (3) and (4):

Langmuir:
ce

qe
=

ce

qm
+

1
KLqm

(3)

Freundlich:
ln qe = ln KF +

1
n

ln ce (4)

The equilibrium adsorption capacity (qe) is represented in mg/g, while qm represents
the saturation adsorption capacity in mg/g, Ce represents the concentration of MB in the
solution at adsorption equilibrium (mg/L). KL denotes the Langmuir constant, which
relates to the adsorption-free energy and affinity of adsorption sites. The Freundlich
constants, KF and n, represent the system’s adsorption capacity and strength, respectively.
By linearly fitting ( ce

qe
) against (ce), KL and qm can be determined from the slope and intercept

of the fitted line, respectively. For favorable adsorption, the Freundlich constant should fall
within a range of 1–10. These parameters can be obtained from plotting ln qe vs. ln Ce.

2.6. Adsorption Kinetics

In this experiment, the modified sphagnum moss, weighing 0.05 g, was individually
placed into 100 mL conical flasks containing 30 mL of methylene blue (MB) solution
with varying initial concentrations of 150 mg/L and 200 mg/L at the optimal pH and
temperature of 298 K. Subsequently, the flasks underwent adsorption experiments at room
temperature in a shaking water bath. The time-dependent adsorption capacity of the
modified sphagnum moss was monitored using a UV–visible spectrophotometer, and
kinetic mechanisms were analyzed employing various models (Equations (5)–(7)) [13,30].

Pseudo-first-order kinetic model:

ln(qe − qt) = ln qe − k1t (5)

Pseudo-second-order kinetic model:

t
qt

=
1

k2q2
e
+

t
qe

(6)

Intra-particle diffusion model:

qt = kidt
1
2 + C (7)

The adsorption time (t) is expressed in minutes, while the equilibrium adsorption
amount (qe) and the amount adsorbed at time t (qt) are measured in mg/g. The rate
constants for the pseudo-first-order model (k1) and pseudo-second-order model (k2) are
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also denoted. Additionally, C represents a constant parameter associated with the thickness
of the boundary layer, while kid corresponds to a constant parameter related to the intra-
particle diffusion rate constant.

2.7. Thermodynamics

The thermodynamic adsorption isotherm experiments elucidate the variation in Gibbs
free energy of the adsorbent throughout the wastewater adsorption process. The alteration
in free energy can be determined utilizing the subsequent two equations: [6,31].

KD =
qe

ce
(8)

ΔG0 = −RTln KD (9)

The change in enthalpy ΔH0 and the change in entropy ΔS0 can be calculated based on
the aforementioned equations. The values of ΔH0 and ΔS0 can be determined by analyzing
the intercept and slope of the ln KD versus 1

T plot.

ln KD =
1
R

(
ΔS0 − ΔH0

T

)
(10)

2.8. Adsorption Regeneration Experiment

The regenerative performance was demonstrated by conducting adsorption–desorption
cycles using 0.05 g of modified sphagnum moss in a 30 mL solution containing 200 mg/L
of MB at the optimal pH and temperature of 298 K for the adsorption experiments. Stirring
occurred at 150 r/min for 3 h at room temperature. Subsequently, the modified sphagnum
moss was filtered, dried, and subjected to desorption with absolute ethanol for 2 h to extract
MB from the sample. Following desorption, the obtained modified sphagnum moss was
washed and dried for reuse in subsequent rounds of adsorption experiments. This cycle
was repeated five times, with the removal rate of MB by the sphagnum moss adsorbent in
each experiment serving as an indicator to evaluate its regeneration performance.

3. Result and Discussion

3.1. Analyses of Morphologies

The surface morphologies of both raw and modified sphagnum moss are depicted
in Figure 1. As observed from the original morphology of sphagnum moss (Figure 1a,b),
the material’s surface is abundantly porous, displaying a smooth and pristine appearance
that is highly suitable for adsorption material preparation [29]. Upon comparing the raw
material with its modified counterpart, it becomes evident that the surface of the modified
sphagnum moss exhibits increased coarseness and blurred edges, forming a porous network
structure that offers numerous active sites for subsequent grafting (Figure 1d,e). More-
over, the analysis utilizing the EDS spectrum has revealed the co-existence of N elements
alongside C and O elements on the surface of the modified sphagnum moss, indicating a
modification in its surface composition (Figure 1c,f). This modification likely improves the
interaction between the modified sphagnum moss and the dye, potentially boosting the
adsorption capacity. Analyzing both the SEM image of the modified sphagnum moss and
its corresponding elemental mapping images of C, O, and N presented in Figure 2 allows
us to conclude that uniform surface modification reactions using concentrated sulfuric acid
and concentrated nitric acid have occurred on the surface of sphagnum moss.
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Figure 1. SEM images of sphagnum moss before and after modification: (a,b) original sphagnum
moss; (c) EDS analysis of original sphagnum moss corresponding to the red frame labeled in (a);
(d,e) sphagnum moss after modification; (f) EDS analysis of modified sphagnum moss corresponding
to the red frame labeled in (d).

Figure 2. The SEM image of sphagnum moss through modification and its corresponding elemental
mapping images of C, O, and N.

3.2. Infrared Spectroscopic Analysis

In order to assess the changes in surface information of samples before and after
modification, infrared spectrometry was employed to analyze the functional groups present
in the materials. Figure 3 presents the FT-IR spectra of both raw and modified sphagnum
moss within the 400–4000 cm−1 range.
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Figure 3. Infrared spectra of sphagnum moss before and after modification.

Within the high-frequency region, a prominent peak at 3430 cm−1 was observed in
raw and modified sphagnum moss samples, indicating the presence of hydroxyl (-OH)
groups. However, the adsorption peak corresponding to -OH on modified sphagnum moss
exhibited significant attenuation, suggesting a reaction with HNO3 and substitution by
nitro groups (-NO2). The introduction of nitrogen-containing functional groups onto the
surface of sphagnum moss through nitric acid functionalization is confirmed by observing
a characteristic nitro (-NO2) peak at 1545 cm−1 [32]. The characteristic peak for aromatic
-C=C- bonds is observed at 1032 cm−1, while bands within the range of 1650–1600 cm−1

correspond to carbon-based carboxyl bonds [24]; additionally, a distinctive peak formed by
polysaccharide carbonyl can be seen at 1633 cm−1. Due to the disruption of the internal
structure during the modification process, chemical bonding is altered, leading to changes
in the types of surface functional groups present. At 1732 cm−1, there exists a carbon-
based bond associated with carboxylic acid compound (-COOH) and ester functionality,
an absorption peak related to stretching vibration for -C=C- occurs at 1418 cm−1 [12]; fur-
thermore, a strong absorption peak attributed to contraction vibration for -C-O- appears at
1282 cm−1. Simultaneously, a new characteristic peak emerges between 1300 and 1050 cm−1,
which corresponds to stretching vibrations for ester’s -C-O- group, and ether’s C-O-C group
stretching vibrations are also evident within this range [8,33]. Lastly, the adsorption peak
detected at a wavenumber value of 917 cm−1 arises from C-H bending vibration.

3.3. Thermogravimetric Analysis

The thermal stability of the sphagnum moss before and after modification was con-
firmed through thermal weight analyses, as depicted in Figure 4. TGA curves exhibited
slight mass loss below 200 ◦C, which was attributed to continuous volatilization of water,
hydrocarbons, and other volatile organic compounds [19,34]. The sphagnum moss material
primarily comprises plant-based cellulose and lignin tissue, with a pyrolysis temperature
range of 300–373 ◦C [35].

Evaluation of thermal stability involved comparing temperatures T10 (10% mass loss)
and Tdm (maximum decomposition rate) before and after modification. The surface
modification increased T10 from 212.2 ◦C to 272.0 ◦C and Tdm from 331.1 ◦C to 342.2 ◦C,
indicating enhanced thermal stability. At a temperature of 600 ◦C, there was minimal
change in mass with some residual sample remaining. The modified adsorbents exhibited
a maximum weight loss temperature range between 270 and 340 ◦C, demonstrating their
stability within operational temperatures.
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Figure 4. Thermogravimetric analysis of raw sphagnum moss and modified sphagnum moss.

3.4. Adsorption Experiments
3.4.1. The Influence of Contact Time and Initial MB Concentration on Adsorption Effect

To examine the effects of contact duration and starting concentration on the adsorption
capabilities of sphagnum moss, experiments were conducted using methylene blue (MB)
solutions, with results displayed in Figure 5. Figure 5a shows a comparison of adsorption
capacities between untreated and chemically modified sphagnum moss at initial MB
concentrations of 150 mg/L and 200 mg/L. The modified sphagnum moss exhibited
significantly enhanced adsorption efficiency compared to the original sphagnum moss, with
an increase in adsorption capacity from 68.528 mg/g to 88.767 mg/g and from 98.775 mg/g
to 116.898 mg/g for the respective concentrations. Moreover, the adsorption efficiency
improved from 76.1% and 82.31% to 98.63% and 97.41%, respectively. Furthermore, it
can be observed that there is a rapid increase in MB uptake by the modified sphagnum
moss material within the first 35 min of contact time, followed by a gradual approach
towards equilibrium without any substantial rise thereafter. This swift initial adsorption
is attributed to the large surface area of the moss, the strong interaction between MB
molecules and sphagnum moss surface, and an abundance of accessible active sites on
the modified moss [36]. The overall process of MB adsorption onto modified sphagnum
moss can be divided into two distinct stages. In the first stage, there is evident electrostatic
adsorption between MB solution and active sites on the adsorbent’s surface, with the
reaction primarily occurring at the surface. The second stage involves diffusion of the MB
solution absorbed on the surface into the pores of the adsorbent. As a result of significant
internal diffusion resistance, as adsorption progresses, saturation gradually occurs at active
sites while reducing concentration differences between MB inside and outside the adsorbent
until reaching equilibrium.

Figure 5b illustrates a proportional rise in the adsorption capacity of modified sphag-
num moss across a range of MB concentrations from 20 mg/L to 200 mg/L, suggesting a
strong linear correlation. The observed findings can be attributed to the interaction between
the MB solution and the active sites of modified sphagnum moss. A higher initial concen-
tration of MB enhances the driving force for migration towards these active adsorption
sites [37], thereby increasing collision probability between MB molecules and modified
sphagnum moss adsorption sites. Consequently, this promotes greater entry of methylene
blue molecules into unoccupied adsorbent pores. Therefore, increasing the initial concen-
tration of MB potentially boosts the adsorption efficiency of MB wastewater treatment.
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Figure 5. The effect of contact time and initial MB concentration on the adsorption capacity of
sphagnum moss before and after modification: (a) the curve of adsorption capacity over time; (b) the
effect of MB concentration on adsorption capacity corresponding to the grey line and the influence of
MB concentration on adsorption capacity were linearly fitted corresponding to the red line.

3.4.2. The Influence of the MB Solution pH on Adsorption Effect

The impact of pH on the adsorption performance of modified sphagnum moss at
varying concentrations of MB is depicted in Figure 6a,b. The adsorbent’s efficacy in
removing MB is contingent upon the pH values. The removal efficiency of MB exhibits an
ascending trend up to pH 8, followed by a decline beyond this point.

 

Figure 6. Effect of sphagnum moss after modification on MB adsorption under different pH: (a) initial
MB concentration of 200 mg/L; (b) initial MB concentration of 300 mg/L; (c) zeta potential change in
modified sphagnum moss with pH.
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The reasons for this phenomenon are as follows: As can be seen from Figure 6c,
different acid–base environments will have a different impact on the surface charge of
the adsorbent. Zeta potential measurements clearly indicate that the surface-modified
sphagnum moss adsorbent maintains a negative zeta potential across a broad pH range
of 4–14, facilitating strong electrostatic attraction with methylene blue molecules and
resulting in relatively superior adsorption performance under various pH conditions [30].
However, at low pH, the negative surface charge of the adsorbent decreases, leading to
reduced adsorption efficiency. This is due to competition between H+ ions and methylene
blue molecules in acidic solutions, causing partial protonation of the adsorbent and a
reduction in its surface negative charge [6,8]. Conversely, as the pH increases, the adsorbent
undergoes deprotonation, which increases the negative surface charge. This enhancement
in negative charge increases the number of adsorption sites on the adsorbent, thereby
improving adsorption efficiency. However, when pH exceeds 8, deprotonation occurs,
causing methylene blue to gradually transition from a positive to a negative charge state,
which leads to a decline in the electrostatic adsorption mechanism and a subsequent
decrease in the overall performance of dye wastewater removal by this system [38,39].
Therefore, optimizing the pH of the solution is crucial for maximizing MB adsorption
onto modified sphagnum moss, as it directly influences the availability and accessibility of
surface binding sites on the adsorbent.

3.4.3. The Influence of Adsorbent Dosage on Adsorption Effect

The results depicted in Figure 7 demonstrate the MB removal efficiency and adsorption
capacity of modified sphagnum moss at different dosages. In this investigation, the removal
efficiency exhibited an increase from 84.05% to 98.63% as the dosage of adsorbent was
elevated from 0.3 to 2 g/L. This can be attributed to the augmentation of surface binding
sites per unit volume with higher doses of adsorption. Nevertheless, there was a notable
decline in adsorption capacity, which decreased from 378.227 to 73.53 mg/g.

 

Figure 7. Effect of adsorbent dose on MB adsorption.

The trend observed suggests that at lower doses, the surface adsorption groups on
modified sphagnum moss effectively interacted with MB in solution, efficiently occupying
active sites and enhancing the adsorbent’s capacity per unit mass. However, with an
increase in the adsorbent mass, there was a decrease in contact between each unit mass of
modified sphagnum moss and MB dye in solution, and the adsorption active point of the
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modified sphagnum moss did not reach saturation, which brought down the utilization of
adsorption sites, lowering the adsorbed amount [12]. Additionally, excessive suspended
adsorbents may have formed aggregates [31], resulting in a decreased specific surface
area that hindered complete contact with MB dye and consequently impacted overall
performance. In line with our objective to enhance both adsorption efficiency and cost-
effectiveness while reducing expenses, an optimal dosage value for modified sphagnum
moss was determined as 1.67 g/L through experimental analysis.

3.4.4. Adsorption Isotherms

Adsorption isotherms are vital for the analysis and understanding of the thermody-
namic parameters associated with adsorption, offering insights into the chemical interac-
tions and mechanisms between pollutant molecules and the adsorbent surfaces [6,40]. A
series of experiments utilizing both the Langmuir and Freundlich isotherm models was
conducted to explore the adsorption behavior of modified sphagnum moss on MB (refer to
Figure 8 and Table 1). The Langmuir model is applied to explain monolayer adsorption on
homogeneous surfaces, whereas the Freundlich model addresses multilayer adsorption
on heterogeneous surfaces. These experiments facilitate a deeper comprehension of the
adsorption phenomena.

Figure 8. Langmuir model and Freundlich model of isothermal adsorption under different concentra-
tions: (a) Linear fit of Langmuir isotherm; (b) Linear fit of Freundlich isotherm.

Table 1. Langmuir and Freundlich isothermal adsorption model parameters under different solution
concentrations.

Adsorption Isotherm Parameter 298 K 308 K 318 K

Langmuir
qm/(mg·g−1) 195.3125 184.5018 221.3142
KL/(L·mg−1) 0.0381 0.0432 0.0535

R2 0.9341 0.9551 0.8999

Freundlich
KF(mg·g−1)( L

mg )
1
n 14.2116 16.3634 17.5152

1
n 0.5891 0.5453 0.6182

R2 0.9344 0.9711 0.9181

From the data presented in Table 1, it is evident that the R2 value for the Freundlich
model surpasses that of the Langmuir model, indicating a superior ability of the Freundlich
model to describe the adsorption process of modified sphagnum moss adsorbent on MB
solution. Moreover, this suggests that multilayer adsorption predominantly occurs [11].
By plotting ln Ce against ln Qe, a linear Freundlich adsorption isotherm (Figure 8b) was
observed. The slope and intercept of this equation provide insights into the parameters
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1
n and KF, respectively. A 1

n value less than 1 indicates surface non-uniformity of the
adsorbent, which enhances adsorption efficacy and promotes the adsorption process.

3.4.5. Adsorption Kinetics

The investigation of adsorption kinetics can offer a more comprehensive depiction of the
rate at which adsorption occurs and establish a reasonable understanding of the adsorption
mechanism. To investigate the kinetic mechanism of MB adsorption by surface-modified
sphagnum moss adsorbent, various kinetic models, including pseudo-first-order, pseudo-
second-order, and intra-particle diffusion models, were employed. Figure 9a–c illustrates
the fitting results from these models, while Table 2 lists the corresponding parameters.

Figure 9. Adsorption kinetics of MB adsorbed by modified sphagnum moss: (a) pseudo-first-order
kinetics model; (b) pseudo-second-order kinetics model; (c) intra-particle diffusion model.

The superior performance of the pseudo-second-order kinetics, as evidenced by higher
correlation coefficient (R2) values and a close match between calculated and experimen-
tally observed equilibrium adsorption capacities (Figure 9a,b; Table 2), indicates that the
MB adsorption process conforms to this model. This suggests a chemisorption process
involving electron transfer between adsorbents and adsorbates [41]. Notably, at low con-
centrations, k2 surpasses its counterpart at high concentrations, which explains the rapid
uptake observed at lower concentrations. The parameter k2: 0 < k2 < 1 signifies favorable
absorption. Furthermore, according to the intra-particle diffusion model, intraparticle
diffusion significantly influences the reaction rate. Based on the fitting results shown in
Figure 9c, it is evident that there is a relatively low R2 value and poor linearity in the
fitting for internal diffusion model analysis, indicating the minimal impact of intraparticle
diffusion factors on MB adsorption by the adsorbent. Thus, intra-particle diffusion does
not significantly impact the overall adsorption process.
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Table 2. Adsorption kinetic parameters for adsorption of MB onto the modified sphagnum moss.

qe (exp.)
(mg·g−1)

Concentration
(mg·L−1)

qe (cal.)
(mg·g−1)

k1 (min−1) R2

88.76748
Pseudo-first-order

150 12.8689 0.0278 0.8453
116.89756 200 21.6427 0.0180 0.7285

Concentration
(mg·L−1)

qe(cal.)
(mg·g−1)

k2 (g·mg−1·min−1) R2

Pseudo-second-order
150 90.9090 0.0047 0.9988
200 116.2791 0.0029 0.9998

Concentration
(mg·L−1)

kid
(mg·g−1·min− 1

2 )
C (mg·g−1) R2

Intra-particle diffusion
model

150 1.6260 71.3677 0.6361
200 1.9789 92.4940 0.6041

3.4.6. Adsorption Thermodynamics

The thermodynamic parameters of adsorption—change in enthalpy (ΔH0), Gibbs free
energy (ΔG0), and entropy (ΔS0)—are crucial in analyzing the adsorption process. These
parameters determine the driving force and direction of the adsorption process, as well
as elucidate its microscopic mechanism. By plotting the relationship between ln KD and
1
T , ΔH0 and ΔS0 were derived from the line’s slope and intercept, respectively (refer to
Figure 10). Additionally, ΔG0 was computed using Equation (9), and the resulting values
are detailed in Table 3.

Figure 10. Thermodynamics fitting of modified sphagnum moss: (a) adsorption capacity temperture
diagram; (b) ln KD and temperature reciprocal linear fitting curve.

Table 3. Thermodynamic parameters of modified sphagnum moss.

ΔH0 (kJ·mol−1) ΔS0 (J·mol−1K−1)
ΔG0 (J·mol−1)

298 K 308 K 318 K

94.3884 359.4830 −4080.5043 −4700.6398 −5358.9559

According to Figure 10 and Table 3, an increase in temperature correlates with an
enhanced adsorption capacity of the modified sphagnum moss adsorbent for MB. The
positive ΔH0 suggests that the adsorption is endothermic, while a positive ΔS0 indicates
irreversible adsorption and increased disorder at the interface between the adsorbent and
MB. These findings imply that the adsorption is chemically driven, necessitating heat for
effective dye uptake and promoting rapid diffusion to the adsorbent’s surface [8,42]. A
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negative value for ΔG0 indicates that external conditions are not necessary to promote the
spontaneous feasibility of this absorption reaction. Additionally, it is observed that higher
temperatures lead to decreased values of ΔG0, implying greater spontaneity within this
absorption process. Furthermore, an increase in temperature can improve the adsorption
performance of dyes.

3.4.7. Adsorption–Desorption Cycle Experiments

Reusability is a critical parameter for assessing the feasibility and stability of adsorbent
materials. The results presented in Figure 11 demonstrate the performance of modified
sphagnum moss adsorbents during five cycles of adsorption–desorption experiments.
Following five cycles, there was only a marginal decrease in the adsorption efficiency, with
the removal rate decreasing from 98.1% to 97%. These results indicate that the efficiency of
adsorption remained within a reasonable range. After undergoing surface modification, the
hydrophobicity of sphagnum moss was enhanced. During the removal of MB, the cationic
organic molecule selectively enters the hydrophobic cavity of sphagnum moss to form
the inclusion complex and facilitate rapid adsorption of MB molecules [43]. However, a
slight reduction in effectiveness may be ascribed to hindrance from intermediate adsorbed
molecules obstructing active sites and impeding the adsorption process of methylene blue
dye. Additionally, the addition of ethanol as a desorption agent enhanced the hydrophilicity
of the material and disrupted its hydrophobic cavities, consequently diminishing the
adsorbent’s affinity for methylene blue wastewater and thereby influencing its adsorption
performance [6,12,44]. Consequently, this leads to decreased affinity between the adsorbent
material and MB wastewater, thereby reducing overall performance. Nevertheless, based on
these cyclic experiments, it can be concluded that the modified sphagnum moss adsorbent
demonstrates robust stability and noteworthy regenerative capability in MB adsorption.

 

Figure 11. Adsorption–desorption regeneration experiment results of modified sphagnum moss for
MB solution.

3.5. Adsorption Mechanism

The adsorption mechanism involves interactions between the adsorbate molecules
and the active sites on the adsorbent’s surface. Sphagnum peat moss, with its abundant
cellulose, hemicellulose, lignin, and other components, holds great promise as a bio-based
material. Biomass materials generally exhibit effective adsorption onto adsorbents through
electrostatic interactions, hydrogen bonding, n-π and π-π interactions, as well as van der
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Waals forces [45]. The exceptional adsorption performance of modified sphagnum moss
adsorbents can be attributed to several factors: Firstly, the surfaces of sphagnum moss
possess numerous pores that facilitate MB wastewater absorption by filling these pores.
However, due to limited surface adsorption sites, there are restrictions on its capacity for
MB wastewater. By roughening the surface of modified sphagnum moss and increasing
micropore numbers simultaneously, the penetration of methylene blue molecules into the
absorbent material is enhanced via pore-filling effects, thereby promoting contact with
modified surface adsorption sites and improving overall adsorption efficiency [31,46]. Sec-
ondly, hydrogen bonding plays a significant role in influencing the adsorption performance.
Following surface modification, the surface structure of the modified sphagnum moss
undergoes alterations. Apart from the successfully attached nitro group, there are also
functional groups containing oxygen, including carboxyl and hydroxyl groups, present
on the surface. During the process of MB adsorption, facile formation of hydrogen bonds
occurs with nitrogen-containing functional groups present in methylene blue molecules,
thereby enhancing the adsorption performance of the modified sphagnum moss [19,30,47].
Simultaneously, the introduction of nitro groups (-NO2) enhances the hydrophobicity of
the material while effectively blocking water molecule adsorption, thereby improving the
adsorption efficiency of methylene blue dye. On the other hand, the hydrophilic component
in the material, like unreacted -OH on the surface of modified sphagnum moss, provided
a possibility for the formation of hydrogen bonds among adsorbent particles as well as
with water molecules (Figure 12b). Thus, agglomeration between adsorbent particles can
be achieved after adsorption, which enables material recycling. Thirdly, robust electrostatic
interactions occur between the modified sphagnum moss adsorbent and MB molecules.
The modified adsorbent surface carries a substantial negative charge, facilitating robust
electrostatic interactions with methyl blue (MB) molecules that are positively charged. This
enhances their affinity for binding to the modified sphagnum moss. Furthermore, the
surface of the modified sphagnum moss adsorbents possesses various functional groups,
such as -NO2 and -COOH, which act as active sites for binding functional groups like
S+ or N+ in the MB dye [6,7,12]. Fourthly, the presence of strong π-π conjugation due
to the characteristic aromatic ring structure of the modified sphagnum moss contributes
significantly to improved adsorption performance [48,49]. The carbon-carbon double bond
on the modified sphagnum moss adsorbent interacts with the benzene ring of MB through
π-π interactions, thereby promoting efficient adsorption. Lastly, it is worth noting the
potential role of n-π interactions, where carbon-based oxygen in ester derivatives acts as an
electron donor and the dye’s aromatic ring acts as an electron acceptor, may also play a
significant role in enhancing MB adsorption.

 

Figure 12. Mechanism of chemically modified sphagnum moss. (a) Mechanism of modified sphag-
num moss for MB; (b) Diagram of the rapid adsorption of MB by modified sphagnum moss.
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4. Conclusions

The bio-adsorbent was prepared by surface modification of sphagnum moss sourced
from Guizhou Province, China, using concentrated sulfuric acid and concentrated nitric
acid. Its adsorption capacity for methylene blue was investigated. The modified sphagnum
moss exhibited a rough surface structure with porous and irregular textures due to the
replacement of hydroxyl groups by nitro groups, resulting in an increased number of
adsorption sites and significantly improved adsorption performance and recyclability. Op-
timal adsorption conditions were established by varying factors such as adsorbent dosage,
pH, contact time, and initial dye concentration. Adsorption isotherms and kinetics con-
formed well to the Freundlich model and pseudo-second-order kinetic model, respectively.
Thermodynamic analysis indicated spontaneous and endothermic adsorption. Mechanis-
tically, the interaction between the modified sphagnum moss adsorbent and methylene
blue involved electrostatic attraction, hydrogen bonding, and π-π interactions. In summary,
modified sphagnum moss offers an efficient, cost-effective, environmentally friendly, and
reusable solution for methylene blue removal from wastewater.
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