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Rapid industrialization and urbanization in recent decades have benefited human
society unprecedentedly. However, the concomitant release of various toxic and harmful
substances into the environment has caused considerable ecological and human health
risks [1–3]. In particular, emerging contaminants—including perfluorinated and polyfluo-
roalkyl substances (PFASs), pharmaceuticals and personal care products, organophosphate
esters, and micro-/nanoplastics—have been detected across diverse environmental matri-
ces and caused global concerns [4–7]. Therefore, enormous efforts have been devoted to
the development of new technologies for removing environmental pollutants. However,
there remain obstacles to high-efficiency and low-carbon environmental remediation [8],
and the effective removal of emerging contaminants (e.g., PFASs and microplastics) poses
significant new challenges [9,10].

The rapid development of nanotechnology has opened up new opportunities for
more efficient and cost-effective pollution control and environmental remediation. A
myriad of novel nanomaterials with large specific surface area and abundant surface
reactive sites have been explored for the enhanced removal of various legacy and emerging
pollutants via adsorption, membrane separation, catalytic oxidation/reduction/hydrolysis,
and photocatalysis, etc. [11,12]. Nanomaterials can act as efficient adsorbents, not only
owing to their high surface areas and well-developed pore network, but also to their nano-
specific surface structures [13,14]. Synthetic membranes with confined nanostructures have
demonstrated selective ion separation from complex aqueous matrices, achieving ultrahigh
selectivity for a range of monovalent and divalent ions [15]. Meanwhile, the catalytic
efficiency of nanomaterials for degrading pollutants can be regulated by modulating
their surface atomic arrangement via facet and defect engineering [16,17]. Moreover,
nanomaterials have shown tremendous potential for in situ remediation of contaminated
soil and groundwater [18].

The applications and potential environmental implications of nanomaterials have
emerged as one of the most active and productive research frontiers in the field of envi-
ronmental science and engineering. Nevertheless, nanomaterials still face a number of
challenges in practical applications, including relatively high cost, material instability, and

Toxics 2025, 13, 810 https://doi.org/10.3390/toxics13100810
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potential environmental impact. Structural degradation, aggregation, and the loss of active
sites can significantly compromise their performance [19,20]. Moreover, current applica-
tions of nanomaterials remain largely confined to laboratory or pilot-scale studies. An
understanding of their realistic performance as well as environmental and health impacts
remains inadequate. These uncertainties hinder the large-scale deployment of nanotech-
nology in environmental applications, and call for safety- and sustainability-by-design
strategies [21]. Addressing these challenges requires robust interdisciplinary collaboration,
spanning materials science, environmental chemistry, engineering, toxicology, ecology, and
policy. Notably, emerging tools such as theoretical computation and machine learning are
critical for predicting the pollutant removal performances and environmental behaviors of
nanomaterials and guiding the rational design of next-generation environmental functional
materials with minimized risk profiles [22,23].

This Special Issue comprises two comprehensive reviews and eight original research
articles, with international authorship from six countries (Contributions 1–10). These pa-
pers highlight recent progress in the development of nanomaterials, including metal-based,
carbon-based, and composite nanomaterials, for the removal of both organic pollutants
(e.g., pesticides, dyes, and formaldehyde) and heavy metals. In addition to experimental
investigations, we have included works to emphasize the role of computational simu-
lation in predicting and optimizing the performance of nanomaterials. Moreover, we
identify critical knowledge gaps and propose future research directions to advance the
field of environmental nanotechnology. We hope that the advances and insights presented
herein will inspire further innovation and foster interdisciplinary collaboration, ultimately
contributing to safer, more efficient, and sustainable nanotechnology for environmental
protection applications.

Author Contributions: Conceptualization, C.J., S.L., T.P. and Q.S.; writing—original draft preparation,
C.J.; writing—review and editing, C.J., S.L., T.P. and Q.S. All authors have read and agreed to the
published version of the manuscript.
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Enhanced Photocatalytic Degradation of Methylene
Blue Using Ti-Doped ZnO Nanoparticles Synthesized by
Rapid Combustion
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Abstract: ZnO and Ti-doped ZnO (Ti-ZnO) nanoparticles were synthesized using rapid combustion.
The morphology of ZnO and Ti-ZnO featured nanoparticles within cluster-like structures. The
ZnO and Ti-ZnO structures exhibited similar hexagonal wurtzite structures and crystal sizes. This
behavior occurred because Zn2+ sites of the ZnO lattice were substituted by Ti4+ ions. The chemical
structure characterization implied the major vibration of the ZnO structure. The physisorption
analysis showed similar mesoporous and non-rigid aggregation structures for ZnO and Ti-ZnO using
N2 adsorption–desorption. However, Ti-ZnO demonstrated a specific surface area two times higher
than that of ZnO. This was a major factor in improving the photocatalytic degradation of methylene
blue (MB). The photocatalytic degradation analysis showed a kinetic degradation rate constant of 2.54
× 10−3 min−1 for Ti-ZnO, which was almost 80% higher than that of ZnO (1.40 × 10−3 min−1). The
transformation mechanism of MB molecules into other products, including carbon dioxide, aldehyde,
and sulfate ions, was also examined.

Keywords: ZnO; titanium; combustion; photocatalyst; surface area; methylene blue

1. Introduction

Due to the expansion of the industrial sector and an increase in pollution over the past
few decades, a wide range of pollutants have been released and accumulated in environ-
mental systems, especially water. Wastewater and the treatment of complex contaminations
in wastewater are major environmental concerns. Moreover, synthetic dyes are modern
contaminants in wastewater. Dye molecules are typically designed to be environmentally
stable, complex, and non-biodegradable, making them difficult to degrade or remove [1,2].
One of the interesting wastewater treatment strategies is photocatalytic degradation, a
low-cost and effective method for pollutant transformation [3–7]. The photocatalytic degra-
dation process requires semiconducting materials to act as a photocatalyst, which can be
activated by absorbing the irradiated photons with an appropriate wavelength. After ab-
sorbing the photon energy by the photocatalyst, the electrons in the valence band (VB) are
excited and promoted to the conduction band (CB), leaving holes at VB [8]. The generated
electron-hole (e−-h+) carriers continuously migrate to the surface to interact with H2O/O2,
inducing OH·−/O·−

2 radicals. The radicals then interact and transform dye molecules into
other phases, such as minerals and CO2 [9,10].

ZnO is one of the popular semiconductors used as an alternative photocatalyst for
effective wastewater treatment [11]. Moreover, ZnO is non-toxic, chemically and optically
stable, biocompatible, and cheap [12]. However, the low surface area of ZnO, compared

Toxics 2023, 11, 33. https://doi.org/10.3390/toxics11010033 https://www.mdpi.com/journal/toxics5
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with TiO2 [2,8], is an important issue because the surface area is an essential factor directly
affecting photocatalytic performance [10], as chemical reactions of pollutant molecules
occur at the photocatalyst’s surfaces. Nevertheless, the low surface area also decreases
the charge transfer affecting the recombination, which diminishes the photocatalytic per-
formance [13]. To overcome this issue, several studies have presented various kinds of
strategies to increase the surface area and reduce the recombination of ZnO photocata-
lysts [14–16]. The application of ZnO doped with an alkaline earth metal, such as barium
(Ba), was reported as the photocatalyst [14]. The synthesis of Ba-doped ZnO (BaZnO)
was performed by facile chemical precipitation using zinc nitrate hexahydrate and barium
nitrate. The particle and crystal sizes of BaZnO were almost halved compared with those
of pure ZnO. This caused a small increase in the surface area from 13.35 to 15.00 m2/g
and a larger induced dislocation density from 1.52 × 10−4 to 5.88 × 10−4 nm−2. The
photocatalytic activity of BaZnO to degrade carbaryl solution using UV irradiation was
also evaluated. BaZnO exhibited a better photocatalytic performance than that of pure ZnO
by around 1.4 times. The incorporation of Pd-metal plasmons into ZnO was presented as
an effective way to improve the ZnO surface area [15]. The Pd-ZnO nanoparticles (NPs)
were synthesized using a green microwave-assisted method from orange peel extract as
a capping agent with a Pd addition. The optimum Pd addition resulted in obtaining the
maximum surface area of 16.9 m2/g for Pd-ZnO NPs in comparison with that of 9.2 m2/g
for pure ZnO. The increased surface area was correlated to the decreased crystal size, sug-
gesting the role of aggregation prevention for Pd in ZnO crystallization and the decrease
in particle sizes. The Pd-ZnO NPs were then used in a photocatalytic process of degrad-
ing the reactive yellow 15 organic dye under sunlight illumination. The Pd-ZnO NPs
showed excellent photocatalytic degradation performance, better than that of pure ZnO
by around 1.9 times due to the increased surface area. Another interesting photocatalyst
structure of ZnO/TiO2 composites was synthesized using a hydrothermal process with dif-
ferent capping agents, including cetyltrimethylammonium bromide (CTAB), acetylacetone
(ACAC), and poly (4-styrene sulfonic acid) (PS) [16]. The composites prepared with ACAC
showed a considerable surface area of 217.08 m2/g in comparison with that of 14.05 m2/g
for pure ZnO. This was caused by the small crystal size, similar to the abovementioned
study [14,15]. The increased surface area of the ZnO/TiO2 structure caused the enhanced
photocatalytic degradation of Tartrazine dye aqueous solution, which was almost two
times higher than pure ZnO. The enhancement was attributed to the high surface area of
ZnO/TiO2 composites, due to the synergy of ZnO and TiO2 NPs. However, it is a complex
method for synthesizing composite structures and requires many initial materials, which
leads to high-cost production. Therefore, the modification of ZnO material using a simple
method was considered in this study. Pure ZnO with a low specific surface area was
enhanced using Ti-doping. It was aimed at improving the surface areas of Ti-doped ZnO
(Ti-ZnO). Furthermore, the doping effect also caused varieties in the mechanical, electronic,
and optical properties of the ZnO host material. Generally, there are several methods for
synthesizing ZnO, such as precipitation, sol-gel, hydrothermal method, electrochemical
process, and combustion [17,18]. In this study, rapid combustion was used to synthesize
ZnO and Ti-ZnO because of its simplicity and short time process. The synthesized ZnO
and Ti-ZnO were then characterized by several techniques and utilized as photocatalysts
for degrading methylene blue (MB) in water.

2. Materials and Methods

ZnO was synthesized by the rapid combustion technique. For the preparation of
the Zn source, zinc nitrate hexahydrate (Zn(NO3)2·6H2O) was dissolved in 20 mL of 2-
ethoxyethanol (C4H10O2) at the initial concentration of 1 M under continuous stirring
at room temperature for 30 min to form a homogenous zinc complex solution. Before
combustion, the solution was heated to 350 ◦C for 10 min. Then, the solution was dropped
on heated-glass substrates (350 ◦C) for the smoldering combustion process. After 20 min,
the substrate was left to cool down to room temperature. Next, the obtained white product
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of ZnO was scratched from the glass substrate, ground for 1 h, and stocked in a brown
bottle. A similar process was carried out to synthesize Ti-ZnO using a zinc–titanium
complex solution instead of a zinc complex solution. The zinc–titanium complex solution
was prepared by co-dissolving zinc nitrate hexahydrate and 1 mol.% titanium chloride
tetrahydrofuran complex (TiCl4·2THF) in 20 mL of 2-ethoxyethanol. The preparation flow
diagram was illustrated in Figure 1.

Figure 1. The illustrated flow diagrams of ZnO and Ti-ZnO NPs synthesized by rapid combustion.

The synthesized combustion products of ZnO and Ti-ZnO were characterized using
several methods. The morphology was observed using a scanning electron microscope
(SEM, JSM-6610 LV, JOEL) equipped with an energy dispersive X-ray spectrometer (EDS,
INCAx-act, OXFORD) for elemental detection. The high-resolution morphology and
selected area electron diffraction (SAED) were investigated using a transmission electron
microscope (TEM, TECNAI G2 20 S-TWIN, FEI). The crystal structure was determined by
X-ray diffraction (XRD) patterns recorded on an X-ray diffractometer (D8 Advance, Bruker).
The crystal sizes of ZnO and Ti-ZnO were calculated using the Debye–Scherrer equation
(Equation (1)) [14,19]:

D = kλ/βcosθ (1)

where k and λ are the shape factor of the XRD measurement (0.89) and the wavelength of
the X-ray source (1.5406 Å), respectively. The β and θ are the full width at half maximum
(FWHM) and the diffraction angle for each plane, respectively. A surface functional group
analysis was conducted using Fourier transform infrared spectroscopy (FTIR, Spectrum
Two, PerkinElmer). A pore analysis was performed by physisorption of N2 adsorption–
desorption at 77 K using a Tristar II3020, Micrometrics. The adsorption–desorption isotherm
was plotted to identify the pore structure. The pore width and specific surface area
were analyzed using the Barrett–Joyner–Halenda (BJH) and Brunauer–Emmett–Teller
(BET) methods. The band gap energy (Eg) was investigated from the diffuse reflectance
absorption spectra for ZnO and Ti-ZnO using an ultraviolet-visible-near infrared (UV–
Vis-NIR) spectrophotometer (UV-3101 PC, Shimadzu). The recorded spectra were then
analyzed according to the Tauc’s relation (Equation (2)) [20–22]:

(αhν)1/n = A(hν − Eg) (2)

where α, A, h, and υ are the optical absorbance coefficient, constant, Planck’s constant, and
frequency, respectively. For a direct electron transition material, including ZnO, the param-
eter n is 1/2. The synthesized ZnO and Ti-ZnO were utilized to degrade the MB solution
under UV irradiation and demonstrate their potential as an applicable photocatalyst. The
MB solution was prepared by dissolving 5 mg of MB in 1000 mL of DI water. It was then
stirred for 1 h in the dark. The amount of 0.1 g of ZnO or Ti-ZnO was added into a separate
beaker containing 100 mL of the MB solution. It was then stirred for 15 min to disperse the
photocatalyst. Then, the photocatalyst-contained MB solution was left for 30 min in the
dark condition to reach an adsorption–desorption equilibrium. The photocatalytic process
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was then activated by the irradiation of a UV lamp (λ~365 nm, 4.5 W/m2) for 150 min.
To evaluate the photocatalytic degradation performance, a portion of the degraded MB
solution was collected at every 30 min interval. The collected solution was examined
by measuring the absorbance to monitor the remaining MB molecules. To analyze the
MB degradation performance, the degradation rate constant (k) was estimated using the
pseudo-first-order kinetics (Equation (3)) [21,23]:

ln(A/A0) = −kt (3)

where A0 and A are the absorbances of the MB solution at the initial and interval irradiation
times, respectively. The degraded MB solution was further investigated using FTIR to
monitor the transformed products.

3. Results and Discussion

SEM images of ZnO and Ti-ZnO (Figure 2) were observed for the morphological
investigation. The morphology showed ZnO and Ti-ZnO nanoparticles (NPs). It seems that
numerous accumulated and dense NPs formed cluster-like structures, which is consistent
with the TEM images in Figure 3. It is believed that the rapid combustion process provides
for fast and disordered crystallization. The process might limit the reaction between
zinc and hydroxide ions during the rapid combustion for a short duration, resulting in a
randomized reaction that results in clustered NPs [24]. The particle size was estimated
using image-J software, as depicted in Figure 4. The maximum particle size distribution
for ZnO and Ti-ZnO was found to be 10 nm and 18 nm, respectively, indicating their small
size. To examine the chemical elements, EDS results were tabulated in Table 1, indicating
the detection of Zn, O, and Ti. The detected elements revealed only the presence of Zn and
O for ZnO. In the case of Ti-ZnO, adding the Ti element indicated the presence of Ti in
Ti-ZnO structures.

  
(a) (b) 

Figure 2. SEM images of (a) ZnO and (b) Ti-ZnO NPs.

  
(a) (b) 

Figure 3. TEM images of (a) ZnO and (b) Ti-ZnO NPs.
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(a) (b) 

Figure 4. Particle size distribution of (a) ZnO and (b) Ti-ZnO NPs.

Table 1. Detected chemical composition of ZnO and Ti-ZnO using EDS.

Sample
Element (Atomic%)

Zn O Ti

ZnO 42.97 57.03 -
Ti-ZnO 33.43 66.05 0.51

The XRD patterns of ZnO and Ti-ZnO in Figure 5 show the diffraction angles at 2θ of
31.7◦, 34.5◦, 36.2◦, 47.5◦, 56.6◦, 62.9◦, and 68.0◦ indexed to the crystal planes of (100), (002),
(101), (102), (110), (103), and (122), respectively [22,25]. The patterns corresponded well with
the hexagonal wurtzite structure of ZnO, according to the standard JCPDS no. 36-1451 [2].
The peak at 2θ~23.5◦ might be related to the orthorhombic Zn(OH)2 phase (JCPDS no.
01-071-2215). To estimate the crystal sizes of ZnO and Ti-ZnO, the three major peaks,
including the (100), (002), and (101) planes, were considered for the calculation using the
Debye–Scherrer equation (Equation (1)). The calculated crystal sizes were 12.88 ± 2.33 and
12.81 ± 2.88 nm for ZnO and Ti-ZnO, respectively. The results presented no differences in
the average crystal size for ZnO and Ti-ZnO. This can indicate that Ti4+ ions can substitute
into Zn2+ sites, because the ionic radius of 0.61 Å for Ti4+ ions is lower than that of 0.74 Å for
Zn2+ ions [26]. However, the change in crystal size was not significant for ZnO and Ti-ZnO
due to employing the rapid combustion synthesis method. The SAED patterns (Figure 6)
displayed the ring patterns for both ZnO and Ti-ZnO implying the polycrystalline structure.
This was caused by the limited crystallization due to the short combustion reaction, which
caused low crystallization rates and an uncontrollable crystal growth mechanism.

Figure 5. XRD patterns of ZnO and Ti-ZnO NPs.
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(a) (b) 

Figure 6. SAED patterns of (a) ZnO and (b) Ti-ZnO NPs.

Figure 7 shows the FTIR spectra of ZnO and Ti-ZnO in the range of 4000–450 cm−1 for
the examination of the surface chemical structures. The peak at around 461 cm−1, referring
to the Zn−O vibration, confirmed the ZnO structure [26,27]. The other peaks were marked
as residuals, including organic compounds and water. The peaks at 1321 and 1644 cm−1

were assigned to C−O stretching and C=O stretching vibrations, respectively [22]. The
peak at 820 cm−1 was attributed to the OH libration, caused by the Zn(OH)2 phase, and
it was consistent with the impurity peak in the XRD results. The peak at 3395 cm−1 was
assigned to the stretching vibration of the OH groups.

Figure 7. FTIR spectra of ZnO and Ti-ZnO NPs for surface chemical structure analysis.

The band gap energy (Eg) for the combustion-synthesized ZnO and Ti-ZnO samples
was assessed using the Tauc’s plot relation, as shown in Figure 8. For this purpose, a linear
line with the maximum slope was extrapolated to the hν-axis. Then, the Eg value was
estimated from the intercept on the hν-axis. It was found that the Eg values for ZnO and Ti-
ZnO were 3.06 and 3.10 eV, respectively. However, the Eg values exhibited small differences;
the obtained values in this study were lower than those in the literature [2,9,12,28,29],
which is due to the low crystallization and the defects [20]. The estimated Eg values
were correlated with the UV energy, indicating that ZnO and Ti-ZnO can be used as
photocatalysts and activated by UV light.

10



Toxics 2023, 11, 33

 
(a) (b) 

Figure 8. Band gap energy estimation using the Tauc plot for (a) ZnO and (b) Ti-ZnO.

The N2 adsorption–desorption was recorded (Figure 9a) to examine the pore charac-
teristics. The type IV isotherm was similarly observed for both ZnO and Ti-ZnO indicating
the mesoporous structure. The H3 hysteresis loop was observed, implying the non-rigid ag-
gregation structures that confirm the cluster-like structure of ZnO and Ti-ZnO. In Figure 9b,
the pore width shows a similar pore width distribution. However, the pore widths of 14.75
and 9.12 nm for ZnO and Ti-ZnO, respectively, were estimated using the BJH analysis. SBET
was then calculated for the type IV isotherms to estimate the active surface areas of ZnO
and Ti-ZnO photocatalysts. The calculated SBET values of 27.84 and 63.85 m2/g for ZnO
and Ti-ZnO, respectively, were achieved. The results indicate that Ti-ZnO has a greater
active surface area than that of ZnO by over two times, which confirms its suitability for
photocatalytic applications.

 
(a) (b) 

Figure 9. (a) N2 adsorption–desorption and (b) pore width distribution for ZnO and Ti-ZnO NPs.

The synthesized ZnO and Ti-ZnO were used as the photocatalysts for photocatalytic
degradation of MB under UV activation. The degradation of MB using only a photocatalyst
was examined, as shown in Figure S1 (Supplementary Materials). The negligible change
in absorbance of MB demonstrates that the photocatalyst had no significant effect on MB
without UV light. To further investigate the influence of photocatalytic activity on MB,
the experiment was repeated using ZnO and Ti-ZnO photocatalysts under UV light. The
absorbance of MB was measured to investigate the degradation performance, as shown in
Figure 10. It was observed that the absorbance of MB for both ZnO and Ti-ZnO photocata-
lysts decreased as a function of the UV irradiation time. The absorbance of MB for Ti-ZnO
showed stronger decreasing trends than that for ZnO. This indicates a better photocatalytic
activity for Ti-ZnO to degrade MB molecules compared with ZnO. This is correlated with
the higher SBET value for Ti-ZnO. It is believed that the high surface areas can provide
interaction between electron-hole carriers and surrounding molecules [21,30], whereas,
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the unchanged absorbance of MB after UV irradiation in the absence of a photocatalyst
confirms that the UV light had no effect on MB. In the analysis of MB degradation perfor-
mance, the degradation rate constant was estimated using pseudo-first-order kinetics. From
Equation (3), the ln (A/A0) curve was plotted versus the irradiation time (Figure 11), and
the degradation rate constant was calculated by tracking the slopes of the curve. The degra-
dation rate constant values of MB degradation were 1.40 × 10−3 and 2.54 × 10−3 min−1

for ZnO and Ti-ZnO photocatalysts, respectively. The results confirm that Ti-ZnO prepared
by combustion has efficient photocatalytic activity for MB degradation, which is consistent
with Ti-ZnO prepared by chemical precipitation as described elsewhere [30]. Remarkably,
the degradation rate constant for Ti-ZnO increased by over 80% in comparison with ZnO.
This result implies that Ti-ZnO improved the kinetic activity of MB degradation under
UV illumination. The improved activity is believed to be due to the increased surface area
and the reduced pore width. The mechanism of photocatalytic degradation can be briefly
described in Equations (4)–(7) [2,31,32]:

ZnO + hν → e− + h+ (4)

e− + O2 → O·−
2 (5)

h+ + H2O → OH·− + H+ (6)

Dyes + O·−
2 or OH·− → intermediates → CO2 + H2O + NH+

4 +SO2−
4 (7)

 
(a) (b) 

 
(c) 

Figure 10. Absorbances of MB under photocatalytic degradation for different UV irradiation time
using (a) ZnO photocatalyst, (b) Ti-ZnO photocatalyst, and (c) no photocatalyst.
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Figure 11. Plots of ln (A/A0) versus UV irradiation time for analysis of degradation rate constant.

The electron-hole (e−-h+) pairs are simultaneously generated as the photocatalyst is
activated by absorbing photons. They also continuously diffuse onto the photocatalyst
surface [33]. The reaction between the electrons and dissolved oxygen (O2) in the MB
solution induces superoxide radicals (O·−

2 ). In another reaction, the holes react with water
to produce hydroxyl radicals (OH·−). These reactive radicals react efficiently to degrade
MB dyes into other products. To examine the products, in this study, the MB solution was
monitored before and after the photocatalytic degradation for 150 min using ZnO and
Ti-ZnO (Figure 12). The initial MB solution peaks were observed at the wavenumber of
1615, 1417, and 1355 cm−1 corresponding to the C=N stretching of the central ring, the
multiple rings stretching, and C−N stretching of the side aromatic ring and a nitrogen
atom, respectively [30]. The intensity of the peaks decreased after photocatalytic degra-
dation. This was attributed to the transformation of MB molecules into intermediates.
Moreover, the presence of peaks at 2360, 1738, and 1220 cm−1 was assigned to the C=O
asymmetric stretching of CO2, C=O stretching of aldehyde, and S−O stretching of sulfate
ions (SO2−

4 ) [34,35], respectively. This indicates the conversion of MB into other products.
Furthermore, the intensity of the CO2 peak for the Ti-ZnO photocatalyst was higher than
that of the ZnO. It can be concluded that the high surface area of Ti-ZnO plays a role in offer-
ing active sites for the reaction between electron-hole pairs and MB molecules. This effect
leads to accelerating the degradation mechanism and raising the degradation performance.

Figure 12. FTIR spectra of (a) initial MB solution; and MB solution after photocatalytic degradation
for 150 min using (b) ZnO and (c) Ti-ZnO photocatalysts.

4. Conclusions

ZnO and Ti-ZnO NPs were synthesized using rapid combustion. The ZnO and Ti-ZnO
structures exhibited similar structures and sizes of polycrystalline hexagonal wurtzite
structures, which was due to the substitution of Zn2+ sites in the ZnO host lattice by Ti4+.
The chemical structure examination implied the major vibrations of the ZnO structure.
However, some residuals, including organic compounds and water, were also observed.
The N2 adsorption–desorption analysis confirmed the mesoporous and non-rigid aggre-
gation structures for both ZnO and Ti-ZnO. However, Ti-ZnO showed a higher surface
area than that of ZnO by more than double. This is the major factor in improving the
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photocatalytic activity of MB degradation. The photocatalytic degradation analysis showed
the kinetic degradation rate constant of 2.54 × 10−3 min−1 for Ti-ZnO, which was higher
than that of 1.40 × 10−3 min−1 for ZnO by over 80%. The transformation mechanism of
MB molecules into other products, including carbon dioxide, aldehyde, and sulfate ions,
was also interpreted in this study.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics11010033/s1, Figure S1: Absorbances of MB in the dark
condition with the dispersion of (a) ZnO and (b) Ti-ZnO photocatalysts.
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Abstract: The extensive use of organic dyes in industry has caused serious environmental problems,
and photocatalysis is a potential solution to water pollution by organic dyes. The practical application
of powdery photocatalysts is usually limited by the rapid recombination of charge carriers and
difficulty in recycling. In this study, recyclable carbon cloth-supported ZnO@Ag3PO4 composite
with a core–shell structure was successfully prepared by solvothermal treatment and subsequent
impregnation–deposition. The as-prepared carbon cloth-supported ZnO@Ag3PO4 composite showed
an improved photocatalytic activity and stability for the degradation of rhodamine B (RhB), a model
organic dye, under visible light irradiation. The decomposition ratio of RhB reached 87.1% after
exposure to visible light for 100 min, corresponding to a reaction rate constant that was 4.8 and
15.9 times that of carbon cloth-supported Ag3PO4 or ZnO alone. The enhanced performance of the
composite can be attributed to the effectively inhibited recombination of photoinduced electron–hole
pairs by the S-scheme heterojunction. The carbon fibers further promoted the transfer of charges.
Moreover, the carbon cloth-supported ZnO@Ag3PO4 can be easily separated from the solution and
repeatedly used, demonstrating a fair recyclability and potential in practical applications.

Keywords: carbon cloth; silver phosphate; zinc oxide; S-scheme heterojunction; wastewater treatment

1. Introduction

With the rapid development of the textile and dyeing industry, large quantities of
organic dye-laden wastewater have been discharged into the natural waters, causing a
range of environmental problems. Many of the organic dyes are toxic to human health or
aquatic life [1,2]. Over the past decades, various destructive and nondestructive techniques
have been explored for removing organic dyes from wastewater, including adsorption, fil-
tration, biodegradation, advanced oxidation processes, photocatalysis, etc. [3–6]. Amongst
these approaches, semiconductor-based photocatalysis can degrade and detoxify organic
pollutants, including dyes, utilizing inexhaustible solar energy, which is expected to solve
the problems of increasingly serious water pollution by organic dyes [7–10].

Zinc oxide (ZnO) is a versatile semiconductor photocatalysts with high ultraviolet
(UV) shielding and refractive index, high electron mobility, and strong luminescence at
room temperature [11], and ZnO-based photocatalysis has been widely explored for re-
moving wastewater pollutants, including organic dyes [12–14]. However, as a typical
broad-bandgap semiconductor, ZnO can be mainly excited by UV light, resulting in a
low utilization rate of the visible light fraction of solar radiation, which, together with its
vulnerability to corrosion under both irradiated and dark conditions [15,16], hinders the
large-scale application of pure ZnO-based materials in the field of environmental photo-
catalysis [17]. The coupling of two band-matched semiconductors to form a heterojunction
is an effective way to reduce the recombination of photoelectron–hole pairs and improve
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the performance of photocatalytic materials [18,19]. Moreover, the coating of a material
less prone to corrosion onto the surface of ZnO can dramatically enhance the stability of
ZnO-based photocatalysts [15,20]. Since Ye et al. reported the use of silver phosphate
(Ag3PO4) in water oxidization and organic contaminant decomposition, Ag3PO4, a visible
light-responsive semiconductor, has been widely considered as a promising material for
solar photocatalysis [21–23]. Despite its low solubility in water, however, we have previ-
ously observed that, during extended photocatalytic tests, photoelectrons can induce the
precipitation of metallic Ag films on the surface of Ag3PO4, which shield light and lead to
the deactivation of Ag3PO4 [24]. It has been demonstrated that the combination of ZnO
with Ag3PO4 could improve the photocatalytic activity of ZnO/Ag3PO4 [25–27], though
an improvement in performance stability is less straightforward, with contradicting results
reported [25,28].

Up to now, a majority of the reported photocatalysts exist in the state of powder, which
causes difficulty in separation and recycling when it comes to practical applications [29,30],
highlighting the need for preparing immobilized photocatalysts with both high activity and
recyclability [31]. Carbon cloth has unique physical and chemical properties such as a large
specific surface area, excellent electrical conductivity, high strength, good thermal stability,
and good corrosion resistance, which has been widely used in supercapacitors, lithium–ion
batteries, electrocatalysis, microwave absorption, and other fields [32–34]. It was reported
in our previous work that using carbon cloth as the catalyst support can effectively improve
the photocatalytic performance and recyclability of the photocatalyst [35]. Thus, it is
hypothesized that loading composites of ZnO and Ag3PO4 with well-designed structures
onto carbon cloth may yield a recyclable photocatalyst with high activity.

In this work, we reported the synthesis of a hybrid ZnO@Ag3PO4 core–shell structure
grown on carbon cloth via a calcination treatment followed by a two-step solution route (in-
cluding a solvothermal treatment and subsequent impregnation–deposition) and evaluated
its performance for the photocatalytic degradation of rhodamine B (RhB), a widely used
organic dye known to be toxic to both humans and aquatic life [1,36]. The ZnO@Ag3PO4
heterostructure is conductive to photocatalytic activity improvement under visible light
irradiation, whereas the carbon fibers, as high-speed electron transfer channels, are also
beneficial to charge a separation. As a result, the carbon cloth-supported ZnO@Ag3PO4
composite material exhibits a dramatic visible light photocatalytic activity compared with
that of carbon cloth-supported ZnO and Ag3PO4. Additionally, the free-standing carbon
cloth-supported ZnO@Ag3PO4 can be easily withdrawn from a simulated wastewater
solution and reused, which makes it a recyclable photocatalyst with potential for practical
applications.

2. Materials and Methods

The procedures for synthesizing the materials are illustrated in Figure 1.

Figure 1. Schematic illustration for the synthesis procedure of the carbon cloth-supported ZnO and
ZnO@Ag3PO4 composite.
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2.1. Deposition of ZnO Crystal Seeds on Carbon Cloth

The carbon cloth (WOS: 1009-17070602, average thickness: 0.33 mm, and nominal
basic weight: 115.0 g/m2) with dimensions of 2 cm × 2 cm was successively dipped into
acetone, anhydrous ethanol, and deionized water for 20 min in ultrasonic bath to remove
the surface impurities. Then, the carbon cloth was soaked in nitric acid (65%) for 24 h to
improve the surface hydrophilicity. After that, the carbon cloth was cleaned with deionized
water several times and dried in an oven at 60 ◦C for 12 h.

ZnO crystal seeds were deposited on the carbon cloth by the calcination method.
Specifically, 0.18 mmol of anhydrous zinc acetate was completely dissolved in 30 mL
of anhydrous ethanol under continuous magnetic stirring. Afterwards, the mixed solu-
tion was slowly dripped onto the pretreated carbon cloth, and the obtained wet carbon
cloth was further heated in a muffle furnace at 350 ◦C for 20 min in air. After cooling to
room temperature, white ZnO crystal seeds could be found to adhere to the surfaces of
carbon fibers.

2.2. Growth of ZnO Nanowires on Carbon Cloth

ZnO nanowires were grown on carbon cloth by a simple solvothermal method. Firstly,
3 mmol of zinc nitrate hexahydrate (Zn (NO3)2·6H2O) and 2 mmol of hexamethylenete-
tramine (HMTA) were dissolved in a certain volume of mixed solution containing aqueous
ammonia (3 mL) and deionized water (70 mL), followed by being poured into a 100 mL
autoclave with Teflon liner. Subsequently, the carbon cloth with ZnO crystal seeds was
vertically soaked into the solution, and then, the autoclave was sealed and heated at 90 ◦C
for 24 h. After the reaction, the autoclave naturally cooled down to room temperature.
Finally, the carbon cloth with ZnO nanowires (denoted as CC/ZnO) was removed from
the autoclave and washed with deionized water and ethanol several times and dried in an
oven at 60 ◦C overnight.

2.3. Preparation of Carbon Cloth-Supported ZnO@Ag3PO4 Composite

The carbon cloth-supported ZnO@Ag3PO4 composite was prepared by a simple
impregnation–deposition method. The whole experiment process was carried out in
dark conditions to avoid undesired photo corrosion. A certain amount of AgNO3 and
(NH4)2HPO4 were separately dissolved in deionized water to form solutions with concen-
trations of 0.5 and 0.17 mol/L, respectively. Then, the as-prepared carbon cloth-supported
ZnO was soaked in AgNO3 solution for 6 h. After that, the wet AgNO3-infiltrated CC/ZnO
was taken out and immersed in (NH4)2HPO4 solution for 1 min and then was again dipped
back into the AgNO3 solution. This soaking process was repeated 20 times. Finally, the
obtained carbon cloth-supported ZnO@Ag3PO4 composite (denoted as CC/ZnO@Ag3PO4)
was washed with deionized water and dried at 60 ◦C for 12 h. For comparison, carbon
cloth-supported Ag3PO4 (denoted as CC/Ag3PO4) was also prepared by directly soaking
pure carbon cloth into the precursor solutions in the same way as described above.

2.4. Characterization

The morphological observation of the carbon cloth-supported photocatalysts was
accomplished on a SU8010 field emission scanning electron microscope (FESEM, Hitachi,
Japan) and a JEM2010F transmission electron microscope (TEM, JEOL, Japan). The crystal
structure and phase composition of the samples were analyzed by a D/MAX-Ultima IV
X-ray diffractometer (XRD, Rigaku, Japan) using Cu Kα radiation with a scanning rate
of 8◦/min. X-ray photoelectron spectroscopy (XPS) was measured on an EscaLab 250Xi
electron spectrometer (Thermo, Waltham, MA, USA) excited by using Al Kα radiation.
UV–Vis diffuse reflectance spectra (DRS) of the samples were recorded on a UV9000 UV–Vis
spectrophotometer (Metash, Shanghai, China), with BaSO4 used as a reflectance standard.
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2.5. Photocatalytic Activity Measurement

The photocatalytic activities of the carbon cloth-supported photocatalysts were evalu-
ated by the degradation of RhB (1.0 × 10−5 mol/L) as the target organic pollutant at room
temperature, and a LED lamp with a fixed wavelength of 420 nm was used as the visible
light source to trigger the reaction. To be more specific, a piece of carbon cloth-supported
photocatalyst (2 cm × 2 cm) was vertically placed into a beaker containing 60 mL of RhB
solution. Before turning on the LED light, the catalytic reaction system was magnetically
stirred in dark for 30 min to reach adsorption equilibrium. During the process of light
irradiation, aliquots of the supernatant were removed with a disposable dropper at regular
time intervals and transfused into a colorimeter cell. The absorbance of the solution was
measured by a UV–visible spectrophotometer, and the activities of the photocatalysts were
estimated by comparing the apparent reaction rate constant, which can be calculated by
ln(C0/Ct) = kt. In this equation, C0 and Ct represent the concentration of RhB solution
initially at the adsorption equilibrium (before the light was turned on) and at the reaction
time of t, respectively, where k represents the reaction rate constant, and t represents the
irradiation time.

3. Results and Discussion

3.1. Phase Structure

The crystal structure and phase composition of the samples were characterized by
XRD, and the related patterns are shown in Figure 2. The pure carbon cloth (CC) exhibits
a relatively wide diffraction peak at 26◦, corresponding to the (002) plane of the carbon
fiber [37]. In the case of CC/ZnO, besides the weak peak of carbon cloth, many new
diffraction peaks (labeled with �) appear in the XRD pattern, including three strong peaks
at 31.7◦, 34.4◦, and 36.3◦, which can be assigned to the (100), (002), and (101) planes of
the hexagonal ZnO (JCPDS card No. 89-0510), respectively [38]. This indicates that ZnO
has successfully grown on the carbon cloth. The XRD pattern of CC/Ag3PO4 shows
diffraction peaks corresponding to both carbon fiber and Ag3PO4 (JCPDS card No. 74-1876,
labeled with �) [39]. As for the CC/ZnO@Ag3PO4 composite, its XRD pattern displays
strong diffraction peaks of Ag3PO4 and extremely weak diffraction peaks of ZnO, which is
probably due to the full coverage of ZnO by Ag3PO4. Meanwhile, the characteristic peak
of carbon fiber at 26◦ is practically unobservable, mainly attributed to the fact that the
surface of the carbon fibers was entirely coated by ZnO and Ag3PO4. In addition, the peak
intensity of Ag3PO4 in CC/ZnO@Ag3PO4 is stronger than that in CC/Ag3PO4. It can be
inferred that more Ag3PO4 was deposited on the surface of CC/ZnO than directly on the
pure carbon cloth.

3.2. Morphology

The morphology of the bare carbon cloth, CC/ZnO, CC/Ag3PO4, and CC/ZnO@Ag3PO4
was investigated by SEM (Figure 3). The microstructure of the bare carbon cloth consisted
of carbon fibers with an average diameter of about 10 μm (Figure 3a). A high-magnification
SEM image showed that the surface of the carbon fiber was relatively smooth, with wrin-
kles parallel to the direction of the fibers (Figure 3b). After solvothermal treatment in the
precursor solution of ZnO, the carbon fibers became brushy, and many nanowires were
found to grow evenly on the surface (Figure 3c). More detailed observation revealed that
these ZnO nanowires were crisscross-distributed on the carbon fibers with diameters of
60–160 nm and lengths of more than 2 μm (Figure 3d). The ZnO nanowires with a crisscross
structure tended to have high specific surface areas that were available for the deposition
of more catalyst particles or adsorption of target molecules. As expected, the surface of
CC/ZnO was completely covered by a large number of particles after the deposition of
Ag3PO4 (Figure 3e). Further observation of the CC/ZnO@Ag3PO4 composite showed that
these Ag3PO4 particles have a polyhedral shape with sizes of 300 nm to 1 μm (Figure 3f).
Meanwhile, the ZnO nanowires can be hardly seen in Figure 3f, probably because they
were entirely encased by the Ag3PO4 particles. In contrast, it is evident from Figure 3g,h
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that only a small quantity of Ag3PO4 particles are sparsely distributed on the surface of
the carbon fibers in CC/Ag3PO4, owing to the relatively smooth surfaces of carbon fibers.
The mass loading of ZnO@Ag3PO4 and pure Ag3PO4 on the carbon cloth was 7.8 × 10−3

and 1.8 ×10−3 g/cm2, respectively. The above results are in good correspondence with the
XRD analysis.

Figure 2. XRD patterns of the CC, CC/ZnO, CC/Ag3PO4, and CC/ZnO@Ag3PO4 composites.

In order to further investigate the presence of ZnO nanowires in the CC/ZnO@Ag3PO4
composite, a control experiment was carried out by shortening the repeated soaking times
of CC/ZnO in AgNO3 and (NH4)2HPO4 solutions to 15 times, and the SEM image of
the as-obtained CC/ZnO@Ag3PO4 composite is shown in Figure 4a. Obviously, many
nanoparticles aggregated on the surfaces of ZnO nanowires (marked by the dotted circle).
The diameter of these ZnO@Ag3PO4 nanowires was about 200 nm. In addition, the
ZnO@Ag3PO4 nanowires were scraped off from the surfaces of carbon fibers for TEM
characterization to further confirm the existence of ZnO nanowires. As shown in Figure 4b,
the nanowires (dark) were completely covered by many nanoparticles (light) with sizes
of about 75 nm, forming a core–shell structure. Additionally, bigger polyhedral particles
were found to be adjacent to these nanoparticles. The TEM image is well consistent with
the SEM observations in Figure 4a. Furthermore, the elemental mappings of the Ag, Zn, P,
and O elements also support the core–shell structure of the CC/ZnO@Ag3PO4 composite
(Figure 4c). The Zn element only exists in the core nanowires, while the Ag, P, and O
elements are distributed near the ZnO nanowires but cover a larger extent. Such tight
contact between ZnO and Ag3PO4 is conductive to the transfer of charge carriers.

3.3. Surface Chemistry

The surface composition and chemical states of CC/ZnO, CC/Ag3PO4, and CC/ZnO@
Ag3PO4 were further determined by XPS, and the obtained spectra are shown in Figure 5.
The full-scanned spectrum of CC/ZnO@Ag3PO4 indicates the presence of the Zn, Ag, O,
P, and C elements (Figure 5a), which originated from the ternary composites containing
carbon fiber, ZnO, and Ag3PO4. A close look at the full spectra reveals that the C 1s peak
intensity of CC/Ag3PO4 is much stronger than that of CC/ZnO and CC/ZnO@Ag3PO4,
owing to the low loading of Ag3PO4 on the pure carbon cloth, which results in a larger
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fraction of surface-exposed carbon fibers. This result is in good agreement with the XRD
analysis. The high-resolution XPS spectrum of Ag 3d in CC/Ag3PO4 centered at 374.0
and 368.0 eV (Figure 5b), corresponding to the Ag 3d3/2 and Ag 3d5/2 core levels of Ag+,
respectively [34]. Meanwhile, the Ag 3d peaks in CC/ZnO@Ag3PO4 exhibited a positive
shift by 0.6 eV compared with those for CC/Ag3PO4, reflecting an increase in the electron
density around the Ag ions (corresponding to a lower formal charge) [40,41], which likely
came from the transfer of electrons from ZnO to Ag3PO4. The characteristic peaks of Zn
2p appeared at 1023.0 and 1046.1 eV (Figure 5c), which correspond to Zn 2p3/2 and Zn
2p1/2, indicating the existence of Zn2+ from ZnO [42]. The O 1s peak of CC/ZnO could
be fitted into three peaks, as shown in Figure 5d. The dominant peak at 530.2 eV was
from the Zn–O bonding of ZnO, and the other two peaks at 531.1 and 532.8 eV were
associated with dissociatively adsorbed water (Zn–OH) and physically adsorbed H2O
molecules, respectively [43,44]. For CC/Ag3PO4, the O 1s XPS spectrum could also be
deconvoluted into three peaks at 530.0, 531.6, and 532.6 eV, which are related to the lattice
oxygen of Ag3PO4, chemisorbed oxygen of surface –OH group, and physically adsorbed
H2O molecules [45–47]. The high-resolution XPS spectrum of O 1s in CC/ZnO@Ag3PO4
could be disintegrated into four peaks. The two peaks at lower binding energy (529.9 and
530.7 eV) are assigned to the lattice oxygen of Ag3PO4 and Zn–O bonding of ZnO [48,49],
respectively. The other two peaks at higher binding energy (531.5 and 532.4 eV) are
related to the surface –OH group and H2O molecules absorbed on the surface of the
CC/ZnO@Ag3PO4 composite [50]. The slight shift of O 1s peaks related to Zn–O and Ag–O
in the CC/ZnO@Ag3PO4 composite was observed, compared with O 1s peaks in CC/ZnO
and CC/Ag3PO4, implying the formation of chemical bonding between ZnO and Ag3PO4.
The above XPS results further confirmed the successful synthesis of a CC/ZnO@Ag3PO4
composite photocatalyst.

3.4. Photocatalytic Dye Removal Performance

The photocatalytic activities of the prepared samples for the removal of RhB from
an aqueous solution were performed under visible light from LED lamp irradiation. As
can be seen from Figure 7a, only a small amount of RhB was adsorbed for all samples in
the dark conditions. The CC/ZnO sample exhibited weak photocatalytic activity, with
only about 15.4% removal achieved after 100 min of light illumination. The CC/Ag3PO4
sample also exhibited a modest photocatalytic performance, with 35.3% RhB removal. By
contrast, 87.1% of RhB was degraded by the CC/ZnO@Ag3PO4 composite, which showed
the highest photocatalytic activity with a reaction rate constant of 0.0191 min−1, exceeding
that of CC/Ag3PO4 by 4.8 times and that of CC/ZnO by a factor of 15.9 (Figure 7b). The
stability and reusability are essential to the practical application of the photocatalysts.
Herein, three cycles of photocatalytic experiments were carried out to investigate the
photocatalytic stability of CC/ZnO@Ag3PO4 and CC/Ag3PO4. The RhB removal ratio for
the CC/ZnO@Ag3PO4 composite was 30.9% after three cycle tests (Figure 7c), showing a
64.5% activity loss compared with its performance in the first test. However, only 4.7% of the
decomposition ratio of RhB remained for CC/Ag3PO4 after three cycles of photocatalytic
degradation tests (Figure 7d), which exhibited an 88.0% activity loss compared with itself.
These results indicated that the heterostructure formed between ZnO and Ag3PO4 is
beneficial to the improvement of photocatalytic activity and stability of the CC/ZnO@Ag3
PO4 composite.

3.5. Optical Absorption Property

The UV–Visible DRS test was carried out to explore the optical absorption of CC,
CC/ZnO, CC/Ag3PO4, CC/ZnO@Ag3PO4, and pure Ag3PO4 powder, and the results are
shown in Figure 6. It can be found that the dark grey CC has a strong light absorption within
the entire UV–visible light region examined. The CC/ZnO exhibited strong absorption in
the ultraviolet light region of 200–400 nm, and its relatively strong absorption in the visible
light region was brought about by the carbon cloth. The intrinsic absorption edge of pure

22



Toxics 2023, 11, 70

Ag3PO4 powder is about 536.5 nm, corresponding to a bandgap energy of 2.31 eV. The
CC/ZnO@Ag3PO4 also displayed a similar light absorption curve to that of pure Ag3PO4,
except for an enhanced absorption in the 470–800 nm region, possibly because the unique
structure of the ZnO nanowires grown on carbon fibers enhanced light scattering. This can
also be verified from the relatively strong absorption of CC/ZnO in the visible light region.
In addition, the light absorbance of CC/Ag3PO4 is higher than that of CC/ZnO@Ag3PO4,
which can be attributed to the fact that the quantity of Ag3PO4 particles directly deposited
on the surface of the carbon cloth was much less than that deposited on CC/ZnO, leading
to more exposed carbon fibers in CC/Ag3PO4 than in CC/ZnO@Ag3PO4. It is well known
that the dark grey carbon fibers can almost absorb all the light. The above results also
match well with the XRD and SEM analyses.

 

Figure 3. SEM images of CC (a,b), CC/ZnO (c,d), CC/ZnO@Ag3PO4 (e,f), and CC/Ag3PO4 (g,h).
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Figure 4. SEM image (a), TEM image, (b) and corresponding elemental mappings (c) of the
CC/ZnO@Ag3PO4 composite, which show distribution of the Ag, Zn, P, and O elements.

Figure 5. XPS survey spectrum (a) and high-resolution XPS spectra of Ag 3d (b), Zn 2p (c), O 1s (d)
of CC/ZnO, CC/Ag3PO4, and the CC/ZnO@Ag3PO4 composite.
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Figure 6. UV–Vis diffuse reflectance spectra of the as-prepared samples.

 
Figure 7. Comparison of the photocatalytic activities (a) and apparent reaction rate constants (b) of
CC, CC/ZnO, CC/ZnO@Ag3PO4, and CC/Ag3PO4 for the degradation of RhB under visible light
irradiation, and photocatalytic recyclability of the CC/ZnO@Ag3PO4 composite (c) and CC/Ag3

PO4 (d).

4. Possible Photocatalytic Mechanism

On the basis of the above results and the literature, a possible charge separation
and transfer mechanism for the enhanced activity and stability of the CC/ZnO@Ag3PO4
composite was proposed (Figure 8). According to the literature, ZnO possesses a more
negative valence band (VB) and conduction band (CB) edge than that of Ag3PO4 [51].
When they come into contact with each other, electrons transfer from ZnO to Ag3PO4,
and an internal electric field (IEF) is created at the interface of ZnO and Ag3PO4 [52]. The
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direction of the IEF points from ZnO to Ag3PO4, as marked by the arrow in Figure 8.
Under visible light excitation, ZnO shows weak photocatalytic activity, probably due to
its intrinsic defect in the crystal and inefficient light absorption [53]. Simultaneously, both
ZnO and Ag3PO4 can be excited, and the electrons in the VB leap into the CB, while the
positively charged holes (h+) are left in the VB. Subsequently, the photogenerated electrons
in the CB of Ag3PO4 shift towards ZnO, as driven by the interfacial IEF, and recombine
with the h+ in the VB of ZnO. Apparently, an S-scheme mechanism applies well to the
heterojunction between Ag3PO4 and ZnO, and the transfer of electrons and holes in the
IEF region follows a slide-like pathway. Benefitting from this ZnO@Ag3PO4 S-scheme
heterojunction, the photogenerated charges efficiently separate. Consequently, the holes are
enriched in the VB of Ag3PO4, while the electrons are enriched in the CB of ZnO. It has been
reported that the h+ and superoxide anion radicals (·O2

−) are the main active species in
the ZnO/Ag3PO4 reaction system, according to the free radical capture experiment [54,55].
The holes reserving high oxidation ability in the VB of Ag3PO4 can directly participate
in the degradation of RhB. In addition, it is well known that the carbon fibers with a
one-dimensional linear structure possess excellent electrical conductivity, which rapidly
receive electrons from the CB of ZnO. Then, the dissolved oxygen molecules are captured
by the electrons enriched in the carbon fibers and reduced into ·O2

− radicals, which further
degrade RhB molecules into CO2, H2O, and small molecular compounds [35]. Moreover,
the ZnO nanowires directly grown on the conductive carbon fibers ensure good adhesion
of the ZnO@Ag3PO4 core–shell structure with the carbon cloth substrate.

Figure 8. Schematic diagram for the improved charge separation of the CC/ZnO@Ag3PO4 composite.

5. Conclusions

In summary, the carbon cloth-supported ZnO@Ag3PO4 composite with a core–shell
structure was successfully prepared by a two-step process including a solvothermal method
and a succeeding impregnation–deposition method. The as-prepared CC/ZnO@Ag3PO4
displayed an enhanced photocatalytic activity for degrading RhB under visible light irradi-
ation compared with that of CC/ZnO and CC/Ag3PO4, mainly attributed to the synergistic
effect of the carbon cloth, ZnO, and Ag3PO4. The construction of a S-scheme heterojunc-
tion between ZnO and Ag3PO4 was mainly responsible for the enhanced activity of the
composite, which suppressed the recombination of the charge carriers within ZnO or
Ag3PO4 itself by transferring electrons from the CB of Ag3PO4 to the VB of ZnO through
the internal electric field. Additionally, carbon fibers further accelerated the transmission
of electrons; therefore, the charge separation efficiency was further improved. The carbon
cloth-supported ZnO@Ag3PO4 can be easily separated from the solution and repeatedly
used, demonstrating a fair recyclability and potential in practical applications. Neverthe-
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less, the decreased activity of CC/ZnO@Ag3PO4 after many cycles of photocatalytic tests
still needs to be further explored.
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Abstract: The removal of zinc ions from water was investigated using two types of ordered meso-
porous silica (SBA-15 and SBA-16). Both materials were functionalized with APTES (3-aminopropyltri
ethoxy-silane) and EDTA (ethylenediaminetetraacetic acid) through post grafting methods. The modi-
fied adsorbents were characterized by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), X-ray diffraction (XRD), nitrogen (N2) adsorption–desorption analysis, Fourier
transform infrared spectroscopy (FT-IR), and thermogravimetric analysis. The ordered structure of
the adsorbents was conserved after modification. SBA-16 was found to be more efficient than SBA-15
owing to its structural characteristics. Different experimental conditions were examined (pH, contact
time, and initial zinc concentration). The kinetic adsorption data followed the pseudo-second-order
model indicating favorable adsorption conditions. The intra-particle diffusion model plot repre-
sented a two-stage adsorption process. The maximum adsorption capacities were calculated by the
Langmuir model. The adsorbent can be regenerated and reused several times without a significant
decline in adsorption efficiency.

Keywords: mesoporous silica; SBA-16; SBA-15; zinc; adsorption; EDTA

1. Introduction

In the past few decades, water contamination has been considered a major problem
worldwide. Effluents containing heavy metals such as copper, lead, zinc, and cadmium
have been discharged without any treatment into the environment from several industries,
such as from steel production, electroplating, and tanneries [1]. The discharged heavy-
metal-contaminated wastewater is considered a serious threat to both human health and the
ecosystem. Heavy metals are non-biodegradable and may be carcinogenic, thus their pres-
ence in water in high amounts could result in critical health issues to living organisms [2–4].
Zinc is largely spread in nature and is an essential trace metal for both humans and aquatic
organisms [5]. However, if the zinc dosage exceeds a certain quantity, it becomes harmful
to organisms [6] as it could interact with biological macromolecules, resulting in a change
in their activity and poisoning [7]. Currently, various methods are available for heavy
metal removal from water, including membrane filtration, coagulation, precipitation, ion-
exchange, and adsorption [8]. The latter is very effective in eliminating heavy metals
and is an attractive technique because it does not require complex and expensive installa-
tions [9,10]. The adsorption mechanism is defined by the physicochemical properties of the
adsorbent and heavy metals and operating conditions (i.e., temperature, adsorbent amount,
pH value, adsorption time, and initial concentration of metal ions) [11]. The efficiency of
several low-cost adsorbents has been studied, including clay, chitosan, fly ash, zeolites,
and activated carbon [12]. Moreover, adsorption is the best method to use when the metal
ions’ concentrations are below 100 mg L−1 [13]. The adsorption capacity is dependent
on the pore size of adsorbents along with the active sites found on their surface [14] and,
in recent years, many researchers have focused on developing new adsorbents that meet
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these criteria. The drawbacks of adsorbents derived from natural materials are their low
mechanic resistance to abrasive forces and weak interactions with metal ions [15,16]. One
of the advantages of the adsorption process is the ability to modify adsorbents. The carbon
surface charges can be enhanced by surface functional groups (such as carboxyl, phenyl,
and lactone groups) in order to improve the heavy metal uptake [17]. Surface modifica-
tion often reduces its surface area and, in turn, increases the content of surface functional
groups. Consequently, more metal ions can be adsorbed [18]. The disadvantages of carbon
adsorbents are as follows: their high hydrophobicity and the rapid aggregation in aqueous
solution owing to large Van der Waals forces, which decreases the adsorption capacity [11].
Chitosan, which is a natural adsorptive polymer, is another adsorbent used, because it
has an affinity toward pollutants in wastewaters owing to the presence of amino and
hydroxyl groups. However, it suffers from low mechanical strength and poor stability [19].
Mineral adsorbents such as zeolite, silica, and clay are considered good candidates for
water purification with low operating costs. Clay has an extraordinary cation exchange ca-
pacity (CEC), cation exchange selectivity, surface hydrophilicity, high swelling/expanding
capacity, and surface electronegativity [20]. However, their removal efficiency decreases
after several sorption cycles. They are also affected by experimental conditions such as pH,
irradiation time, adsorbent concentration, wastewater temperature, and the initial dosage
of pollutants [21]. In order to overcome these disadvantages, various studies focused on
the use of mesoporous silica as adsorbents [22,23], such as MCM-41 [24], SBA-15 [25], and
SBA-16 [26]. The ordered structure of such mesoporous silica together with their tailored
pore size made them suitable applications for the elimination of pollutants from water [27].
In addition, SBA-16 possesses a three-dimensional structure including cubic Im3m space
group with a large pore diameter; dual porosity framework; and large surface area, i.e., a
micro porous and mesoporous framework. Such properties make these materials dominant
for adsorption [28]. Nevertheless, the surface of these materials has only silanol groups,
so it is essential to modify them so that specific binding sites are added. Such chemical
modification is achieved by functionalization with different groups, such as -NH2 [29]. In
addition, mesoporous materials’ modification with chelating was studied as well, because
chelating agents increase the metal adsorption capacity. Salicylic acid [30] and cyanex
272 [31] are examples of some of the agents used. The chelating agent ethylene diamine
tetraacetic acid (EDTA) is very effective and widely known for heavy metals’ complexion.
Moreover, the structure formed between chelating agents and metal ions is stable and they
reserve their metal binding properties after chemical regeneration [14].

Herein, SBA-16 and SBA-15 were synthesized, fully characterized, and modified with
APTES (3-aminopropyltriethoxy-silane) and then with EDTA. The adsorption capacity
for Zn2+ removal was then investigated. Moreover, the effect of various parameters on
adsorption were studied, including pH, contact time, and zinc concentration. The kinetics of
adsorption were also reported using pseudo-first, pseudo-second-order, and intra-diffusion
models. The equilibrium isotherms of the experimental data were well fitted by Langmuir
isotherm. The regeneration and reuse of the modified adsorbents were performed as well.
It is worth mentioning that this manuscript aims to compare the structural impact of both
adsorbents on zinc removal, which has not been studied before, other than the effectiveness
of these materials as heavy metal adsorbents.

2. Materials and Methods

2.1. Chemicals

For the template of SBA-16 and SBA-15, Pluronic F127 (EO106PO70EO106) and
Pluronic P123 (EO20PO70EO20) triblock copolymers, respectively, were used. Tetraethy-
lorthosilicate (TEOS 98%) was used as the source of silica. For modification, 3-aminopropyl
trimethoxysilane (APTES 99%) and ethylenediaminetetraaceticacid disodium salt (EDTA-
Na2) were utilized. Hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH), toluene,
zinc nitrate, and sodium bicarbonate (NaHCO3) were also used in this study. All of the
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reagents were purchased from Sigma Aldrich (St. Louis, MO, USA) and utilized as received
without any further purification. Ultrapure water was used throughout.

2.2. Adsorbents Synthesis and Modification

Mesoporous SBA-16 and SBA-15 were synthesized as described elsewhere in the litera-
ture [32,33]. Adsorbents’ modifications were performed through a two-step post synthesis
process [34], as illustrated in Figure 1. After APTES and EDTA modification, the adsorbents
were denoted as SBA-16-NH2 /SBA-15-NH2 and SBA-16-EDTA/SBA-15-EDTA, respectively.

Figure 1. Modification of SBA-16 and SBA-15 with APTES and EDTA.

2.3. Adsorbents Characterization

For determining the textural properties, a Micromeritics TRISTAR sorptiometer (Mi-
cromeritics Instrument Corp., Norcross, GA, USA) was used and nitrogen adsorption–
desorption isotherms were obtained at −196 ◦C. The as-synthesized samples were out
gassed at 350 ◦C under vacuum for at least 5 h before measurement and overnight at 150 ◦C
for the modified samples. Low angle X-ray diffraction (XRD) patterns were obtained with
an Empyrean X-ray diffractometer (Malvern Panalytical Ltd., Royston, UK) with Cu Kα

(λ = 1.54 Å) radiation and a 0.008o min−1 rate of scanning between 0.65◦ and 5◦ 2θ. SBA-16
and SBA-15 morphologies were determined by scanning electron microscopy (SEM, JEOL
7001 FEG, Tokyo, Japan) and transmission electron microscopy (TEM, JEOL 2100 UHR at
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200 kV, Tokyo, Japan). Thermogravimetric analysis (TG) was conducted using SDT Q600
TA Instrument from 25 to 900 ◦C in air using SDT Q600 TA Instruments (New Castle, DE,
USA). The functional groups were identified in the range of 4000–400 cm−1 by Fourier
transform infrared spectroscopy (FT-IR–6300 JASCO, Oklahoma City, OK, USA) through
mixing the samples with KBr and pressing them into pellets. The amount of immobilized
carboxyl groups after EDTA modification was measured by back titration [35].

2.4. Batch Adsorption Experiments

The zinc nitrate salt was dissolved in ultrapure water and solutions with different
zinc ion concentrations (between 10 and 500 ppm) were prepared. For batch adsorption
studies, 20 mg of SBA-16-EDTA or SBA-15-EDTA was added to 20 mL of metal solution
of concentration C and the flask was stirred at room temperature (RT) at 300 rpm for
180 min. At the end of each step, the zinc concentration was determined using an atomic
adsorption spectrophotometer (AAS, Perkin Elmer AA200, Waltham, MA, USA). The
removal efficiency was calculated by Equation (1) [36]:

R =
C0 –Ct

C0
× 100 (1)

where C0 and Ct are the heavy metal initial concentration and at concentration at time
t, respectively. The adsorption capacity (mg g−1) of the adsorbent at equilibrium was
calculated by Equation (2) [36]:

qe=
(C0 –Ce)V

m
(2)

where Ce is the concentration at equilibrium, (V) is the volume in L of metal solution, and
m is the mass in g of the adsorbent.

The adsorption isotherms were established by varying the initial metal ion concentra-
tions between 10 mg L−1 and 500 mg L−1. The solutions were stirred for 180 min at RT and
then filtered and the remaining metal ions were measured by AAS in order to calculate Ce
and qe. The pH effect was studied by varying the solution pH between 2 and 8 using 0.1 M
HCl or 0.1 M NaOH. Adsorbents’ regeneration was performed with 1 M HCl solution.

3. Results and Discussion

3.1. Adsorbents’ Characterization

The surface morphologies of the adsorbents were obtained by SEM (Figure 2). SBA-16
appeared as fine cube particles while SBA-15 had rod-shaped particles. The crystallographic
structure of both materials was investigated by TEM. SBA-16 images before and after EDTA
modification (Figure 3A,C) showed arrays of highly ordered uniform cages demonstrating
the 3D cubic structure of SBA-16 that remained unaffected after functionalization. As for
SBA-15, Figure 3B,D revealed the highly ordered 2D hexagonal structure (honeycomb
structure), which also remained intact after modification.

XRD patterns are shown in Figure 4. The peaks in SBA-16 diffractograms corre-
sponding to the (110), (211), and (220) planes, which are indexed at 2θ = 0.8, 1.1, and
1.8, respectively, are characteristics of the cubic body-centered structure (Im3m) [37]. The
three diffraction peaks in the SBA-15 pattern, indexed at (100), (110), and (200) planes, are
characteristic of the two-dimensional hexagonal symmetry (P6mm) [38]. The three obvious
characteristic peaks for SBA-15 are at 2θ = 0.9, 1.7, and 2.2, referring to the (100), (110), and
(200) planes, respectively. After EDTA modification, there was a slight pattern shift due to
the decrease in pore size, but the symmetrical structure was conserved. For SBA-16-EDTA,
the (110) plane shifted to a lower diffraction angle (110) compared with unmodified meso-
porous silica SBA-16. Such a shift is due to the decrease in lattice parameters a due to pore
filling with amino and EDTA functional groups.
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Figure 2. SEM images of of SBA-16 (above) and SBA-15 (below).

 

Figure 3. TEM images of SBA-16 (above) and SBA-15 (below) before (A,C) and after (B,D) EDTA
modification.
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Figure 4. XRD patterns of SBA-16 and SBA-15 before and after modification.

Figure 5 illustrates the nitrogen adsorption–desorption isotherms, and the textural
properties and pore size are included in Table 1. According to the IUPAC classification,
classical type IV isotherms were made of both materials. SBA-15 exhibited an H1 hysteresis
loop, affirming the presence of well-defined and cylindrical mesopores. On the other hand,
SBA-16 exhibited an H2 hysteresis loop, which is characteristic of a cage-like mesoporous
structure with narrower entrances than the cage itself [39]. For SBA-15, the capillary
condensation occurred at a higher relative pressure than for SBA-16, showing that the
mesopores of SBA-15 are larger than those of SBA-16. After modification with functional
groups, the size of the mesopores along with the surface area and the mesoporous volume
decreased for all of the samples. The large decrease in the surface area after modification is
mainly the result of the micropores’ blockage by amino propyl groups after modification.
As for the shape of the mesopores, no important change was observed after modification
and the structure remained intact, which was also proved by XRD and TEM.

Table 1. Textural properties of SBA-16 and SBA-15 before and after modification.

Sample
SBET

a

(m2 g−1)
Pore Size b

(nm)

Mesopore
Volume c

(cm3 g−1)

Micropore Volume
(cm3 g−1)

SBA-16 954.8 4.43 0.485 0.122

SBA-16-NH2 567.8 4.14 0.223 0

SBA-16-EDTA 330.5 3.98 0.189 0

SBA-15 860.3 6.81 0.782 0.104

SBA-15-NH2 422.2 6.01 0.587 0

SBA-15-EDTA 229.03 4.76 0.336 0
a SBET is the BET surface area evaluated in the range of relative pressures p/po of 0.05–0.2. b Pore diameter
calculated using the BJH method. c Total pore volumes were calculated by converting the amount adsorbed at
p/po ~0.99.

Thermogravimetric analyses under air were also conducted for the samples before
and after modification (Figure 6). The weight loss that occurred below 200 ◦C is due to the
desorption of water. Before modification, the weight losses between 200 and 900 ◦C are
attributed to the silicate networks’ dehydroxylation. For the modified samples, significant
weight losses were observed between 200 and 900 ◦C. Aminopropyl groups were thermally
degraded between 100 and 550 ◦C and the decomposition of EDTA occurred in the same
temperature range as well.
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Figure 5. N2 adsorption–desorption isotherms and pore size distribution of SBA-16 and SBA-15
before and after modification.

Figure 6. Thermogravimetric curves for SBA-16 and SBA-15 before and after modification.

The infrared spectrum of calcined SBA-15 and SBA-16 (Figure 7) shows typical bands
of silanol groups at 3500–3750 cm−1 [40]. After modification with aminopropyl groups, the
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intensity of these bands decreased, while the bands characteristic of aminopropyl groups
appeared. These new bands are attributed to the symmetric and asymmetric stretching
of CH2 groups (vas (CH2) = 2933 cm−1, vs (CH2) = 2876 cm−1), as well as NH2 vibration
(vas = 3372 cm−1, vs = 3300 cm−1) [41]. The band at 1594 cm−1 corresponds to NH2 bending.
The anchoring of EDTA on amino groups resulted in the disappearance of NH2 stretching
vibration bands at 3372 and 3300 cm−1. Moreover, the C-O asymmetrical carboxylate
stretching vibration was observed at 1675 cm−1. The band at 1744 cm−1 was attributed to
the stretching vibration of the carboxylic group [42].

Figure 7. FTIR spectra for SBA-16 and SBA-15 before and after modification.

Figure 8 represents the FTIR spectrum of zinc-loaded SBA-16-EDTA. After zinc adsorp-
tion, the band at 1594 cm−1 that corresponds to -NH2 bending decreased, indicating the
adsorption of zinc ions on -NH2 groups that did not react with EDTA. Moreover, the bands
at 1675 cm−1 and 1744 cm−1, which correspond to the asymmetrical stretching vibration
of the carboxylate C-O and at -CO stretching vibration of carboxylic group, respectively,
decreased after zinc adsorption owing to the chelation of zinc ions by EDTA. These results
prove the adsorption of zinc ions on SBA-16-EDTA and further prove the heterogeneity of
the modified mesoporous silica surface.
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Figure 8. FTIR spectra for SBA-16-EDTA after zinc adsorption.

3.2. Zinc Adsorption Experiments
3.2.1. Effect of Contact Time and pH

For both SBA-16 and SBA-15, equilibrium was reached quickly (within the first 30 min)
and the amount of Zn2+ adsorbed was much higher for SBA-16 (Figure 9). The obtained
results may be due to the difference in structure between SBA-15 and SBA-16. The latter
cage-like structure favors the diffusion of zinc ions.

 

Figure 9. Effect of contact time and pH on Zn2+ on EDTA-modified SBA-16 and SBA-15 (at RT and
[Zn2+]i = 30 ppm).

The pH of the solution directly affects zinc ion adsorption because it controls its
speciation as well as the adsorbent surface charge. The removal of Zn2+ ions on both
adsorbents increased as pH increased from 2 to 7 (Figure 9). As the pH increased from 2 to
4, the adsorption efficiency increased from 35% to 78%. At pH 5, the adsorption further
increased to 96.6% and reached 99% at pH 6 and 7. Above pH 7, the adsorption capacity
slightly decreased (97%). For pH values higher than 3, EDTA molecules have a carboxylate
form, thus increasing zinc complexation. Above pH 7, zinc starts to precipitate and form
complexes with OH− (Zn(OH)2).

3.2.2. Adsorption Kinetics

The two kinetic models, pseudo first-order and pseudo-second order, used to calculate
the kinetic parameters are expressed in Equations (3) and (4), respectively [43]:

ln (qe − qt) = ln qe − k1t (3)

t
qt

=
1

k2q2
e
+

t
qe

(4)
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where qt and qe are the quantity of metal ions adsorbed (mg g−1) at time t (min) and at
equilibrium, respectively. k1 (min−1) and k2 (g mg−1 min−1) are the pseudo-first- and
pseudo-second-order rate constants.

The theoretical qe values obtained from the pseudo-second-order kinetic model were
very close to the experimental ones (Table 2). The obtained results indicated that zinc ion
adsorption on both adsorbents followed the pseudo-second-order kinetic model (Figure 10).
This model is based on sorption equilibrium capacity and presumes that the sorption
capacity is proportional to the number of active sites occupied on the sorbent [44]. This
suggests that the adsorption rate mainly depends on the active adsorption site content
on the adsorbent surface, and the rate-limiting step is chemisorption involving valence
forces through sharing or exchange of electrons between specific sites on adsorbent and
metal ions [45]. The chemical interaction between EDTA and metal ions is correlated and
in accordance with the kinetic results obtained.

Table 2. Comparison of the first- and the second-order kinetic models for Zn2+ adsorption.

qe
exp (mg g−1)

First-Order Kinetic Model Second-Order Kinetic Model

k1

(min−1)
qe

cal

(mg g−1)
R2 qe

cal

(mg g−1)

k2

(g mg min−1)
R2

SBA-16-EDTA 29.9 0.031 5.7 0.826 30.3 0.014 0.999

SBA-15-EDTA 24 0.102 15.83 0.992 24.7 0.008 0.998

Figure 10. Pseudo-second-order model kinetic model (above) and intra-particle diffusion model
(below) for Zn2+ adsorption (pH = 6 at RT).

To determine if the intra-particle diffusion is a rate-limiting step in the zinc adsorption
on both adsorbents (SBA-15 and SBA-16), the intra-particle diffusion model proposed by
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Weber and Morris [46] was used to analyze the kinetic results. This model is expressed
as follows:

qt = Kidt1/2 + C (5)

where kid is the rate constant of intra-particle diffusion (mg g−1 min−1/2) and C is the
intercept (mg g−1). High C values propose that external diffusion has a greater role than
the rate-limiting step, because the C value is related to the boundary layer thickness [47].
A plot of the zinc amount adsorbed (qt) versus t0.5 should be linear, and if the line passes
through the origin, then intra-particle diffusion is the only rate-controlling step [48]. The
obtained results are illustrated in Figure 9 and the parameters are displayed in Table 3.
The plots present two linear parts indicating that two steps have occurred. The first sharp
part corresponds to the external surface adsorption, while the second part represents the
gradual adsorption step, such that the intra-particle diffusion is rate-limiting [49]. As
the plot qt versus t0.5 was not a straight line passing through the origin, the process of
adsorption is not controlled only by the intra-particle diffusion where film diffusion might
have an effect on the kinetics.

Table 3. Parameters of the intra-particle diffusion model.

kid1

(mg g−1min−1/2)
C1

(mg g−1) R2 kid2

(mg g−1min−1/2)
C2

(mg g−1) R2

SBA-16-EDTA 3.5 12.2 0.981 0.114 28.4 0.991

SBA-15-EDTA 4.8 - 0.994 0.196 21.5 0.925

3.2.3. Adsorption Isotherms

The adsorption behavior for both adsorbents was analyzed by Langmuir and Freundlich
isotherm models in order to model the amount of solute adsorbed per unit of adsorbent, qe, as
a function of equilibrium concentration in the bulk solution, Ce, at a constant temperature.
The Langmuir and Freundlich, models, are expressed in Equations (6) and (7), respectively:

Ce

qe
=

1

KLqmax
+

Ce

qmax
(6)

logqe = logKf +
1

n
logCe (7)

where Ce and qmax denote the metal concentration (mg L−1) at the equilibrium state
and the adsorption capacity (mg g−1), respectively. The value of n is the inverse of the
heterogeneity factor of the adsorption process. Meanwhile, KL and Kf are the Langmuir
(L mg−1) and Freundlich (mg g−1) constants related to the mean free energy of adsorption,
respectively [50,51].

The adsorption isotherms of the experimental data are shown in Figure 11 and the
parameters of these two models are shown in Table 4. From the linear regression correlation
coefficient R2, it can be deduced that the equilibrium data could be well described by the
Freundlish isotherm, so the adsorption is reversible in a heterogeneous system that is not
limited to the formation of monolayers [52]. The values of n were all between 1 and 10,
indicating that the adsorption performance of zinc ions on both adsorbents was favorable
under the studied conditions [53], so both adsorbents can be considered efficient for zinc
metal ion removal, with the preference for SBA-16. Moreover, the Freundlich expression
is an exponential equation and, therefore, assumes that, as the metal ions’ concentration
increases, their concentration on the adsorbent surface also increases, indicating a non-ideal
adsorption, not limited to monolayer formation.
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Figure 11. Langmuir and Freundlich adsorption isotherms for Zn2+ adsorption on EDTA-modified
SBA-16 and SBA-15.

Table 4. Langmuir and Freundlich models for Zn2+ adsorption on SBA-16 and SBA-15.

Langmuir Model Freundlich Model

qexp
max

(mg g−1)
KL

(L mg−1)
R2 n Kf

(mg g−1)
R2

SBA-16 184.1 0.1 0.964 3.32 25.12 0.974

SBA-15 107 0.03 0.682 1.28 4 0.985

Contrary to the Langmuir isotherm model, which is commonly used for monolayer
adsorption, where most of the adsorption sites have equal affinities toward the asorbate,
the Freundlich isotherm model is used to describe a heterogeneous chemisorption process
in which the surface is not energetically uniform [54]. Isotherms of this form have been
observed for a wide range of heterogeneous surfaces, including activated carbon, silica,
clays, metals, and polymers. In the case of SBA-16-EDTA and SBA-15-EDTA, the obtained
results showed that the data fitted Freundlich, as previously mentioned, and this is mainly
because of the heterogeneous surface of both adsorbents, taking into consideration the
presence of some unfunctionalized silanol groups, amino groups along the EDTA fixed
on the majority of sites. Such heterogeneity will directly govern the adsorption process
on both adsorbents and, as a result, the obtained isotherm as well. It can be concluded
that Freundlich fits well over the entire concentration range; however, there is an obvious
deviation at higher concentrations. So, in general, the Freundlich isotherm will be a more
accurate approximation at lower concentrations [55]. Moreover, the Freundlich expression
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is an exponential equation and, therefore, assumes that, as the metal ions’ concentration
increases, their concentration on the adsorbent surface also increases, indicating a non-ideal
adsorption, not limited to monolayer formation [56]. Concerning the chemisorption process,
the presence of functional groups can be used as evidence in proposing the adsorption
mechanism. The Zn-chemisorption mechanism onto EDTA-modified SBA-16 and SBA-
15 can be proposed as follows: Zn2+ ions bind to carboxylate groups of EDTA via ionic
forces with carboxylic oxygen atoms. These oxygen atoms exhibit a negative charge in their
structure as a result of the dissociation of carboxylic groups. The negatively charged oxygen
atom in carboxylate anions will coordinate with zinc cations, resulting in the formation of
metal–carboxylate complexes (COO–Zn) on the adsorbents’ surface [57,58].

4. Adsorbents’ Regeneration

Batch desorption experiments and the desorption efficiencies were compared for both
adsorbents. In two beakers, each containing 40 mL of 1 M HCl and 20 mg of SBA-15-EDTA
or SBA-16-EDTA at RT, the mixtures were stirred at 300 rpm for 2 h. Then, the mixtures
were filtered and dried in order to be used again. Five regeneration cycles were performed.
Figure 12 shows that, after the fifth regeneration cycle, both adsorbents conserved about
85% of their removal efficiency.

Figure 12. Regeneration and reuse of SBA-16-EDTA and SBA-15-EDTA.

5. Conclusions

In this study, two adsorbents were prepared by EDTA immobilization on SBA-15
and SBA-16 mesoporous silica. The ordered mesostructures of the obtained hybrid or-
ganic/inorganic materials were well preserved after modification. The modified adsorbents
were characterized by scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM), X-ray diffraction (XRD), nitrogen (N2) adsorption–desorption analysis,
Fourier transform infrared spectroscopy (FT-IR), and thermogravimetric analysis. The
effects of contact time and pH on zinc adsorption on both materials were studied. The
adsorption process was fast, indicating the high affinity of adsorbents to chelating zinc
ions. The modified SBA-16 showed higher efficiency for eliminating Zn2+ compared with
SBA-15 owing to its favorable structure characteristics (pore structure). The kinetic data
well fitted the pseudo-second-order model, where the rate adsorption process depends on
the exchange kinetics between the ligand and zinc ions. The effect of intra-particle diffusion
was also investigated. Equilibrium data were also fitted by Freundlich isotherm. Both
adsorbents can be regenerated using HCl solution and reused for up to five cycles.
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Abstract: ZnO nanoparticles (NPs) were comparatively synthesized via precipitation and combustion
techniques. The ZnO NPs synthesized via precipitation and combustion exhibited similar polycrys-
talline hexagonal wurtzite structures. The large crystal sizes of ZnO NPs were obtained from the ZnO
precipitation in comparison with those from the ZnO combustion, while the particle sizes were in the
same range. The functional analysis implied that the ZnO structures had surface defects. Moreover,
absorbance measurement showed the same absorbance range in ultraviolet light. In the photocatalytic
degradation of methylene blue, ZnO precipitation exhibited higher degradation performance than
ZnO combustion. This was attributed to the larger crystal sizes of ZnO NPs, which provided an
enduring carrier movement at semiconductor surfaces and reduced electron-hole recombination.
Thus, the crystallinity of ZnO NPs can be considered an important factor in photocatalytic activity.
Furthermore, precipitation is an interesting synthesizing method for preparing ZnO NPs with large
crystal sizes.

Keywords: ZnO; precipitation; combustion; photocatalyst; methylene blue

1. Introduction

Synthetic dyes are a concern in wastewater because they can have negative impacts on
the environment and human health [1]. Some dyes contain harmful chemicals that can be
harmful to fish and other aquatic organisms when they are present at high concentrations
in the water. Many dyes are resistant to traditional wastewater treatment processes [2],
which means that they can pass through treatment plants and appear in rivers, lakes, and
other bodies of water. Thus, wastewater containing synthetic dyes is a consideration for
degrading and reducing toxic chemicals. The photocatalytic degradation of contaminating
dyes is considered an interesting process for wastewater treatment because it can break
dye molecules into smaller and less toxic compounds [3]. Photocatalytic degradation is a
simple method of wastewater treatment that can be scaled up, such as in its applications in
agricultural farms, industrial estates, and ranches [4]. The photocatalytic degradation of
dyes requires semiconductor materials and processing in the presence of light [5]. There are
several materials that can be employed as photocatalysts, including titanium dioxide (TiO2),
tin oxide (SnO2), and zinc oxide (ZnO) [6]. These popular materials are often studied for
their photocatalytic properties due to their wide bandgap energy (Eg) and high surface
area resulting in efficient light absorption and enhanced catalytic activity, respectively.
Among these, ZnO is a well-known multifunctional-semiconductor material that has been
widely investigated for its usage as a photocatalyst [7] because of its good photocatalytic
activity, low-cost material, and non-toxicity [8–10]. Importantly, suitable synthesis methods
have been studied, such as microwave synthesis, laser-ablation, hydrothermal, sol-gel,
precipitation, and combustion [11–15].
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Precipitation and combustion are interesting methods because they are low-cost and
rapid processes. ZnO was synthesized for precipitation using a variety of zinc sources,
including Zn(CH3COO)2·2H2O and Zn(NO3)2·6H2O [16–18]. These ZnOs had hexagonal
wurtzite structures with a variety of morphologies. Absorbance spectra cover both Ultravio-
let (UV) and visible regions, suggesting that they can be activated by UV or visible light. The
ZnO nanostructures were demonstrated to be interesting photocatalysts, and they showed
acceptable photocatalytic degradation of methylene blue (MB). In studies of combustion
methods, synthesized ZnO NPs have been presented for use as photocatalysts [19–21]. Al-
though the ZnO NPs were prepared at different temperatures, there were similar hexagonal
wurtzites. However, surface impurities or surface defects were obtained more frequently
than those of ZnO prepared by precipitation. For the photocatalytic test, it presented a
potential for degrading dyes and several toxic molecules.

The mentioned literature has proven that ZnO is an interesting photocatalyst to de-
grade dyes and pesticides under UV or sunlight exposure. However, ZnO NPs synthesized
by precipitation and combustion have not been directly compared in terms of photocatalyst
application. Thus, the present work aims to directly compare the structural and optical
properties and photocatalytic activity of ZnO NPs prepared by precipitation and combus-
tion. These methods were selected to investigate the effect of the preparation method on
the characteristics of ZnO NPs and their photocatalytic activity. It is well-known that small
particle sizes play an important role in offering large surfaces for photocatalytic activity [22].
The combustion method is aimed at producing small ZnO NPs to observe their effect on
photocatalytic activity. On the other hand, the high crystallinity of ZnO NPs synthesized
by the precipitation method is considered to offer long durations of carrier transport at the
ZnO surface, which potentially increases activity duration at the surface. Therefore, the
methods were comparatively investigated.

2. Materials and Methods

ZnO NPs were synthesized via the precipitation process by mixing a 0.2 M aqueous
solution of Zn(NO3)2·6H2O with a 0.4 M aqueous solution of NH4HCO3 in DI water. The
starting aqueous solutions were separately prepared, stirred, and heated at 70 ◦C for 1 h.
Then, the NH4HCO3 solution was added dropwise into the Zn(NO3)2·6H2O solution at
a dropping rate of 2 mL/min [23]. The mixed solution was heated and stirred for an
additional hour and then cooled down. Afterward, the obtained white product was filtered,
heated at 70 ◦C for 3 h, and ground. The obtained product was then calcined at 550 ◦C
for 6 h and ground again to obtain “ZnO precipitation”. For the combustion process, a
1 M aqueous solution of Zn(NO3)2·6H2O was prepared by dissolving the compound in
20 mL of ethylene glycol (EG) and stirring for 1 h at room temperature [11]. The resulting
aqueous solution was then heated to 350 ◦C for 20 min on a hotplate. Meanwhile, cleaned
glass slides were heated to the same temperature on another hotplate to serve as substrates
for the combustion process. The Zn(NO3)2·6H2O solution was then dropped onto the
heated substrates and allowed to undergo combustion for 20 min, followed by cooling
down to room temperature. The products of the combustion were scratched from the
substrates. The resulting material was identified as “ZnO combustion” after being ground.
The precipitation and combustion methods are briefly illustrated in Figure 1.

The obtained ZnO NPs, ZnO precipitation, and ZnO combustion, were characterized
by a Scanning Electron Microscope (SEM, JSM-6610 LV, JOEL, Bangkok, Thailand) for
morphological observation. Microstructural analysis was conducted using Transmission
Electron Microscopy (TEM, TECNAI G2 20 S-TWIN, FEI, Nakhon Ratchasima, Thailand).
Particle size distribution in DI water was analyzed using Dynamic Light Scattering (DLS,
Beckman Coulter, Delsa Nano C, Bangkok, Thailand). XRD (D8 Advance, Bruker, Khon
Kaen, Thailand), which was conducted to analyze the crystalline structures of the ZnO
NPs. Selected Area Electron Diffraction (SAED) was performed to analyze the crystalline
structure. Raman spectrometer (Thermo Scientific, DXR SmartRaman, Bangkok, Thailand)
was used to investigate the vibrational nature of the ZnO NPs. Fourier Transform Infrared
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Spectrophotometry (FTIR, Spectrum Two, PerkinElmer, Nakhon Pathom, Thailand) was
employed to examine the surface functional groups present on the NPs. A UV–VIS–NIR
spectrophotometer (Hitachi, UH1450, Bangkok, Thailand) was utilized to monitor the
absorbance spectra, and a spectrofluorometer was used to observe the fluorescence spectra.

Figure 1. The illustration of ZnO preparation via precipitation and combustion methods.

In the photocatalytic activity test, the produced ZnO NPs via precipitation and com-
bustion were utilized as photocatalysts for MB degradation. The starting MB solution was
prepared by dissolving 5 mg of MB in 1 L of DI water (pH ~ 6.93). It was then stirred in
the dark for 1 h. The solution was divided into two beakers, each containing 100 mL. Each
beaker was loaded with a portion of 0.1 g of the ZnO NPs and stirred for 10 min in the dark.
The mixtures were then placed in the photocatalytic activity station and left for 30 min in
the dark to reach adsorption-desorption equilibrium. Afterward, the MB solution contain-
ing ZnO NPs was irradiated with UV light (Philips TUV 30W, 3 lamps, Nakhon Pathom,
Thailand) to activate the photocatalytic activity. The solutions were sampled to measure
absorbance using a UV–VIS spectrophotometer (BioMate 160, Nakhon Pathom, Thailand)
and evaluate the photocatalytic activity. Furthermore, the photocatalytic degradation of
MB was tested in natural sunlight to demonstrate its effectiveness and usability.
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3. Results and Discussion

The morphology and microstructure of prepared ZnO NPs are presented in Figures 2 and 3,
respectively. The large NP sizes appeared for ZnO precipitation, while the aggregations of
numerous NPs were observed for the ZnO combustion. This refers to the fact that ZnO
precipitation has a lower NP boundary than ZnO combustion. The large NP sizes of ZnO
precipitation can provide long paths for carrier (electron-hole pairs) movement at the ZnO
surface [4]. Moreover, the large NP sizes also reduce recombination due to carrier-boundary
collision. The different structures of ZnO NPs prepared by precipitation and combustion in
this study might be due to differences in reaction process, temperature, and reaction time.
DLS measurements, shown in Figure 4, were used to investigate the particle sizes of ZnO
NPs prepared by precipitation and combustion in an indirect manner. The particle sizes of
the ZnO precipitation were found in terms of hydrodynamic diameters to be 700–1400 nm,
while the diameters of the ZnO combustion were 700–3000 nm. The average sizes of ZnO
precipitation and ZnO combustion were 1022 and 1462 nm, respectively. It is noted that
the DLS results present larger particle sizes of ZnO NPs than SEM and TEM images. This
could be an agglomeration of NPs in DI water, which results in a larger hydrodynamic size
detection. The large distribution for ZnO combustion could be attributed to NP impurities,
which cause low stability in DI water and result in stronger agglomeration. Although
the ranges are different, there is a similar nature to the aggregates of ZnO NPs. The
aggregation effect might reduce the surface area of ZnO NPs, which would slow down the
photocatalytic activity.

Figure 2. SEM morphological images of ZnO prepared by (a) precipitation and (b) combustion.

Figure 3. TEM microstructural images of ZnO prepared by (a) precipitation and (b) combustion.
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Figure 4. Hydrodynamic diameter of aggregates of ZnO NPs prepared by (a) precipitation and
(b) combustion.

The crystal structure determined by XRD patterns is presented in Figure 5. The XRD
patterns are well-matched with standard JCPDS no. 36-1451 [24,25], which indicates the
hexagonal wurtzite structure of ZnO. The appeared additional peak at 2θ~23.5◦ for ZnO
combustion can refer to the orthorhombic phase of Zn(OH)2 (JCPDS no. 01-071-2215) caused
by the incomplete reaction [11]. The XRD peaks for ZnO precipitation were narrower than
those for ZnO combustion, indicating that the crystal size of ZnO precipitation is larger
than that of the ZnO combustion. The crystal size (D) was calculated using the Scherrer
equation (Equation (1)) [26–28]:

D = kλ/βcosθ (1)

where k and λ are the shape factor of XRD measurement (0.89) and the wavelength of the X-
ray source (1.5406 Å), respectively. The β and θ are the full width at half maximum (FWHM)
and the diffraction angle for each plane, respectively. The crystal sizes calculated from the
three major peaks of (100), (002), and (101) planes were 45.5 ± 10.0 and 10.4 ± 2.6 nm for
ZnO precipitation and ZnO combustion, respectively, in agreement with the SEM results.
The larger crystal size for ZnO precipitation reflects better crystallization in comparison
with ZnO combustion because the precipitation process provides a longer chemical reaction
time for crystallization. On the other hand, the reaction can be limited by the short duration
of the combustion process. The SAED patterns (Figure 6) exhibited similar ring-like patterns
for ZnO precipitation and ZnO combustion, indicating polycrystalline structures due to
random phase growth [23].

Figure 5. XRD patterns of ZnO NPs prepared by (a) precipitation and (b) combustion.
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Figure 6. SAED ring-like patterns of ZnO NPs prepared by (a) precipitation and (b) combustion.

Figure 7a depicts the Raman shift for vibrational analysis of ZnO NPs. The ZnO
NPs revealed dominant peaks at 100 and 440 cm−1, which assigned the E2 (low) and E2
(high) modes, respectively [29,30]. The E2 (low) vibration represented the zinc crystal
lattice in ZnO, while the E2 (high) vibration represented the oxygen vibration. The peaks
at 334, 384, 542, and 585 cm−1 were assigned to the E2 (high)–E2 (low), A1 (TO), A1 (LO),
and E1 (LO) modes, respectively [31]. The peak at 223 could be assigned to 2TA or 2E2
(low) modes. [30,32]. These peaks indicate the disordered structures for both ZnO NPs
prepared by precipitation and combustion. Moreover, the E2(low) and E2(high) modes
show low intensity compared with the ZnO precipitation. These behaviors suggest the
presence of oxygen defects in the ZnO combustion. In Figure 7b, FTIR spectra in the range
of 4000–450 cm−1 were analyzed to investigate functional groups of the ZnO NPs. The
peaks at 490 cm−1 contributed to the ZnO structure, due to the Zn-O vibration [33]. The
peaks at 819 and 1647 cm−1 corresponded to C=O stretching [11]. The peaks at 1320 and
1435 cm−1 corresponded to C-O stretching and C-H blending, respectively [11]. The peaks
at 3391 and 3497 cm−1 were assigned to the O-H stretching. The appearance of these peaks
implies the presence of residuals.

Figure 7. Vibrational analysis of ZnO NPs prepared by precipitation and combustion: (a) Raman
shift and (b) FTIR spectra.
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The optical absorbance was measured (Figure 8a) to survey the energy absorption of
the ZnO NPs. The band gap energy (Eg) of ZnO was estimated using Equation (2) [11,17]:

(αhν)2 = A(hν − Eg) (2)

where α, h, ν, and A are the absorption coefficient, Planck’s constant, frequency, and
constant, respectively. The (αhν)2 vs. hν curve, Figure 8b, was used to calculate the Eg
value. Eg values of the ZnO precipitation and the ZnO combustion are 3.18 and 3.30 eV,
respectively. The difference in Eg for ZnO precipitation and ZnO combustion might be
due to structural disorders, chemical defects, and impurities. The Eg values correspond
to the range of the UV region, which indicates that these ZnO NPs can be utilized as
photocatalysts under UV irradiation. Note that the lower Eg for the ZnO precipitation
refers to the fact that it can be excited with lower incident energy in comparison with the
ZnO combustion. The fluorescence spectra of ZnO NPs excited at 325 nm are shown in
Figure 8c. The ZnO precipitation and the ZnO combustion present a similar emission peak
in the UV region at 366 nm. The behavior might be electron-hole recombination, referring
to the nature of ZnO. However, surface defects are detected according to the minor broad
peaks at around 387–407 nm.

Figure 8. (a) absorbance, (b) band gap energy analysis, and (c) fluorescence spectra of ZnO NPs.
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The ZnO precipitation and the ZnO combustion were preliminarily employed to de-
grade MB present in water under UV irradiation for investigating the photocatalytic degra-
dation performance. The measured absorbance of the MB solution is shown in Figure 9.
The absorbance decreased as the UV irradiation time increased, which indicates more
degraded MB molecules for the longer irradiation periods. It is seen that the absorbance
of the MB solution containing the ZnO precipitation decreased more in comparison with
the solution containing the ZnO combustion. As a note on the degradation of MB under
UV light without photocatalyst (blank), the absorbance of MB showed a non-significant
change, indicating low degradation activity in the absence of a photocatalyst.

 
Figure 9. Normalized absorbance of MB solution under UV light using different photocatalysts:
(a) ZnO precipitation, (b) ZnO combustion, and (c) blank.

As shown in Figure 10a, the interval to the initial absorbance (A/A0) ratio of MB was
plotted to observe the change in MB after photocatalytic activity. When compared to ZnO
combustion, the A/A0 of MB had a significantly lower value for ZnO precipitation. For
a better comparison, the apparent degradation rate constant (kapp) was analyzed using
Equation (3) [9,28]:

ln (A0/A) = kappt (3)

where t is the irradiation time. The kapp was estimated from the slope of Figure 10b and
listed in Table 1. The ZnO precipitation showed higher kapp values for the photocatalytic
degradation of MB than for that of the ZnO combustion around 1.6 times. The result
corresponds with the larger crystal sizes of the ZnO precipitation compared to those of the
ZnO combustion.
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Figure 10. Photocatalytic performance of MB under UV light: (a) plot of A/A0 analysis, and
(b) apparent degradation rate constant analysis.

Table 1. Apparent degradation rate constant for photocatalytic degradation of MB under UV and
natural sunlight irradiation using ZnO NPs.

Photocatalyst
kapp (10−3 min−1)

UV Sunlight

Blank 0.14 3.13
ZnO precipitation 3.74 35.31
ZnO combustion 2.27 8.56

The application of ZnO photocatalysts was further investigated to degrade MB under
natural sunlight irradiation (average sunlight intensity of 933.3 ± 70.8 W/m2) in order to
demonstrate their effectiveness and usability. The absorbance of MB was monitored and
analyzed as shown in Figure 11. The A/A0 ratio rapidly decreased for the ZnO precipitation,
suggesting that the ZnO precipitation and the ZnO combustion have a positive effect on
the photocatalytic degradation of MB under sunlight activation. It should be noted that in
the blank condition, MB decreased with increasing irradiation time. This indicates stronger
photolysis of MB under sunlight compared with UV light. Moreover, the kapp value reveals
that the ZnO precipitation had the highest kapp value (Table 1). The result exhibits a similar
trend to those under UV light. Thus, it can be confirmed that the ZnO precipitation is more
effective in degrading MB compared to the ZnO combustion. It can be interpreted that the
ZnO prepared by precipitation has a greater photocatalytic performance in comparison
with the ZnO prepared by combustion. This effect can be due to the large crystal sizes
of the ZnO NPs. It is well-known that large crystal sizes can provide a long lifetime for
carrier movement at semiconductor surfaces and reduce electron-hole recombination [4].
On the other hand, short lifetime and recombination can occur for the small crystal size
because carriers may hit many boundaries during the movement leading to low carriers
for photocatalytic activity. Thus, it can be concluded that the crystallinity of the ZnO NPs
prepared by precipitation has an impact on the photocatalytic activity for degrading MB
molecules in water. Furthermore, precipitation is an interesting synthesizing method for
preparing ZnO NPs with large crystal sizes in comparison with the combustion method.
This study demonstrates the acceptable performance of ZnO photocatalysts for wastewater
treatment [34–36]. On the other hand, the photocatalytic activity of ZnO NPs prepared by
combustion exhibited lower performance in comparison with precipitation. This behavior
might be caused by the presence of defects such as structural disorders, chemical defects,
and impurities in the ZnO structure. This leads to the inhibition of carrier movement at
ZnO surfaces, which reduces the photocatalytic activity.
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Figure 11. Photocatalytic performance of MB degradation under natural sunlight: (a) plot of A/A0

analysis and (b) apparent degradation rate constant analysis.

4. Conclusions

ZnO NPs were comparatively synthesized via precipitation and combustion methods.
The ZnO NPs prepared by precipitation and combustion exhibited similar polycrystalline
hexagonal wurtzite structures. Hydrodynamic sizes of ZnO precipitation and ZnO combus-
tion were 1022 and 1462 nm, respectively. The large crystal sizes of ZnO NPs were obtained
for the ZnO precipitation in comparison with those of the ZnO combustion. However, the
functional analysis implied the presence of ZnO structures with surface defects. Moreover,
the absorbance measurement showed the same absorbance range in the UV region. For
photocatalytic degradation of MB, the ZnO precipitation showed higher degradation effi-
ciencies and apparent degradation rates constant than the ZnO combustion. This was due
to the large crystal sizes of the ZnO NPs, which provided an enduring carrier movement at
semiconductor surfaces and reduced electron-hole recombination. Thus, the crystallinity of
the ZnO NPs can be considered an important factor in photocatalytic activity. Furthermore,
precipitation is an interesting synthesizing method for preparing ZnO NPs with large
crystal sizes.
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Abstract: By considering the importance of water and its purity, herein, a powerful adsorbent has
been developed for the adsorption of two toxic contaminants that commonly exist in water, viz.,
divalent mercury and hexavalent chromium. The efficient adsorbent, CNTs–PLA–Pd, was prepared
by covalent grafting polylactic acid to carbon nanotubes and subsequent deposition of palladium
nanoparticles. The CNTs–PLA–Pd could adsorb Hg(II), and Cr(VI) entirely exists in water. The
adsorption rate for Hg(II) and Cr(VI) was rapid at initial stage, followed by gradual decrease, and
attained the equilibrium. The Hg(II) and Cr(VI) adsorption was perceived within 50 min and 80 min,
respectively with CNTs–PLA–Pd,. Further, experimental data for Hg(II) and Cr(VI) adsorption was
analyzed, and kinetic parameters were estimated using pseudo–first and second–order models. The
adsorption process of Hg(II) and Cr(VI) followed the pseudo–second–order kinetics, and the rate–
limiting step in the adsorption was chemisorption. The Weber−Morris intraparticle pore diffusion
model revealed that the Hg(II) and Cr(VI) adsorption over CNTs–PLA–Pd occurs through multiple
phases. The experimental equilibrium parameters for the Hg(II) and Cr(VI) adsorption were estimated
by Langmuir, Freundlich, and Temkin isotherms models. All three models were well suited and
demonstrated that Hg(II) and Cr(VI) adsorption over CNTs–PLA–Pd transpires through monolayer
molecular covering and chemisorption.

Keywords: carbon nanotubes; polylactic acid; palladium; mercury; chromium; adsorption

1. Introduction

Water is a fundamental need of humans for survival and mandatory for other pro-
cesses such as domestic, agriculture, and industry. Therefore, pure water is vital for a
healthy life. However, excessive industrialization and urbanization are causing water
pollution by releasing heavy metals containing effluents. Heavy metals are toxic, bio–
accumulative, and naturally non–degradable. Heavy metals’ ingestion at trace levels can
also lead to irreparable detrimental impacts such as neurological system disorder, cancer,
gastrointestinal disorder, muscular weakness, brain damage, shortness of breath, asthma,
hypotension, liver and thyroid damage, allergies, and bone defects [1,2]. The accumulation
of heavy metals in the body can cause carcinogenic, teratogenic, and mutagenic effects [3].
Therefore, exposure to heavy metals and their content effluents is not safe. Among dif-
ferent heavy metals, chromium, and mercury are top–priority hazardous because of their
acute and chronic detrimental outcomes, which are substantially harmful [1,2]. Chromium
is recognized as teratogenic, mutagenic, and carcinogenic [4,5]. It is likely to produce
genotoxic DNA effects in the nucleus of cells and can cause cancer, allergies, gastritis, and
organ damage [6,7]. Generally, chromium exists with two stable oxidation states, tri and
hexavalent, in water [8]. These species differ in physicochemical properties and chemical
and biochemical reactivity [8]. Out of both species, trivalent Cr(III) is a biologically essential
nutrient that plays a significant role in the metabolism process of glucose, protein, and
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lipids by enhancing insulin activity [9]. However, hexavalent Cr(VI) is highly poisonous to
humans and other living organisms [10]. Generally, Cr(VI) is introduced to the environment
by effluents produced by industries like leather tanning, electroplating, metal finishing,
textile finishing, steel fabrication, wood preservation, pulp processing, paint, dyes, paper,
fertilizers, and photography [11]. Likewise, releasing Cr(VI) content effluents is perilous.

Another heavy metal that has a higher toxicity than chromium is mercury, which
is highly volatile and environmentally persistent [12]. In water, mercury exists in the
divalent oxidation state as Hg(II) and is significantly hazardous, non–degradable, and bio–
accumulative [13]. Hg(II) tends to accumulate in the body tissues, muscles, lipids, liver, and
other organs [14]. The accumulation of Hg(II) at the minute level in the body would induce
substantial damage to the central nervous, immune, and reproductive systems [13]. It can
also cause severe impairment to kidney, renal, lung, and liver function [15]. Hg(II) ions have
a high affinity to thiol moieties of enzymes and proteins and could break normal human
cells to cause fatal consequences that include organ dysfunction, chronic diseases, metabolic
disruption, breakdown of the chromosome, immune and nervous system damage, and may
cause death [14,16–20]. Moreover, Hg(II) ions have a high tendency to react with organic
and inorganic matter to generate a variety of harmful compounds [21]. The reaction of
mercury with organic matter can form the lethal methyl mercury (CH3Hg). The CH3Hg is
exceptionally venomous, has a high binding affinity to proteins, and can accumulate in body
tissues to lead to identical consequences like Hg(II) [21]. Hg(II) can enter the environment
through myriad anthropogenic sources such as volcanic explosions, weathering of rock,
erosion of natural deposits, geothermal processes, wild forest fires, and vaporization
from soil and water [14,22]. In addition, it can be introduced by industrial operations
like gold refineries, petroleum refineries, electroplating, leather tanning, metal finishing,
pharmaceutical industries, and runoff from landfills and croplands [14,23]. Nevertheless,
releasing Hg(II) is not innocuous.

Several functional materials have been developed to remove heavy metals from water
to prevent their consequences and promote water purification [14,21,24–31]. These ma-
terials promoted the removal of heavy metals from water by various techniques like
adsorption [32,33], ion exchange [34,35], membrane separation [36], coagulation [37],
chemical precipitation [38], extraction [39], dialysis [40], electrochemical separation [41]
and more. Among these, adsorption is the most effective, versatile, economically fea-
sible, environmentally sustainable, and technologically promising [1–3,7–10]. The ad-
ditional advantage of adsorption is its high selectivity and enrichment factor [42]. Be-
cause of its importance, several adsorbents such as activated carbon [1], biochar [1],
hydroxyapatite/Fe3O4/polydopamine [2], polyacrylonitrile–based porous carbon [3], vesic-
ular basalt rock [6], activated carbon [7], ferrihydrite [8], exopolysaccharides [9], chi-
tosan/bentonite composite [10], amine–incorporated UIO–66–NH2 [20], silica nanoparti-
cles [24], graphene oxide−MnFe2O4 Magnetic Nanohybrids [25], zinc oxide [26], ZnS [31],
and carbon nanotubes [43–45] were developed and verified their efficiency in removal of
several heavy metals. Compared to these, carbon nanotubes (CNTs) are fascinating due
to their unique physical, chemical, and mechanical properties [46,47]. CNTs possess the
interesting nanometric one–dimensional structure, high surface–to–volume ratio, high
accessible surface area, high aspect ratio, and higher physical and chemical stability [46,47].
These unique properties made CNTs a prospective candidate for adsorption. In addition,
the distinct open tubular architecture of CNTs having quantized π electron clouds facilitates
the adsorption process [48,49]. Beyond their excellent properties, the application of CNTs
in adsorption is hindered due to their hydrophobic nature and the tendency to entangle.
To come up with these limitations, functionalization is a suitable approach to transform
the hydrophobic CNTs into hydrophilic ones and prevent them from entanglement. It
could be attained by grafting the CNTs with a suitable polymer like polylactic acid (PLA).
PLA is a vital biopolymer that has crucial properties like non–toxicity, biocompatibility,
biodegradability, thermoplasticity, and exceptional mechanical properties required for
adsorption [50]. PLA is produced by condensation polymerization of lactic acid, which is
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derived by the fermentation of sugars from carbohydrate sources such as corn, sugarcane,
and tapioca [51]. By considering the importance of CNTs and PLA, herein, CNTs have been
functionalized by the covalent grafting of PLA chains. Further, the adsorption capability
of PLA–grafted CNTs was improved through the deposition of palladium nanoparticles.
Palladium is classically known for its catalytic properties; instead, it has been explored
as a potential adsorbent. The efficiency of produced CNTs–PLA–Pd was estimated by
the adsorption rate of two toxic pollutants, Hg(II) and Cr(VI), which commonly persist in
the water. The adsorption capability, its dynamics, and control mechanisms for the Hg(II)
and Cr(VI) adsorption over CNTs–PLA–Pd were evaluated using the pseudo–first and
second–order kinetic models. The Weber–Morris intraparticle pore diffusion model was
used to find the reaction pathways and the rate–controlling step of the adsorption process.
Further, the adsorption equilibrium was determined by fitting the experimental results
with Langmuir, Freundlich, and Temkin isotherm models.

2. Experimental Analysis

2.1. Materials

The CNTs and chemicals used were purchased from Millipore Sigma. Ultrapure water
obtained by the Milli–Q Plus system (Millipore) was used to prepare aqueous solutions.

2.2. Preparation of CNTs–PLA–Pd

The CNTs–PLA (10 mg) was prepared according to the reported procedure [52] and
dispersed in 7 mL DI water by sonication for 10 min. Then an aqueous solution of PdCl2
(5 mL, 0.01 mol L−1) was added, and the mixture was stirred at room temperature for 2 h.
A freshly prepared 5 mL aqueous solution of NaBH4 (0.05 mol L−1) was slowly added and
stirred at ambient conditions for 4 h. The resulting CNTs–PLA–Pd was centrifuged and
purified by washing with DI water. It was dried in a vacuum for 12 h at 40 ◦C.

2.3. Adsorption Experiments

The stock solution of Hg(II) and Cr(VI) with 1 g L−1 was prepared in DI water
using mercury(II) chloride (HgCl2) and potassium dichromate (K2Cr2O7), respectively.
Further, the stock solution was diluted to desired concentrations using DI water. The
kinetic adsorption experiments of Hg(II) and Cr(VI) were carried out to find the contact
time needed to reach equilibrium. In the typical experiment, 100 mg of CNTs–PLA–
Pd was dispersed into 500 mL of Hg(II) and Cr(VI) solution with a concentration of
0.5 mg L−1 having an initial pH of 5.7 and 5.1, respectively. It was allowed to stir at
room temperature, and an adequate quantity of samples was collected after the required
contact time. The adsorbent, CNTs–PLA–Pd was separated by centrifugation, and the
concentration of residual Hg(II) and Cr(VI) in the solution was estimated using the atomic
absorption spectrometer. The efficiency in Hg(II) and Cr(VI) adsorption as a function
of time was monitored for 120 min, and the adsorbed amount of Hg(II) and Cr(VI) by
CNTs–PLA–Pd was calculated using the following equation.

qt =
(C0 − Ct) V

M
(1)

where qt is the amount of pollutant adsorbed (mg/g) at time t; C0 is the initial concentration
of pollutant in solution (mg L−1), and Ct is the concentration of pollutant in solution
(mg L−1) at time t; V is the volume of the solution (L), and M is the amount of adsorbent (g).

Further, the efficiency of CNTs–PLA–Pd towards Hg(II) and Cr(VI) adsorption was
determined by:

Removal efficiency (%) =
(C0 − Ct) V

C0
× 100 (2)

For adsorption isotherms experiments, 10 mg of CNTs–PLA–Pd was added to 50 mL
Hg(II) and Cr(VI) solution and allowed to stir at room temperature for 24 h to attain equi-
librium. The concentration of Hg(II) and Cr(VI) solution was varied from 2 to 10 mg L−1
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to obtain the adsorption isotherms. After reaching the equilibrium, CNTs–PLA–Pd was
separated by centrifugation, and the concentration of Hg(II) and Cr(VI) in the solution was
estimated by the atomic absorption spectrometer. The Hg(II) and Cr(VI) adsorption rate at
equilibrium, qe (mg g−1), was evaluated by:

qe =
(C0 − Ce) V

M
(3)

where qe is the amount of Hg(II) and Cr(VI) adsorbed (mg/g) at equilibrium.

2.4. Characterization

The XRD of samples was obtained using the Scintag X–ray diffractometer, model
PAD X, equipped with a Cu Kα photon source (45 kV, 40 mA) at a scanning rate of
3◦/min. The ATR–FTIR spectra were perceived by Smith’s ChemID diamond attenuated
total reflection (DATR) spectrometer. The SEM images of samples were acquired with the
JEOL JXA–8900 microscope, and the X-ray photoelectron spectra (XPS) were acquired by
the Perkin Elmer PHI 5600 ci X-ray photoelectron spectrometer. The Hg(II) and Cr(VI) con-
centration was measured using a Varian SpectrAA 220FS atomic absorption spectrometer.

3. Results and Discussion

The ATR–FTIR spectrum of CNTs–COOH (Figure 1a) exhibited the bands at 612 and
1634 cm−1 corresponding to the A2u and E1u phonon modes of CNTs [53]. It showed
the band due to the O–H bonds at 3360 cm−1 and the band of C=O bonds of –COOH
groups existing over the surface of CNTs at 1698 cm−1 [54]. The band of the C=C was
found at 1559 cm−1 [54]. Compared to the spectra of CNTs–COOH and PLA (Figure 1b),
CNTs–PLA (Figure 1c) displayed important characteristic bands. In particular, the bands
that appeared at 734 and 864 cm−1 were due to C=O stretching, and the band at 1040 cm−1

was due to C–CH3 stretching [52,55]. The significant intensity band that appeared at
1080 cm−1 was due to C–O–C vibrations, and the absorption at 1126 cm−1 was owing to
CH3 vibrations [55]. The band of C–C–O with high frequency was established at 1179 cm−1,
and the band at 1262 cm−1 corresponds to C–H and C–O–C [52,55]. The doublet exists at
1355 and 1379 cm−1, and the singlet at 1449 cm−1 was assigned to CH3 vibrations. The
band for C=O stretching was positioned at 1744 cm−1 with high intensity. The CH and
CH3 vibrations band was displayed as a doublet at 2935 and 2988 cm−1, respectively. The
absorption of –OH stretching was situated at 3500 cm−1. The spectrum of CNTs–PLA–
Pd (Figure 1d) revealed the distinctive bands found in the spectrum of CNTs–PLA with
diminished intensity and minute shifting in their position. The powder XRD of CNTs–
PLA–Pd, presented in Figure 2, demonstrated the well–resolved reflection peaks at 26.4,
39.5, 45.8, 46.1, and 67.2◦. The peaks located at 26.4 and 45.8◦ were assigned to (0 0 2)
and (1 0 0) planes of CNTs, respectively [56]. The peaks situated at 39.5, 46.1, and 67.2◦
were due to the (1 1 1), (2 0 0), and (2 2 0) planes of Pd (JCPDS No. 89–4897). The FESEM
images of CNTs–PLA–Pd, illustrated in Figure 3, show the effective exfoliation of CNTs.
It was approached by the successful grafting of PLA chains to the surface of CNTs. The
repulsion between the polymeric chains of PLA caused the efficient exfoliation of CNTs.
The presence of individual CNT is observable in Figure 3a. However, it is perceptibly
visible in Figure 3b. The CNTs have a width of about 50–75 nm and a length of several μm.
Some CNTs have a distracting surface, which could be created by the harsh treatment of
pristine CNTs with a mixture of concentrated sulfuric and nitric acids applied before the
grafting of PLA. Furthermore, the existence of densely populated Pd nanoparticles over
the surface of PLA–grafted CNTs is evident in Figure 3. Nonetheless, Pd nanoparticles
have assembled and formed some clusters that led to the seeding of twinned or multiple–
twinned nanoparticles, which commonly occur in palladium [52,57–59]. The grafting of
PLA to CNTs has provided a suitable environment for depositing the Pd nanoparticles and
directed their strong adherence. The resilient anchoring of Pd nanoparticles to the surface
of PLA–grafted CNTs prevented them from detachment.
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θ

Figure 1. ATR–FTIR spectra of (a) CNTs–COOH, (b) PLA, (c) CNTs–PLA, and (d) CNTs–PLA–Pd.

θ
Figure 2. XRD of CNTs–PLA–Pd.

The XPS survey spectrum of CNTs–PLA–Pd shown in Figure 4a revealed the presence
of C, O, and Pd. The high–resolution spectrum of C1s (Figure 4b) displayed a peak at
284.3 eV, divulging into four distinct peaks by Gaussian fitting. The peak at 284.3 eV was as-
signed to C–C bonds of sp2 hybridized carbon atoms of CNTs [60,61]. The peak at 286.7 eV
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was due to C–C bonds occurring in structurally defective sp3 hybridized carbon atoms
and C–O bonds of CNTs [60,61]. While the low–intensity peaks that appeared at 288.3 and
290.1 eV were owing to carbonyl, C=O, and carboxyl carbon O=C–O, respectively [60,61].
The spectrum of Pd 3d (Figure 4c) demonstrated the spin–orbit split doublet with a high–
energy band of Pd 3d3/2 at 340.6 eV and a low–energy band of Pd 3d5/2 at 335.3 eV [62,63].
The difference in the binding energy between Pd 3d3/2 and Pd 3d5/2 peaks was 5.3 eV,
which validates the occurrence of Pd in the zero–valent of the metallic state [60]. The
deconvoluted O 1 s peaks (Figure 4d) show several types of oxygen species. The peak
of lattice oxygen (O2

2−) was situated at 530.1 eV. The peaks for C=O and C–O functional
groups were located at 531.7 eV and 533.6 eV, respectively [64]. The peak at 535.5 eV is
likely due to the chemisorbed oxygen or adsorbed molecular H2O [64].

 

 

 

 

Figure 3. FESEM images of (a,b) CNTs–PLA–Pd.

The CNTs–PLA–Pd as adsorbent, its efficiency was revealed by evaluating the ad-
sorption rate of Hg(II), and Cr(VI) present in water. It is known that the adsorption rate
depends on the contact time between the adsorbent and adsorbate. So, the adsorption rate
of Hg(II) was measured as a function of contact time and compared with CNTs and PLA
(Figure 5). The CNTs–PLA–Pd was able to completely adsorb the Hg(II) within 50 min.
However, CNTs and PLA were able to adsorb 74 and 58% of Hg(II), respectively. Therefore,
the adsorption ability of CNTs and PLA was significantly improved after their blending
and deposition of Pd nanoparticles in CNTs–PLA–Pd. Also, the efficiency of CNTs–PLA–Pd
was estimated by the adsorption of Cr(VI) (Figure 6). The plot perceived for qt versus t is
shown in Figure S1. It represented that the adsorption rate of Hg(II) and Cr(VI) enhanced
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with contact time and finally red the equilibrium. Initially, the adsorption rate was high,
followed by gradual reduction and final attainment of equilibrium. Within the initial
30 min, about 96 and 78% of Hg(II) and Cr(VI), respectively, were adsorbed. The complete
adsorption of Hg(II) was accomplished in 50 min and Cr(VI) within 80 min. The rapid
adsorption that occurred initially for 30 min could be due to the abundant availability of
the active sites that exist over the surface of CNTs–PLA–Pd. With the progress of time,
the active sites are being saturated by adsorption of the high quantity of Hg(II) and Cr(VI)
ions and the repulsive forces transpire between solute molecules in the solid and bulk
phases [65]. The results were analyzed by Pseudo–first and second–order models. The
pseudo–first–order equation applied can be expressed as:

n(qe − qt)= lnqe − k1t (4)

where qe and qt are the quantity of Hg(II) and Cr(VI) (mg g−1) at equilibrium and particular
time t (min), respectively. k1 (min−1) is the pseudo–first–order rate constant. The slope of
the plot, ln(qe − qt) versus t, provides the value of k1, and the intercept gives the theoretical
value of qe.

 
 

Figure 4. (a) XPS survey spectrum of CNTs–PLA–Pd, (b) The high–resolution spectrum of C1s,
(c) The high–resolution spectrum of Pd 3d, and (d) The high–resolution spectrum of O 1 s.
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Figure 5. The adsorption kinetics of Hg(II) over CNTs, PLA, and CNTs–PLA–Pd.

Figure 6. The adsorption kinetics of Hg(II) and Cr(VI) over CNTs–PLA–Pd.

The pseudo–second–order equation used can be represented by:

t
qt

=
1

k2 q2
e
+

t
qe

(5)

where k2 [g (mg min)−1] is the second–order rate constant, which can be perceived by the
plot of t/qt against t. The slope is 1/qe, and the intercept is 1/k2 qe

2.
The pseudo–first and second–order plots obtained for Hg(II) adsorption and Cr(VI) are

shown in Figures 7 and 8, respectively and the kinetic parameters determined are presented
in Table 1. The correlation coefficient (R2) perceived for pseudo–first–order kinetics was
0.9850 and 0.9841 for Hg(II) and Cr(VI), respectively. For pseudo–second–order kinetics,
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it was 0.9991 and 0.9930 for Hg(II) and Cr(VI), respectively. The R2 value of pseudo–
second–order kinetics was higher than first–order kinetics. Besides, the value of qe (exp)
agreed with the value of qe (cal) estimated from pseudo–second–order kinetics rather than
the value determined by pseudo–first–order kinetics for both Hg(II) and Cr(VI) (Table 1).
Therefore, the Hg(II) and Cr(VI) adsorption could be better explained by pseudo–second–
order kinetics rather than first–order kinetics. Hence chemisorption is the rate–limiting
step in the Hg(II) and Cr(VI) adsorption over the surface of CNTs–PLA–Pd [66].

Figure 7. The pseudo–first–order kinetics for Hg(II) and Cr(VI) adsorption over CNTs–PLA–Pd.

Figure 8. The pseudo–second–order kinetics for Hg(II) and Cr(VI) adsorption over CNTs–PLA–Pd.
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Table 1. Parameters calculated for Hg(II) and Cr(VI) adsorption from adsorption kinetic models.

Adsorbate
qe (exp)
mg g−1

Pseudo–First Order Kinetic Model Pseudo–Second–Order Kinetic Model

qe (cal)
mg g−1 k1 (min−1) R2 qe (cal)

mg g−1
k2

(g mg−1 min−1)
R2

Hg(II) 2.500 1.0040 0.1036 0.9850 2.5686 0.1542 0.9991
Cr(VI) 2.500 1.2270 0.0668 0.9841 2.8190 0.0290 0.9930

Further, reaction pathways and the rate–controlling step in the Hg(II) and Cr(VI)
adsorption were evaluated by the application of the Weber−Morris intraparticle pore
diffusion model using the following equation [67].

qt = kid t0.5 + c (6)

where kid (mg g−1min−1) is the intraparticle diffusion rate constant, which can be calculated
from the linear plot of qt versus t0.5 c (mg g−1) is the intraparticle diffusion constant,
estimated from the intercept, and is directly proportional to the boundary layer thickness.
It is assumed that the higher the intercept value, the more significant the contribution of
the surface adsorption in the rate–controlling step. If the regression of qt versus t0.5 plot
is linear and passes through the origin, intraparticle diffusion plays a significant role in
controlling the kinetics of the adsorption process. If it does not pass through the origin, in
that case, intraparticle diffusion is not the only rate–limiting step. Instead, it is contributed
by the boundary layer effect [68].

The plot of qt versus t0.5, shown in Figure 9, does not pass through the origin of the
coordinates (Figure S2). So, intraparticle diffusion is not the sole rate–limiting step in
the adsorption process of Hg(II) and Cr(VI). The intercept value obtained from Figure 9
was low (Table S1), and the intraparticle diffusion plot (Figure S2) revealed two straight
lines. It shows that the intraparticle diffusion was not only a rate–controlling step in the
Hg(II) and Cr(VI) adsorption; it was contributed by the boundary layer effect also [68,69].
The multilinearity of Figure 9 exhibits that the adsorption process of Hg(II) and Cr(VI)
transpires through multiple phases instead of a single [66]. Among these multilinear steps,
the initial phase occurred through the rapid adsorption of Hg(II) and Cr(VI) ions. The
second phase could be the diffusion of Hg(II) and Cr(VI) ions into the pores of CNTs–PLA–
Pd, and the third phase could be due to the equilibrium of adsorption that causes chemical
reaction/bonding [66].

To reveal the Hg(II) and Cr(VI) adsorption in detail, the experimental equilibrium
parameters were determined by three isotherm models viz., the Langmuir, the Freundlich,
and the Temkin models. The Langmuir model assumes that the adsorbed molecules form
a monolayer and that the adsorption can occur at a fixed number of adsorption sites and
all equivalent in adsorption abilities. Each molecule also has a constant enthalpy and
adsorption activation energy. In other words, all molecules have an equal affinity to entire
adsorption sites [70]. With the help of the Langmuir isotherm model, it is possible to find
the maximum adsorption capacity of the adsorbent using the linear form of the Langmuir
isotherm model represented by the following equation:

Ce

qe
=

Ce

qm
+

1
KL qm

(7)

where qe (mg g−1) is the amount of adsorbed Hg(II) and Cr(VI) per unit mass of CNTs–
PLA–Pd; Ce (mg L−1) is the concentration of Hg(II) and Cr(VI) at equilibrium; qm is the
maximum amount of the Hg(II) and Cr(VI) adsorbed per unit mass of CNTs–PLA–Pd to
form a complete monolayer on the surface–bound at high Ce. KL is the Langmuir adsorption
constant related to the free energy of adsorption. The linear fitting for the Langmuir plot of
specific adsorption (Ce/qe) versus the equilibrium concentration (Ce) obtained for Hg(II)
and Cr(VI) adsorption is shown in Figure 10. The parameters calculated by the Langmuir
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isotherm model are tabulated in Table 2. The maximum adsorption capacity (qm) calculated
for the Hg(II) and Cr(VI) adsorption was 263.2 and 196.1 mg g−1, respectively. The value
of KL for Hg(II) and Cr(VI) was 0.6041 and 0.2567 L mg−1, respectively.

Figure 9. The Weber–Morris intraparticle diffusion plot for Hg(II) and Cr(VI) adsorption over
CNTs–PLA–Pd.

Figure 10. The Langmuir isotherm plot for Hg(II) and Cr(VI) adsorption over CNTs–PLA–Pd.
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Table 2. Parameters calculated for Hg(II) and Cr(VI) adsorption from Langmuir, Freundlich, and
Temkin adsorption isotherms models.

Adsorbate

Langmuir Isotherm Freundlich Isotherm Temkin Isotherm

qm

(mg g−1)
KL

(L mg−1)
R2

Lan
KF

(mg g−1)
n R2

Fre A B R2
Tem

Hg(II) 263.2 0.6041 0.9980 145.7 6.685 0.9822 109.1 30.00 0.9959
Cr(VI) 196.1 0.2567 0.9880 130.5 7.966 0.9970 260.5 22.41 0.9970

The Freundlich isotherm is derived from the assumption that the adsorption sites
are distributed exponentially concerning the heat of adsorption [71]. It provides the
relationship between the equilibrium of liquid and solid phase capacity based on the
multilayer adsorption properties consisting of the heterogeneous surface of the adsorbent.
The Freundlich isotherm, which supports multilayer adsorption, agrees with the Langmuir
model over moderate ranges of concentrations but differs at low and high concentrations.
The linear form of the Freundlich isotherm used is denoted by the below equation:

ln qe = ln KF +
ln Ce

n
(8)

where qe (mg g−1) is the amount of Hg(II) and Cr(VI) adsorbed at equilibrium. KF and n
are Freundlich constants. KF symbolizes the affinity of the adsorbent, and n signifies the
adsorption intensity. Ce (mg L−1) is the concentration of Hg(II) and Cr(VI) at equilibrium.
The value of KF and n were evaluated by the slope and intercept of the Freundlich isotherm
plot shown in Figure 11, and the assessed values are presented in Table 2. The magnitude
of the exponent, 1/n, indicates the favorability of adsorption. If the value of n ranging from
1 to 10 indicates the favorable conditions for the process of adsorption [72]. For the Hg(II)
and Cr(VI) adsorption, the calculated value of n was 6.685 and 7.966, respectively. It reveals
that Hg(II) and Cr(VI) adsorption over CNTs–PLA–Pd occurs in favorable conditions.

Figure 11. The Freundlich isotherm plot for Hg(II) and Cr(VI) adsorption over CNTs–PLA–Pd.
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The Temkin isotherm model assumes that during adsorption, the heat of all molecules
decreases linearly with the increase in coverage of the adsorbent surface and that adsorption
is characterized by a uniform distribution of binding energies up to maximum binding
energy [73]. The Temkin isotherm model used is described by following equation:

qe = B lnA + B ln Ce (9)

where B = RT/KT, KT is the Temkin constant related to the heat of adsorption (J mol−1); A
is the Temkin isotherm constant (L g−1), R is the gas constant (8.314 J/mol K), and T the
absolute temperature (K). The Temkin isotherm fitting plot of qe versus ln Ce is shown in
Figure 12, and the evaluated parameters are listed in Table 2.

Figure 12. The Temkin isotherm plot for Hg(II) and Cr(VI) adsorption over CNTs–PLA–Pd.

All the tested Langmuir, Freundlich, and Temkin isotherm models have a better fit
for Hg(II) and Cr(VI) adsorption with a high value of R2. In particular, for adsorption of
Hg(II), R2

Lan, R2
Fre, and R2

Tem were 0.9980, 0.9822, and 0.9959, respectively. Similarly, for
adsorption of Cr(VI), R2

Lan, R2
Fre, and R2

Tem were 0.9880, 0.9970, and 0.9970, respectively.
Therefore, all three models are well–suited and validated with Hg(II) and Cr(VI) adsorption.
It indicates that the adsorption mechanism of Hg(II) and Cr(VI) was associated with the
basic assumption of all three isotherm models. In general, the Hg(II) and Cr(VI) adsorption
over CNTs–PLA–Pd occurred through monolayer molecular covering and chemisorption
together [74]. The maximum adsorption capacity (qm) of CNTs–PLA–Pd estimated for
Hg(II) and Cr(VI) adsorption was compared to the reported values for different adsorbents
and presented in Tables 3 and 4, respectively [75–83]. The stability of CNTs–PLA–Pd
was estimated by recovering and applying it in three subsequent cycles of adsorption of
Hg(II). The adsorption capability of recycled CNTs–PLA–Pd was not significantly reduced
in all four measured cycles. Therefore, CNTs–PLA–Pd is a sturdy adsorbent suitable for
repeated use.
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Table 3. Comparison of maximum adsorption capacity (qm) of CNTs–PLA–Pd estimated for Hg(II)
adsorption with reported value for different adsorbents.

Adsorbent
Maximum Adsorption Capacity

qm (mg/g)
pH Ref

RM–nZVI 94.58 5.0 [14]
UIO–66–NCS 250.0 5.0 [20]

UIO–66–IT 580.0 5.5 [20]
PAMC 76.3 6.0 [75]

CHAP–SH 282.7 4.5 [76]
M–PAL 203.4 4.0 [77]
ACM–5 191.9 5.8 [78]

MCS–4N 140.3 4.5 [79]
MCS–5N 109.7 4.5 [79]

CNTs–PLA–Pd 263.2 5.7 This work

Table 4. Comparison of maximum adsorption capacity (qm) of CNTs–PLA–Pd estimated for Cr(VI)
adsorption with reported value for different adsorbents.

Adsorbent
Maximum Adsorption Capacity

qm (mg/g)
pH Ref

BWAC 59.23 2.0 [7]
Chitosan/bentonite

composite 16.38 3.0 [10]

NH2–ASNs 34.0 2.0 [24]
NH2–MSNs 42.2 2.0 [24]
Fe3O4 NPs 56.61 5.0 [80]

Oil palm bagasse 115.45 2.0 [81]
Yam peels 50.12 2.0 [81]
Al–GNSC 13.458 4.0 [82]

Cu (I)–MOF 96.0 6.0 [83]
CNTs–PLA–Pd 263.2 5.7 This work

4. Conclusions

In conclusion, an efficient adsorbent, CNTs–PLA–Pd, was successfully produced by
covalent grafting of PLA to CNTs and subsequent deposition of Pd nanoparticles. Thus,
developed CNTs–PLA–Pd could remove Hg(II) and Cr(VI) entirely from the water within
50 min and 80 min, respectively. The initial rate for Hg(II) and Cr(VI) adsorption over
CNTs–PLA–Pd was rapid, gradually reducing, and finally attained equilibrium. The
analysis of experimental results revealed that the Hg(II) and Cr(VI) adsorption occurs
through pseudo–second–order kinetics. It is identified that the chemisorption was the rate–
limiting step in the adsorption process. The Weber−Morris intraparticle pore diffusion
model exhibited that the adsorption of Hg(II) and Cr(VI) over CNTs–PLA–Pd occurs
through multiple phases. The qm value for Hg(II) and Cr(VI) adsorption was 263.2 and
196.1 mg g−1, respectively, and the KL value was 0.6041 and 0.2567 L mg−1 for Hg(II) and
Cr(VI) adsorption, respectively. The KF value estimated for Hg(II) and Cr(VI) adsorption
was 145.7 and 130.5 mg g−1, respectively, while the value of n was 6.685 and 7.966 for Hg(II)
and Cr(VI) adsorption, respectively. The Langmuir, Freundlich, and Temkin models showed
that the Hg(II) and Cr(VI) adsorption transpires with monolayer molecular covering and
chemisorption.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/toxics11060545/s1, Table S1: Parameters calculated from the intra-particle
diffusion plot provided in Figure S2; Figure S1: The plot perceived qt as a function of time for Hg(II)
and Cr(VI) adsorption over CNTs–PLA–Pd; Figure S2: The Intraparticle diffusion model for Hg(II)
and Cr(VI) adsorption over CNTs–PLA–Pd.

71



Toxics 2023, 11, 545

Author Contributions: G.M.N.: data curation, writing original draft, review, and editing funding
acquisition. E.A.J.: investigation, data curation. R.L.R.: writing, review, and editing, M.D.K.: writing,
review, and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the U.S.-Egypt Science and Technology Joint Fund from
the National Academy of Sciences and the departmental grant (L-0002-20181021) from the Welch
Foundation, Texas, United States.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The author (GMN) acknowledges the financial support from the National
Academy of Sciences and the Welch Foundation, Texas, United States.

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

References

1. Khurshid, H.; Mustafa, M.R.U.; Isa, M.H. Adsorption of chromium, copper, lead and mercury ions from aqueous solution
using bio and nano adsorbents: A review of recent trends in the application of AC, BC, nZVI and MXene. Environ. Res. 2022,
212, 113138. [CrossRef] [PubMed]

2. Foroutan, R.; Peighambardoust, S.J.; Ahmadi, A.; Akbari, A.; Farjadfard, S.; Ramavandi, B. Adsorption mercury, cobalt, and nickel
with a reclaimable and magnetic composite of hydroxyapatite/Fe3O4/polydopamine. J. Environ. Chem. Eng. 2021, 9, 105709.
[CrossRef]

3. Feng, B.; Shen, W.; Shi, L.; Qu, S. Adsorption of hexavalent chromium by polyacrylonitrile–based porous carbon from aqueous
solution. R. Soc. Open Sci. 2018, 5, 171662. [CrossRef]

4. Raghunathan, V.K.; Tettey, J.N.A.; Ellis, E.M.; Grant, M.H. Comparative chronic in vitro toxicity of hexavalent chromium to
osteoblasts and monocytes. J. Biomed. Mater. Res. A 2009, 88 Pt A, 543–550. [CrossRef]

5. Cohen, M.D.; Kargacin, B.; Klein, C.B.; Costa, M. Mechanisms of chromium carcinogenicity and toxicity. Crit. Rev. Toxicol. 1993,
23, 255–281. [CrossRef] [PubMed]

6. Alemu, A.; Lemma, B.; Gabbiye, N. Adsorption of chromium (III) from aqueous solution using vesicular basalt rock. Cogent
Environ. Sci. 2019, 5, 1650416. [CrossRef]

7. Dula, T.; Siraj, K.; Kitte, S.A. Adsorption of hexavalent chromium from aqueous solution using chemically activated carbon
prepared from locally available waste of bamboo (Oxytenanthera abyssinica). SRN Environ. Chem. 2014, 2014, 438245. [CrossRef]
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Abstract: Water hyacinth (Wh) is an aquatic weed considered a nuisance in agricultural and fishing
activities. Therefore, this study proposed repurposing this plant into activated carbon (AC). First, the
ZnO-AC was precipitated and applied as a photocatalyst for degrading methylene blue. The pre-
liminary photocatalytic test under UV irradiation identified the optimum ZnO-AC photocatalyst to
degrade methylene blue (MB). The ZnO-AC photocatalyst recorded the highest degradation rate con-
stant of 11.49 × 10−3 min−1, which was almost two-fold higher than that of ZnO (5.55 × 10−3 min−1).
Furthermore, photocatalytic degradation of MB and carbaryl under sunlight irradiation by ZnO-AC
demonstrated degradation rate constants of 74.46 × 10−3 min−1 and 8.43 × 10−3 min−1, respectively.
To investigate the properties of ZnO-AC, several techniques were performed. ZnO-AC and ZnO
exhibited similar results in morphology, crystalline structure, and Raman characteristics. However,
ZnO-AC presented smaller pore diameters than those of ZnO, which enlarged pore surface area,
and the presence of carbon-related groups implied the presence of AC on ZnO-AC surfaces. This
can be attributed to the presence of AC on the ZnO surface, increasing the capture of surrounding
toxic molecules and elevating the reaction density. This mechanism is attributed to promoting the
degradation of toxic molecules. Therefore, using Wh as a carbon source for the transformation of AC
can alternatively solve the problems of aquatic weed management and carbon storage strategies, and
the application of AC in ZnO-AC photocatalysts can enhance photocatalysis.

Keywords: water hyacinth; activated carbon; ZnO; photocatalysis

1. Introduction

Numerous methodologies have been developed to manage wastewater contaminants.
Photocatalysis is one of the most promising approaches due to its efficacy, non-selectivity,
and efficiency, which enable repeated usage of the photocatalyst [1–3]. Furthermore,
photocatalysis facilitates the removal of various contaminants via mineralization or de-
composition of intricate pollutants, such as landfill leachate, into simpler components like
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water, carbon dioxide, and inorganic ions. Consequently, photocatalysis has been proven to
be effective for mineralizing complex contaminants, offering a viable alternative technology
capable of degrading and eliminating complex pollutants. Notably, researchers have greatly
utilized this method, particularly in developing nano-photocatalysts. Nanostructured pho-
tocatalysts are superior to their conventional counterparts as they offer larger surface areas
and a higher prevalence of lattice defects [4]. These features provide additional reactive sites
and excellent light absorption properties, thus improving photocatalytic efficiency. Several
conventional techniques for fabricating nanoscale photocatalysts include hydrothermal,
solvothermal, sol-gel, and precipitation methods have been investigated [5–7]. These ap-
proaches enable meticulous regulation of the photocatalyst’s particle size and morphology.

Metal oxide semiconductors such as TiO2, SnO2, and ZnO have been investigated in
recent studies. Reports have highlighted ZnO as a crucial semiconducting photocatalyst
due to its photosensitivity, stability, low toxicity, availability, excellent electron mobility,
cost-effectiveness, and flexibility for use in several synthesis techniques [4,8]. However,
the rapid recombination of electron–hole pairs in its structure limits its photocatalytic
application [9]. Therefore, reducing recombination and inducing carrier migration in
photocatalysts may offer a solution to this issue. These improvements could be achieved by
fabricating composite structures, such as fabricating ZnO/Cu-DPA nanocomposites with
different levels of Cu-DPA [10]. Photocatalytic activities of nanocomposites are assessed
based on the ability to degrade methylene blue (MB) under visible-light irradiation. An
earlier study reported that the maximum degradation efficiency and degradation rate of the
optimum ZnO/Cu-DPA nanocomposite (78.5%, 23 × 10−3 min−1) were higher than those
for ZnO (71.8%, 16 × 10−3 min−1). This enhancement was caused by the formation of a p–n
heterojunction within the composite system. In the ZnO/Cu-DPA nanocomposite, Cu2O
is responsible for the photocatalytic activity due to its strong absorption of visible light,
promoting optimal separation of electron–hole pairs. Moreover, heterostructure formation
with ZnO prevented the recombination of photogenerated charge carriers and confined the
photo-excited charges at intrinsic defect sites within the ZnO structure. The ZnO/Cu-DPA
nanocomposite facilitates the conversion of dissolved oxygen (O2) into hydroxyl (•OH)
radicals, suggesting that •OH is the primary active radical involved in the photocatalytic
decomposition of MB. The ZnO/CuO/g-C3N4 (ZCG) heterostructure nanocomposite was
synthesized via the co-crystallization method and employed in a photocatalytic process to
eliminate MB dye from wastewater under visible light [11]. The MB degradation record
was as high as 97.46% within 50 min, exhibiting superior performance to other single
photocatalysts such as ZnO, CuO, and g-C3N4. This enhanced performance is attributed to
the formation of heterojunction structures, promoting efficient charge transfer and reducing
recombination rates [12]. Likewise, the ZnO-graphene oxide (GO) composite photocatalyst
for vanillic acid (VA) degradation recorded a degradation efficiency of 99% and 35% under
solar light and visible-LED, respectively [13]. This outcome is possibly caused by the
adsorption of GO on ZnO. In addition, GO extends light absorption into the visible region,
increasing the light harvesting effect and boosting photocatalytic activity.

In this study, carbon-based materials were composited with ZnO to improve photocat-
alytic activity. Activated carbon (AC) is an alternative to graphene-based materials, and it
can be prepared at a low cost from any organic waste, such as agricultural wastes or weeds.
Water hyacinth (Wh) is an aquatic weed deemed a nuisance in agricultural and fishing
activities. Repurposing this plant as a raw material to produce AC that is composited with
ZnO is a promising approach to producing low-cost, carbon-based materials. Furthermore,
this strategy allows for the proper waste management of aquatic weeds, positively impact-
ing the environment and farmers. The AC was prepared using a hydrothermal process
with activating chemicals. Therefore, this study precipitated ZnO with AC to produce
ZnO-AC for photocatalysis.
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2. Materials and Methods

The zinc acetate solution was prepared by dissolving 4.39 g zinc acetate 2-hydrate
(Zn(CH3COO)2·2H2O; KEMAUS, AR, MW 219.49) in 100 mL de-ionized (DI) water. Mean-
while, AC mixtures (1, 3, 5, and 10% of the total mass) were added to zinc acetate solution
in separate beakers. The AC was prepared via high-temperature carbonization and KOH
activation of dried Wh waste, as described in earlier studies [14]. The beakers were heated
to 70 ◦C and stirred continuously for 1 h. Subsequently, the precipitation process was
carried out. First, the ammonium solution was prepared by dissolving 3.16 g ammonium bi-
carbonate (NH4HCO3, DAEJUNG, AR, MW 79.06) in 100 mL DI water, followed by heating
and stirring under similar conditions as for the zinc acetate preparation. The ammonium
solution was added to the zinc acetate or mixture solutions drop-by-drop while heating
and stirring to precipitate Zn(OH)2 or Zn(OH)2-AC sediment. After 1 h of precipitation,
the Zn(OH)2 or Zn(OH)2-AC sediments were filtered using filter paper for 12 h, dried at
70 ◦C for 1 h, and ground for 3 h. Finally, the Zn(OH)2 and Zn(OH)2-AC sediments were
calcined at 600 ◦C for 6 h and ground for 1 h to obtain ZnO or ZnO-AC.

The ZnO or ZnO-AC were utilized as photocatalysts to degrade methylene blue (MB)
under ultra-violet (UV) light. The MB was dissolved in DI water at an initial concentration
of 5 mg/L, stirring under dark conditions at room temperature for 30 min. Subsequently,
100 mg ZnO or ZnO-AC was added into 100 mL MB solution while stirring at room
temperature in the dark. The MB solution containing ZnO or ZnO-AC was allowed to
undergo adsorption–desorption stabilization for 30 min, followed by irradiation under UV
light to activate photocatalysis to degrade MB molecules. The MB solution (3 mL) was
sampled at different intervals, and the absorbance was measured via UV–Vis spectroscopy.

To characterize ZnO and ZnO-AC, morphology was observed using a transmission
electron microscope (TEM; JEOL JEM-2100 Plus; JEOL Ltd., Tokyo, Japan). The crystalline
structure was evaluated using an x-ray diffractometer (XRD; Rigaku, SmartLab, Rigaku,
Japan). In addition, a Raman spectrometer (Thermo Scientific, DXR SmartRaman, Waltham,
MA, USA) was used to analyze vibrational characteristics. Meanwhile, a surface area and
pore-size analyzer (Quantachrome, Autosorb iQ-C-XR-XR-XR, Graz, Austria) was used
to determine porosity properties based on the N2 adsorption–desorption method. The
functional group was analyzed via the Fourier transform infrared (FTIR) spectrometer
(Spectrum Two, PerkinElmer, Norwalk, CT, USA), while x-ray photoelectron spectroscopy
(XPS, Kratos, Axis Ultra DLD, Kratos Analytical, Ltd., Manchester, UK) was used to monitor
surface composition and chemical states.

3. Results and Discussion

Both ZnO and ZnO-AC were utilized as UV-activated photocatalysts to degrade MB
molecules. Figure 1a–e illustrates the absorbance of MB samples after photocatalysis at
different UV-irradiation intervals. There was a decreasing trend in absorbance with ir-
radiation time, indicating that MB molecule degradation in water was catalyzed by the
photocatalysts used in this study. The activity of MB molecules under UV irradiation with-
out photocatalysts (blank) is shown in Figure 1f, demonstrating no significant changes in
absorbance. This finding implies that MB molecules cannot be degraded effectively without
photocatalysts, thus confirming the efficacy of ZnO and ZnO-AC in this study. Additionally,
the remaining concentration to initial concentration (Ct/C0) ratios of MB solutions were
plotted comparatively, as shown in Figure 2a, to determine the optimum photocatalyst.
The degradation efficiency (DE), which corresponds to the ratio of decomposition to the
initial MB molecules, was calculated using Equation (1) [15–17].

DE (%) = (1 − (Ct/C0)) × 100% (1)
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(a) (b) 

(c) (d) 

  
(e) (f) 

Figure 1. Absorbance of MB after photocatalytic activity at varying intervals of UV-irradiation time
using different photocatalysts: (a) ZnO, (b) ZnO-AC1%, (c) ZnO-AC3%, (d) ZnO-AC5%, (e) ZnO-
AC10%, and (f) blank.

The decreasing Ct/C0 trend for the ZnO-AC3% sample was the lowest compared to
other conditions, which correlated with higher degradation efficiency (Figure 2b). Fur-
ther quantitative analysis of photocatalytic performance was performed to determine the
degradation rate constant (kr) (Figure 2c) using Equation (2). In addition, half-life (τ) was
calculated to estimate the irradiation time required to reduce MB molecules by half of the
initial concentration using Equation (3) [18,19]

ln(C0/Ct) = krt (2)

τ = (1/kr)ln(2) (3)
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where t is irradiation time (min). Table 1 presents the degradation rate constant and half-life
for each sample.

 
(a) (b) 

(c) 

Figure 2. Analysis of photocatalytic degradation of MB under UV irradiation: (a) Ct/C0 ratio,
(b) degradation efficiency, and (c) degradation rate constant.

Table 1. Analytical parameters of MB degradation under UV irradiation.

Sample kr (10−3 min−1) τ (min) R2

ZnO 5.55 125 0.9814
ZnO-AC1% 4.98 139 0.9960
ZnO-AC3% 11.49 60 0.9966
ZnO-AC5% 5.99 116 0.9884
ZnO-AC10% 9.38 74 0.9975

The highest degradation rate constant and lowest half-life were recorded for the
ZnO-AC3% sample, suggesting its superiority as a photocatalyst. This result matches a
previous study describing a ZnO/AC nanocomposite photocatalyst [20]. In that study, AC
was prepared from Prosopis juliflora. This could suggest that the optimal content of AC
in ZnO-AC structures is 3%. In comparison to other ZnO-based photocatalyst materials
(Table 2), ZnO-AC3% can be considered for use in efficient photocatalyst applications.
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Table 2. Previously reported analytical degradation rate constant of MB degradation.

Sample
MB

Concentration

Photocatalyst
Dosage in MB

Solution
Light Source

kr

(10−3 min−1)
Ref.

Ti-ZnO 5 mg/L 0.1 g/100 mL UV 2.54 [5]
GQDs-ZnO 10 mg/L 0.2 g/100 mL UV 3.79 [21]
rGO@ZnO 15 mg/L 20 mg/100 mL Sunlight 5.03 [22]

N-ZnO 10 mg/L 0.1 g/100 mL Sunlight 19.6 [23]
Cu-ZnO 10 mg/L 25 mg/100 mL UV 25.4 [24]

ZnO-AC3% 5 mg/L 0.1 g/100 mL UV 11.49 This work
GQDs: graphene quantum dots; Ti: titanium; rGO: reduced graphene oxide; N: nitrogen; Cu: copper.

Thus, the ZnO-AC3% sample was further analyzed to determine its ability to degrade
MB under natural sunlight [19]. Furthermore, the photocatalytic degradation of carbaryl
(CBR) insecticide was also investigated by evaluating the potential of photocatalyst applica-
tion in agricultural chemical degradation, demonstrating a simple way for environmental
redemption. The CBR concentration was prepared at an initial concentration of 1 mg/L in
DI water. Meanwhile, the average sunlight intensity was 917 W/m2. The absorbance of MB
and CBR after photocatalytic degradation and the degradation rate constants of MB and
CBR under natural sunlight with facilitation by photocatalysts are illustrated in Figure 3.
The degradation rate constant was 50.61 × 10−3 min−1 for ZnO and 74.46 × 10−3 min−1

for ZnO-AC3%, indicating the superior performance of the latter in MB degradation. A
similar trend was observed for CBR degradation, where ZnO-AC3% recorded a degrada-
tion rate constant of 8.43 × 10−3 min−1 and this was 5.44 × 10−3 min−1 for ZnO. Therefore,
ZnO-AC3% has been proven effective as a photocatalyst for MB and CBR degradation,
offering a potential application in contaminated areas under natural sunlight.

The ZnO-AC3% was also utilized as a representative ZnO-AC structure for comparison
with pristine ZnO for TEM analysis (Figure 4). The images revealed that both photocatalysts
had spherical-like nanostructures and comparable sizes, suggesting no discernible impact
of AC on the morphological structure of ZnO. Nonetheless, other characteristics of AC
structures, such as flake-, sheet-, or plate-like structures, were not identified due to the
limited sample availability.

  
(a) (b) 

Figure 3. Cont.
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(c) (d) 

 
(e) (f) 

Figure 3. Photocatalytic degradation analysis under natural sunlight irradiation: absorbance of
MB using (a) ZnO and (b) ZnO-AC3%, absorbance of CBR using (c) ZnO and (d) ZnO-AC3%, and
degradation rate constant of (e) MB and (f) CBR degradation.

  
(a) (b) 

Figure 4. TEM images of (a) ZnO and (b) ZnO-AC nanostructures.

The crystalline structures of AC, ZnO, and ZnO-AC were also evaluated through
analysis of their XRD patterns (Figure 5). Carbon-related peaks were unclearly observed for
AC. This indicated an amorphous structure for the AC sample. Regarding the unidentified
peaks, there should be several mineral components in AC due to the use of biomass as
a raw material. For ZnO and ZnO-AC, consistent diffraction peaks were evident with
distinct patterns observed at 2θ of 31.8◦, 34.6◦, 36.4◦, 47.6◦, 56.9◦, 63.0◦, 66.6◦, 68.1◦, and
69.3◦ that correspond to the (100), (002), (101), (102), (110), (103), (200), (112), and (201)
diffraction planes, respectively. These characteristic planes strongly suggested the presence
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of a ZnO-hexagonal-wurtzite structure in both photocatalysts, which aligned with the
JCPDs no. 36-1451 standard.

 
(a) 

 
(b) (c) 

Figure 5. XRD patterns of (a) AC, (b) ZnO, and (c) ZnO-AC.

The findings from the Raman spectroscopy are presented in Figure 6. Figure 6a
presented disordered and graphitic peaks of AC at 1349 and 1594 cm−1, respectively, which
implied a high order of the amorphous carbon structure. The Raman shift analysis of
ZnO (Figure 6b) and ZnO-AC (Figure 6c) exhibited consistent peaks at 332, 440, 586, and
1159 cm−1 [25–28]. The peak at 332 cm−1 was assigned to the E2(high)–E2(low) mode,
while the strong peak at 440 cm−1 corresponded to the E2(high) modes due to the oxygen
vibration in the ZnO matrix. Meanwhile, the two peaks at 586 and 1159 cm−1 correspond
to the E1(LO) and 2E1(LO) modes representing the multi-phonon process. These outcomes
indicate the intrinsic nature of ZnO hexagonal wurtzite structures in ZnO and ZnO-AC
samples, consistent with the XRD results. However, the peaks of AC were not observed in
the ZnO-AC samples, which might be due to the low AC content in the ZnO-AC sample.

The physicochemical properties of ZnO and ZnO-AC samples were investigated
using the N2 adsorption–desorption method. Figure 7 demonstrates that the N2 adsorption–
desorption isotherm of ZnO and ZnO-AC features type H3 hysteresis due to the single-layer
adsorption stage, which could be attributed to the ZnO solid structure. Moreover, the
adsorption–desorption isotherm indicates that both photocatalysts have meso- or macro-
porous structures. The Barrett–Joyner–Halenda (BJH) adsorption analysis was conducted
to determine ZnO and ZnO-AC porosities (Table 3). ZnO and ZnO-AC each demonstrated
a mesoporous structure with pore diameters of 6.55 and 3.83 nm, respectively. The smaller
pore diameter of ZnO-AC resulted in larger pore volume and higher BET surface area
(SBET) than those of ZnO, as calculated using the multipoint Brunauer–Emmett–Telle
(BET) method.
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(a) 

 
(b) (c) 

Figure 6. Raman spectroscopy analysis of (a) AC, (b) ZnO, and (c) ZnO-AC.

Figure 7. N2 adsorption–desorption isotherms of ZnO and ZnO-AC.

Table 3. BJH porosities and BET surface areas of ZnO and ZnO-AC.

Sample Pore Diameter (nm) Pore Volume (cm3/g) SBET (m2/g)

ZnO 6.55 3.44 × 10−2 27.08
ZnO-AC 3.83 4.40 × 10−2 28.99

The FTIR spectra revealed a major peak at 490 cm−1, indicating the Zn-O vibration of
the ZnO matrix in the structural composition of both photocatalysts (Figure 8a) and the
prevalence of ZnO structures in these examined samples. Meanwhile, the functional group

84



Toxics 2024, 12, 165

analysis demonstrated that the wavenumber in the ZnO-AC sample ranged between 2000
and 1000 cm−1 (Figure 8b). The distinct vibrations at wavenumbers of 1738, 1367, and
1214 cm−1 represented characteristic peaks associated with C=O stretching, methyl groups,
and C-H bending, respectively [29,30]. These findings are particularly significant as they
suggest the potential adsorption of carbon on the ZnO surface, a phenomenon that can
likely be attributed to the presence of AC in the ZnO-AC composite.

 
(a) (b) 

Figure 8. FTIR analysis of ZnO and ZnO-AC using (a) full scanning, and (b) functional
group scanning.

The binding energy (BE) of each sample was investigated using XPS to evaluate the
ZnO-AC surface (Figure 9). In Figure 9a, the survey XPS spectra of ZnO and ZnO-AC
identified chemical elements Zn, O, and C, reflecting comparable chemical compositions
for the samples. The high-resolution Zn 2p core level in Figure 9b illustrates the distinct
Zn 2p3/2 and Zn 2p1/2 peaks of ZnO exhibited at BEs of 1022.5 and 1045.6 eV, respectively,
signifying the Zn2+ oxidation state [31]. Notably, there were no differences in these peaks
between ZnO and ZnO-AC. The O 1s spectra of ZnO depicted peaks at BEs of 531.4 and
533.0 eV (Figure 9c), corresponding to O2− ions in the metal oxide and compound groups,
respectively [32]. The O2− ions were associated with the bonding of Zn2+ ions in the ZnO
structure, whereas the compound groups indicated the chemisorption on the ZnO surface
responsible for the oxygenated carbon components in this case [33]. Meanwhile, a decrease
in O2− ions and an increase in the compound group were evident in the O 1s spectra of
ZnO-AC, suggesting a stronger chemisorption effect of AC on ZnO structures. Figure 9d
shows the C 1s spectra with peaks at BEs of 285.9 and 289.9 eV for ZnO, corresponding
to C-O and C=O groups, respectively [11]. This might be due to residual levels of the
starting ammonium bicarbonate. However, the relatively elevated intensity of these peaks
in the ZnO-AC sample confirms the presence of AC on the ZnO surface. This detailed XPS
analysis provides valuable insights into the surface compounds of ZnO-AC, which agree
with the FTIR results.

The function of the adsorbing porous material of AC in caping surrounding toxic
molecules near the ZnO-AC surface for improving photocatalytic mechanisms is assumed,
as illustrated in Figure 10. In conventional photocatalysis, after electron–hole pairs are
generated due to the incident light irradiation, there is a reaction in which dissolved
oxygen (O2) forms superoxide anions (O2

•−). Simultaneously, holes react with water
(H2O) or hydroxyl groups (OH−), forming hydroxyl radicals (•OH). These reactive oxygen
species (ROS) are continuously reacting with toxic molecules. In the case of ZnO-AC,
toxic molecules were adsorbed by AC at a rapid rate and they reacted with ROS in the
photocatalytic activity process for mineralization [34,35]. Thus, the presence of porous AC
on ZnO surfaces plays a key role in the increasing photocatalytic activity rate. This mecha-
nism can increase reaction density in the photocatalytic process and boost photocatalytic
performance.
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(a) (b) 

 
(c) (d) 

Figure 9. XPS analysis of ZnO and ZnO-AC: (a) full scan, (b) Zn 2p, (c) O 1s, and (d) C 1s.

Figure 10. The mechanism of contaminant degradation using a ZnO-AC photocatalyst.

This study has briefly shown that aquatic weeds are of benefit as carbon-rich sources
for transforming into carbon powder materials. The transforming process of Wh not
only contributes to aquatic weed management but also serves as a viable carbon storage
strategy. Employing a chemical activation process, carbon powder materials are activated
to enhance surface properties, resulting in AC. This AC is then utilized to modify the
ZnO photocatalyst, demonstrating the enhancement of photocatalysis under sunlight
irradiation to degrade toxic molecules, including methylene blue and carbaryl. Thus, using
water hyacinth as a carbon source for the transformation of AC can alternatively solve the
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problems of aquatic weed management and carbon storage strategies, and the application
of AC to ZnO-AC photocatalysts can enhance photocatalysis.

4. Conclusions

Water hyacinth (Wh) is an aquatic weed considered a nuisance in agricultural and
fishing activities. Therefore, this study proposed repurposing this plant into activated car-
bon (AC). First, the ZnO-AC was precipitated and applied as a photocatalyst for degrading
methylene blue. For the preliminary photocatalytic test of methylene blue (MB) degra-
dation, ZnO-AC recorded the highest degradation rate constant of 11.49 × 10−3 min−1,
which was double the value of pristine ZnO (5.55 × 10−3 min−1). Furthermore, the photo-
catalytic degradation of MB and CBR under sunlight irradiation by ZnO-AC demonstrated
degradation rate constants of 74.46 × 10−3 min−1 and 8.43 × 10−3 min−1, respectively.
To investigate the properties of ZnO-AC, several techniques were performed. ZnO-AC
and ZnO exhibited similar results in morphology, crystalline structure, and Raman charac-
teristics. However, ZnO-AC presented smaller pore diameters than those of ZnO, which
enlarged the relevant surface area, and the presence of carbon-related groups implied the
presence of AC on ZnO-AC surfaces. This can be attributed to the presence of AC on the
ZnO surface, increasing the capture rate of surrounding toxic molecules and elevating
the reaction density. This enhancement is thought to promote the degradation of toxic
molecules. Therefore, using Wh as a carbon source for the transformation of AC can alter-
natively solve the problems of aquatic weed management and carbon storage strategies,
and the application of AC to ZnO-AC photocatalysts can enhance photocatalysis.
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Abstract: Formaldehyde (CH2O) emerges as a significant air pollutant, necessitating effective strate-
gies for its oxidation to mitigate adverse impacts on human health and the environment. Among
various technologies, the photooxidation of CH2O stands out owing to its affordability, safety, and
effectiveness. Nitrogen-rich crystalline triazine-based organic frameworks (CTFs) exhibit consider-
able potential in this domain. Nevertheless, the weak and unstable CH2O adsorption hinders the
overall oxidation efficiency of CTF. To address this limitation, we incorporate single and dual Ni
atoms into nitrogen-rich CTFs by density functional theory (DFT) calculations, resulting in CTF-Ni
and CTF-2Ni. This strategic modification significantly enhances the adsorption capability of CH2O.
Notably, this synergy between Ni dual atoms activates CH2O by strong chemical adsorption, thereby
reducing the energy barrier of CH2O oxidation and achieving the complete oxidation of CH2O to
CO2. Moreover, the introduction of dual-atom Ni over CTF ameliorates visible and near-infrared
light absorption and facilitates photoexcited charge transfer and separation. Finally, the underlying
mechanisms of complete CH2O oxidation over CTF-2Ni are proposed. This work offers novel insights
into the rational design of photocatalysts for CH2O oxidation through the integration of Ni dual
atoms into CTFs.

Keywords: CTFs; dual atoms; formaldehyde oxidation; DFT calculation; structural design

1. Introduction

Indoor formaldehyde (CH2O) pollution, primarily resulting from construction and
renovation materials, poses significant threats to human health [1–3]. Consequently, em-
ploying green and eco-friendly methods for the adsorption, transformation, or degrada-
tion of CH2O is crucial for attaining indoor air quality standards and protecting human
health [4–6]. Among various CH2O remediation technologies, the photocatalytic oxidation
of CH2O, with its green, economical, and efficient characteristics, emerges as a promis-
ing means to mitigate the hazards of CH2O [7,8]. Numerous inorganic semiconductors,
such as TiO2 [9–12], BiVO4 [13], g-C3N4 [14], ZnO [15], single-atom catalysts [16], and
metal–organic frameworks (MOFs) [17,18], have been applied in the research on CH2O
photooxidation. Despite these materials displaying certain levels of CH2O degradation per-
formance, the efficient degradation of CH2O over inorganic semiconductors is hindered by
the severe recombination of photogenerated charges [19–22]. Additionally, their complex
structures make the elucidation of mechanisms behind CH2O adsorption and oxidation
challenging [23,24].
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Covalent organic frameworks (COFs) with well-defined units, high surface areas, and
abundant porous structure, have garnered extensive attention for enhancing CH2O oxida-
tion performance and elucidating oxidation mechanisms [25–27]. The composition of COFs
primarily consists of light non-metallic elements, wherein the atoms are interconnected
through covalent bonds to ensure the coordination saturation of these atoms [28]. While
the high surface area of COFs facilitates enhancing the adsorption capacity for CH2O, the
interaction between CH2O molecules and COFs is predominantly physical adsorption,
which is driven mainly by weak van der Waals forces [29–32]. This leads to difficulties
in the activation and transformation of adsorbed CH2O molecules with adsorption easily
reaching saturation. Under certain conditions, such as high temperature and pressure, these
physically adsorbed CH2O molecules may be released, leading to secondary pollution.
Common modification methods for COFs, such as heterojunction composite and ligand
adjustment, improve their oxidation capabilities to a certain extent [32–35]. However, these
schemes primarily enhance the light absorption and charge separation without funda-
mentally addressing the adsorption mode of CH2O molecules to form stable chemical
adsorption, thus failing to achieve the deep activation of CH2O molecules and reduce the
energy barrier for their oxidative decomposition [36].

Considering the abundant d-orbital electrons in transition metals, which facilitate
bonding with gas molecules in comparison to pristine organic COFs, they are more prone
to forming chemical adsorption with CH2O molecules [37,38]. Therefore, incorporating
transition metals into COFs to enhance the chemical adsorption of CH2O molecules rep-
resents a viable strategy. The exceptional catalytic performance of COFs can be achieved
by loading single atoms, which maximizes the preservation of their high surface area,
porous structure, and atomic utilization efficiency of transition metals [39]. Although
single-atom loading can improve adsorption capacity and molecule activation, the catalytic
transformation of small gas molecules by single atoms is generally incomplete with activity
still in need of enhancement [40]. Thus, embedding dual-atom catalysts in COFs presents a
substantial opportunity to surpass the constraints of single-atom catalysts. However, the
precise design and successful construction of dual-atom catalyst loading sites on COFs
remain significant experimental challenges with few successes [16]. Thus, the strategic
design of dual-atom photocatalysts becomes imperative to direct experimental synthesis
and unveil the underlying mechanisms of CH2O photooxidation.

In this study, nickel was introduced in both single and dual atoms into a covalent
triazine framework (CTF) enriched with pyridinic nitrogen, resulting in the CTF-Ni and
CTF-2Ni variants, and their structural, optical, and catalytic characteristics were inves-
tigated theoretically. The impact of nickel integration on CTF’s structure was initially
explored through X-Ray Diffraction (XRD) and Fourier Transform Infrared (FT-IR) spec-
troscopy. The influence of nickel on the optical characteristics was then investigated using
Ultraviolet-Visible Diffuse Reflectance Spectroscopy (UV-Vis DRS) and X-ray Absorption
Spectroscopy (XAS). The effect of nickel on the internal electric field was examined via
dipole moment analysis, and its impacts on the conduction band, valence band, and
frontier orbitals were assessed using the band structure, density of states (DOS), and
HOMO–LUMO analyses. Charge transfer and separation were analyzed through the work
function and charge density difference. The rate-determining step (RDS) and energy barri-
ers in the CH2O oxidation process were evaluated by changes in the free energy of adsorbed
intermediates. This research aims to serve as a benchmark for the future development of
dual-atom photocatalysts in the photooxidation of CH2O.

2. Computational Details

Density functional theory (DFT) simulations were executed using the Vienna ab
initio Simulation Package (VASP), utilizing the projector augmented-wave (PAW) method.
The exchange-correlation functional was approached through the generalized gradient
approximation (GGA) as proposed by Perdew, Burke, and Ernzerhof (PBE). For surface
calculations, the Brillouin zone sampling was conducted with a mesh of 2 × 2 × 1 K-points.
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The energy cutoff was established at 500 eV. Structural optimizations were pursued until
the convergence criteria for energy and force were achieved at less than 1 × 10−5 eV and
0.02 eV/Å, respectively. To prevent interactions among periodic surface models, a vacuum
spacing of 15 Å was implemented. The consideration of van der Waals (vdW) interactions
was enhanced by incorporating the DFT-D3 method with zero damping, as developed
by Grimme. The computation of Gibbs free energy, ΔG, was formulated as the sum of
the electronic energy change (ΔE), zero-point energy change (ΔEZPE), and the entropy
change (ΔS) times temperature (T), explicitly ΔG = ΔE + ΔEZPE − TΔS. The calculation of
zero-point energies for both isolated and adsorbed intermediates was based on frequency
analysis. Vibrational frequencies and entropies for gas-phase molecules were conducted by
the VASPKIT code [41]. Spectral analyses, including vibration and excited state spectra,
were conducted with the CP2K-2023.2 software package, employing the PBE functional
for system description. The electronic structure was assessed through unrestricted Kohn–
Sham DFT within the Gaussian and plane waves (GPW) approach, using Goedecker–
Teter–Hutter (GTH) pseudopotentials and the triple-zeta valence with a two polarization
functions (TZV2P-MOLOPT-GTH) basis set for all elements. A plane-wave cutoff of
400 Ry was applied, and geometries were optimized employing the Broyden–Fletcher–
Goldfarb–Shanno (BFGS) algorithm. The self-consistent field (SCF) method’s density matrix
convergence was set to 1 × 10−5 Hartree with the force convergence criterion established
at 4.5 × 10−4 Bohr per Hartree. The excited states and their corresponding spectra were
conducted employing the Multiwfn suite [42].

3. Results and Discussion

The distinct structure of CTF reveals the alternating arrangement and connection of
triazine ring (TR) and pyridazine (Figure 1a). For a comprehensive investigation into the
efficacy and specific mechanisms of the photocatalytic CH2O oxidation by single and dual
atoms, we constructed CTF-Ni with Ni single atoms (31.1 wt% Ni) and CTF-2Ni with Ni
dual atoms (47.4 wt% Ni). The Ni single atom is loaded onto an N atom of TR and an
N atom of the connected pyridazine, forming simultaneous bonds with both N atoms
(Figure 1b). In contrast, the other Ni in the Ni dual atoms only bonds with another N
atom within the same pyridazine and the N phase on another TR connected to pyridazine
(Figure 1c). To elucidate the specific mechanism of single- or dual-atom photocatalytic
oxidation of CH2O, a single-layer structure was employed for simulation calculations of
the three aforementioned materials (Figure 1d–f). The structural diagrams highlight that
loading Ni atoms onto the CTF induces a reduction in the pore size. The pore diameter of
the pure CTF is 14.1 Å, whereas after loading Ni single atoms (CTF-Ni), the pore diameter
decreases to 12.3 Å. With the continued loading of Ni atoms to form CTF-2Ni, the pore
diameter further decreases to 10.5 Å, marking a 25% reduction compared to the pure CTF.
The XRD simulation calculations reveal that the primary peak of CTFs were observed
within the 10◦ range. Specifically, CTF exhibits three robust peaks at 5.90, 7.00, and 9.15◦,
respectively. It is worth noting that these three strong peaks of CTF-Ni containing Ni single
atoms are also located at 5.90, 7.00 and 9.15◦, reflecting the pattern of pure CTF. Similarly,
the three prominent peaks of CTF-2Ni align entirely with those of CTF. The XRD results
indicate that the incorporation of Ni atoms does not alter the lattice parameters of CTFs,
affirming the retention of a highly ordered structure. The simulated structures demonstrate
complete uniformity in lattice parameters with a = b = 14.57 Å and c = 15.00 Å for all
three types.

In the following analysis, the bond lengths in three CTF materials are investigated
to assess how single or dual atoms affect the chemical bonds within the CTF (Table 1).
According to previous research findings, the C–N bond length within the isolated TR group
is 1.327 Å [25]. However, within the TR group embedded in CTF, the C2–N1 bond length
expands to 1.347 Å. This expansion signifies that the TR group is influenced by pyridazine,
specifically revealing a repulsive interaction between the N atoms in pyridazine and those
within the TR group. This leads to an extension of the C2–N1 bond length within the TR
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group in CTF. Subsequently, with the loading of Ni single atoms onto CTF, the bond lengths
of N1–C2 and C3–N4 experience an increase. This is attributed to the formation of covalent
bonds between Ni and N, driven by the overlapping of electron clouds, inducing atomic
shifts. Additionally, the larger size of Ni atoms and the generally lower zero-point vibration
energy associated with heavier atoms contribute to their reduced susceptibility to vibration
during covalent bond formation. Lighter atoms, being more prone to thermal vibrations,
may undergo greater deflection during bond formation. Consequently, the N atom shifts
toward the Ni atom, resulting in increased bond lengths for N1–C2 and C3–N4. However,
the bond length of N4–N5 decreases when a single Ni atom is loaded, which shows that
the N atom bonded to Ni on pyridazine moves toward another N on pyridazine under
the influence of Ni. However, when Ni atoms continued to be added to CTF-Ni to form
a Ni diatomic structure, it was found that the bond lengths of N1–Ni6 and N4–Ni6 both
decreased. This shows that the dual-atoms configuration of Ni is more stable than a single
Ni atom. Similarly, the N4–N5 bond length in CTF-2Ni only increases slightly, indicating
that the addition of a single Ni atom has made the N4–N5 bond of pyridazine in a stable
state. This means that dual atoms do not significantly affect the bond lengths within the
CTF. In summary, the introduction of Ni atoms will affect the bond length inside CTF to a
certain extent, thereby significantly changing the light absorption of CTF and affecting the
photooxidation ability of CTF for CH2O pollution.

Figure 1. Top view of crystal structure of (a) CTF, (b) CTF-Ni and (c) CTF-2Ni. Side view of crystal
structure of (d) CTF, (e) CTF-Ni and (f) CTF-2Ni. Simulated XRD pattern of (g) CTF, (h) CTF-Ni and
(i) CTF-2Ni.

The infrared spectroscopy relies on the vibrational motion of atoms within molecules,
encompassing modes like stretching, bending, and twisting. Atoms within a molecule en-
gage in relative vibrational motions, and these vibrations closely correlate with the molecule
structure and bond characteristics. These principles allow for using DFT simulations to
describe electronic structural and molecular vibrations within a quantum mechanical frame-
work. In the simulated infrared spectrum of CTF, characteristic absorption peaks of TR are
observed at wave numbers 1331 and 1476 cm−1 (Figure 2a). Specifically, the 1331 cm−1

peak corresponds to the stretching vibration mode of C–N in TR, while the 1476 cm−1
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peak corresponds to the stretching vibration mode of C=N in TR. For CTF-Ni with the
incorporation of a single Ni atom, characteristic absorption peaks belonging to TR are
retained. The 1345 cm−1 peak corresponds to the stretching vibration mode of C–N in
TR, while the 1487 cm−1 peak corresponds to the stretching vibration mode of C=N in TR.
However, in comparison to CTF, the peak intensity of the TR-associated absorption peak in
CTF-Ni is significantly weakened, indicating that the presence of Ni single atoms strongly
influences the TR vibration in CTF. Similarly, in CTF-2Ni, the characteristic absorption
peak associated with TR is notably weakened. However, with the introduction of single
Ni atoms, a new peak at 629 cm−1 emerges in CTF-Ni, representing the bending vibration
peak of Ni–N. Notably, as the Ni loading increases, the bending vibration peak at 632 cm−1

belonging to Ni–N in CTF-2Ni becomes much stronger than that in CTF-Ni.

Table 1. Bond length of CTF, CTF-Ni and CTF-2Ni.

Bond Length (Å)

N1–C2 1.347 1.378 1.390
C2–C3 1.524 1.465 1.453
C3–N4 1.357 1.399 1.398
N4–N5 1.335 1.324 1.326
N1–Ni6 - 2.124 1.946
N4–Ni6 - 1.813 1.804
Ni6–Ni7 - - 3.446

Figure 2. (a) Simulated IR spectra of CTF, CTF-Ni and CTF-2Ni. (b) Simulated synchrotron X-ray
absorption spectra of the N K edge of CTF, CTF-Ni and CTF-2Ni. (c) Simulated UV-Vis spectra of CTF,
CTF-Ni and CTF-2Ni. (d) Dipole moments on different components of CTF, CTF-Ni and CTF-2Ni.
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XAS revolves around the absorption of inner shell electrons in materials when the
energy of incident X-rays aligns with the energy level of specific element inner-shell
electrons. DFT provides a precise description of these core electrons, rendering it a potent
tool for simulating XAS. Given the lone pair of electrons on N, facilitating its effective
combination with metal Ni to form a Ni single/dual-atom structure, XAS simulation
calculations are executed for the N sites in CTFs materials (Figure 2b). This aims to
elucidate the chemical environment surrounding the N sites in different CTFs. In CTF,
a substantial absorption peak at 396.76 eV corresponds to 1s → π* of N. Specifically, the
1s orbital of N serves as the inner orbital, while the π orbital represents the antibonding
orbital linked to the π bond. The XAS absorption edge manifests when the incident X-ray
energy aligns with the electronic transition from the 1s orbital to the π orbital of the N
atom. Upon the introduction of Ni atoms, the 1s → π* absorption peak of N in CTFs
starts shifting toward lower energy. This shift signifies a reduction in the oxidation state of
the N atom, indicating the acquisition of electrons by the N atom when bonding with Ni.
The appearance of a peak at 399.56 eV in CTF-Ni, absent in CTF, is attributed to a newly
formed electronic excited state resulting from electron transfer from N to Ni during their
bonding. Notably, the peak in CTF-2Ni, positioned at 398.57 eV, is shifted toward lower
energy compared to CTF-Ni. This shift indicates a lower oxidation state of N on the N–Ni
bond in CTF-2Ni, promoting the stability of the N–Ni bond and enabling Ni to consistently
participate in catalytic reactions.

Utilizing DFT for electron transition calculations and employing the Kubo–Greenwood
formula to compute the UV-Vis absorption spectrum, we investigated the impact of Ni
atom loading on the light absorption properties of CTF (Figure 2c). Initially, CTF exhibits
two prominent absorption peaks at 210–299 nm and 308–450 nm, respectively. The peaks
at 210–299 nm may be associated with intramolecular electron transfer, while those in
the 308–450 nm range, within the blue light region, may be linked to diverse electronic
excitation processes. Notably, the absorption edge of CTF is around 450 nm, indicating an
insufficient absorption of visible light. Upon loading Ni atoms onto CTF to form CTF-Ni,
there is a notable extension of the absorption range to 450–750 nm. The absorption edge of
CTF-Ni reaches 750 nm. This extension may be attributed to the interaction between the 3D
orbital of the Ni atom and the orbital of the N atom, causing an adjustment in the energy
level structure of the entire system. Simultaneously, the formation of new chemical bonds,
such as Ni-N bonds, leads to charge transfer processes, which are observable in the UV-Vis
spectrum. Continuing to load Ni atoms into CTF-Ni to create CTF-2Ni with Ni dual atoms,
it is observed that the absorption edge of CTF-2Ni extends to 1000 nm, nearly reaching the
infrared region. Consistently loading Ni atoms onto CTF to form Ni single/dual atoms
enhances the light absorption characteristics of CTF.

The dipole moment magnitudes of the three single-layer CTFs materials were com-
puted using DFT to illustrate the asymmetry of the positive and negative charge distribution
within the CTFs materials (Figure 2d). Firstly, the dipole moment has an impact on the
absorption spectrum of electromagnetic radiation. Molecules with larger dipole moments
are generally more prone to absorbing light in the visible or near-infrared spectral range,
contributing to enhanced photocatalytic activity. Notably, CTF-2Ni exhibits the largest
dipole moment, suggesting that it could possess the broadest absorption edge. This obser-
vation aligns with the findings from the previously calculated UV-Vis spectrum. Secondly,
a larger dipole moment is typically associated with an uneven charge distribution within
CTFs. CTF-2Ni with the largest dipole moment possesses the strongest built-in electric
field, thus facilitating the transfer of photoexcited charge. This implies that during the
photocatalytic reaction process, CTF-2Ni may possess the lowest recombination efficiency
of photogenerated carriers.

To achieve a more profound understanding of the influence of loaded Ni single/dual
atoms on the electronic structure of CTFs, the band structure and state density of the three
simulated CTF materials were calculated. After a detailed analysis of the energy band
structure diagrams for the three CTF materials, it was found that all of them have indirect
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band gaps. Notably, CTF has the widest band gap of 1.30 eV (Figure 3a–c). It is clear that
as the concentration of Ni atoms in CTF increases, the band gap decreases. Specifically,
CTF-2Ni has the smallest band gap at 1.16 eV. This result indicates that low-energy light is
sufficient to excite electrons in CTF-2Ni from the HOMO to the LUMO, facilitating their
participation in the oxidation of CH2O. Simultaneously, the reduced band gap in CTF-2Ni
corresponds to an expanded light absorption edge, indicating that CTF-2Ni can capture
sunlight more efficiently. Incorporating Ni single atoms into CTF shifts the Fermi level
(Ef) from the valence band to the conduction band, resulting in the formation of n-type
degenerate semiconductors (Figure 3d,e). This observation indicates that by incorporating
Ni single atoms, CTF transitions toward a metal-like semiconductor, thereby improving its
light absorption efficiency. Notably, the Fermi level of CTF-2Ni extends further into the
conduction band compared to that of CTF-Ni, indicating that CTF-2Ni possesses a higher
charge transfer efficiency. Furthermore, the specific effects of Ni loading on the density of
states of CTFs are examined (Figure 3d–f). The valence band of CTF is primarily contributed
by the 2s and 2p orbitals of N, whereas the conduction band of CTF is contributed by the
2p orbitals of C and N. This phenomenon arises from the distinct electronic structures of C
and N. It is noteworthy that in CTF-Ni, the 3d orbital of Ni significantly contributes to the
composition of the valence band owing to the coordinate covalent bond between N 2p and
Ni 3d orbitals. With the further formation of the diatomic CTF-2Ni, the contribution of Ni
3d orbitals to the valence band becomes more obvious.

Figure 3. Band structure of (a) CTF, (b) CTF-Ni and (c) CTF-2Ni. Density of states (DOS) of (d) CTF,
(e) CTF-Ni and (f) CTF-2Ni.

To demonstrate the effect of loading Ni single or dual atoms on the electronic structure
of CTFs, 2D top views of the HOMO and LUMO bands for three CTF materials are
displayed. For pristine CTF, the HOMO energy mainly locates on the nitrogen atoms
in pyridazine and adjacent carbon atoms (Figure 4a). Nitrogen on triazine rings also
slightly contributes to the HOMO bands, aligning with the density of states of CTF. The
LUMO band distribution covers carbon and nitrogen in both triazine and pyridazine
(Figure 4d). Introducing Ni single atoms into CTF modifies the HOMO and LUMO bands
significantly, reflecting the strong interaction of the metallic Ni with CTF (Figure 4b,e). Part
of the HOMO bands localizes on single Ni atoms, and the rest is on triazine. Notably, a
large part of the LUMO bands centers on Ni atoms. CTF-2Ni presents notable changes in its
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HOMO and LUMO bands relative to CTF-Ni, further underscoring that Ni can effectively
tune frontier orbitals and active sites (Figure 4c,f). In CTF-2Ni, Ni atoms are the main
contributors to both HOMO and LUMO bands. This highlights the critical role of dual-atom
Ni in CTF-2Ni for the modulation of electrical structure and active sites for CH2O oxidation.

Figure 4. Top view of the HOMO of (a) CTF, (b) CTF-Ni, (c) CTF-2Ni and the LUMO of (d) CTF,
(e) CTF-Ni, (f) CTF-2Ni.

Catalytic formaldehyde oxidation (CFO) calculation results reveal that the rate-
determining step (RDS) for CFO on CTF is the adsorption of CHO on CTF (* + CH2O = *CH2O)
with an energy barrier of 2.57 eV (Figure 5a). The incorporation of Ni atoms significantly
enhances the adsorption energy of CTF for CH2O molecules. The negative adsorption free
energy of CH2O on CTF-Ni and CTF-2Ni suggests that the introduction of Ni enables CTF
to spontaneously adsorb CH2O from the indoor or external environment (Figure 5b,c). The
adsorption free energy of CTF-2Ni shows a stronger negativity, indicating an improved
ability to adsorb CH2O. Furthermore, the intermediates during the CH2O oxidation on
CTF, CTF-Ni and CTF-2Ni are displayed to illustrate the significance of Ni for the oxidation
process of CH2O and decreased energy barrier (Table 2). Initially, CH2O is adsorbed on CTF
through O4–N5 and C3–N6 bonds with the two N atoms on the pyridazine, respectively.
However, the C3–O4 bond in CH2O is stretched to 1.451 Å, which is not conducive to the
catalytic oxidation of CH2O to CO2 in CTF. Furthermore, the low adsorption capacity of
CTF causes the adsorbed CO to desorb easily, resulting in incomplete CH2O oxidation
(Figure 5a). However, incomplete oxidation of CH2O molecules into CO remains detrimen-
tal to human health. The integration of Ni modifies the rate-determining step in the CFO
process by chemically linking the oxygen in CH2O to the Ni atom, enabling Ni-enriched
CTF to adsorb CH2O molecules spontaneously (Figure 5b,c). Moreover, with CTF-2Ni
having twice the Ni content of CTF-Ni, CTF-2Ni can provide more active sites and strong
adsorption capability. In addition, with the introduction of Ni, the RDS of CFO changes
into the conversion of *CO to *COOH (*CO + H2O + h+ = *COOH + H+). Finally, *COOH is
completely oxidized to CO2 under the influence of photogenerated holes. Furthermore, the
reaction energy barriers corresponding to the introduction of Ni single atoms and double
atoms on CTF are 0.89 and 0.63 eV, respectively. This result indicates that diatomic Ni is
thermodynamically more favorable for oxidizing CH2O molecules to CO2 than a Ni single
atom. In summary, Ni diatoms not only facilitate the adsorption and complete oxidation
of formaldehyde molecules but also significantly reduce the reaction energy barrier for
CH2O oxidation.
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* + CH2O = *CH2O (1)

*CH2O + h+ = *CHO + H+ (2)

*CHO + h+ = *CO + H+ (3)

*CO + H2O + h+ = *COOH + H+ (4)

*COOH + h+ = *CO2 + H+ (5)

*CO = * + CO (6)

Figure 5. Free-energy diagrams and key intermediates during the CH2O oxidation for the CH2O
oxidation to CO or CO2 on the (a) CTF, (b) CTF-Ni and (c) CTF-2Ni.
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Table 2. Bond length and angle distribution of CH2O of CH2O, CTF, CTF-Ni and CTF-2Ni.

Structure
Bond Length (Å) Bond Angle (◦)

C3–H1 C3–H2 C3–O4 N5–O4 N6–C3 Ni7–O4 H1–C3–H2 H1–C3–O4 H2–C3–O4

1.118 1.118 1.215 - - - 116.15 121.94 121.911.1

 

1.103 1.095 1.451 1.573 1.466 - 111.84 111.51 113.59

1.105 1.105 1.338 - - 1.857 115.45 118.59 118.47

1.11 1.191 1.343 - - 1.863

To further analyze the direction and quantity of electron transfer in the three CTFs after
adsorbing CH2O, Bader charge analysis was conducted. After CH2O adsorption on CTF,
0.2 electrons transfers from CH2O to CTF (Figure 6a,d). Upon loading Ni onto CTF, CH2O
chemically bonds with Ni on CTF-Ni. However, the electron transfer direction is altered,
and 0.48 electrons transfers from CTF-Ni to CH2O (Figure 6b,e). CTF-2Ni transfers the most
electrons to CH2O with 0.65 electrons transfers from CTF-2Ni to CH2O (Figure 6c,f). These
results demonstrate that the introduction of Ni atoms not only changes the direction of
charge transfer between CTF and CH2O but also alters the quantity of transferred electrons.
During adsorption, the more electrons that transfer between the substrate and the adsorbed
substance, the more favorable the adsorption. The Bader charge analysis shows that CH2O
is most readily adsorbed on CTF-2Ni, whereas CTF offers the least favorable conditions for
CH2O adsorption. The values of the d band centers of CTF-Ni and CTF-2Ni also give the
reason why CTF-2Ni has strong adsorption of CH2O. The d band center of diatomic Ni
moves downward compared to single-atom Ni, which results in fewer electrons filling the
antibonding orbital of Ni 3d (Figure 3e,f). This is a critical factor regarding why diatomic Ni
has a stronger ability to adsorb CH2O than single-atom Ni. Interestingly, the loading of Ni
atoms alters the direction of electron transfer, which is key for the adsorption and activation
of CH2O. In CTF, electron transfer from CH2O to CTF creates an inherent electric field (IEF)
oriented from CH2O toward CTF. This IEF, however, drives photoexcited holes from CH2O
to CTF, hindering CH2O oxidation. The introduction of Ni reverses the direction of IEF,
thus facilitating more photoexcited holes to engage in the oxidation processes of CH2O.

The work functions of the CTF (001), CTF-Ni (001), and CTF-2Ni (001) surfaces are
calculated at 5.4, 4.1, and 3.6 eV, respectively, demonstrating that the incorporation of Ni
leads to a reduction in work function values (Figure 7a–c). Moreover, CTF-2Ni with the
smallest work function may donate more electrons to adsorbed CH2O and elevate CH2O
oxidation efficiency. This effect primarily arises from Ni acting as an electron donor to
CTF, resulting in an upward shift of the Fermi level. The surface electrostatic potentials
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of the three CTFs offer further insights into the mechanism behind the electron reversal
phenomenon triggered by the addition of Ni atoms (Figure 7d–f). The potential at the N-N
bond position of CTF is low (Figure 7d). Introducing Ni leads to electron transfer from
Ni to the N-N bridge, elevating the potential at the Ni site (Figure 7e,f). However, the
electrostatic potential at the N–N bridge and Ni site are opposite, leading to a reversed
electron transfer after CH2O is adsorbed. As the number of Ni atoms increases, the overall
potential of the CTF decreases further. The electrostatic potential of the N-N bridge in
pyridazine is notably lower in CTF-2Ni compared to CTF-Ni, accounting for increased
electron transfer from CTF-2Ni to adsorbed CH2O.

 

Figure 6. Top view of the optimized (a) CTF, (b) CTF-Ni, (c) CTF-2Ni. Top view of the charge
density difference of (d) CTF, (e) CTF-Ni, and (f) CTF-2Ni adsorbed with CH2O with an isosurface of
2 × 10–3 e/Å3 (charge accumulation is marked in yellow, while reduction is in cyan).

Figure 7. Electrostatic potentials of (a) CTF (001) surface, (b) CTF-Ni (001) surface and (c) CTF-2Ni
(001) surface. Electrostatic potential diagram of (d) CTF, (e) CTF-Ni and (f) CTF-2Ni.

4. Conclusions

In summary, this work explores the photooxidation of CH2O over pristine CTF and
CTF embedded with single and dual Ni configurations. First, incorporating Ni into CTF
slightly reduces the band gap and induces a modest redshift of absorption edge, thereby
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facilitating visible and near-infrared light absorption. In addition, the introduction of Ni
lowers the work function and elevates the Fermi level, consequently reversing photoexcited
charge transfer compared with pristine CTF and driving the hole from the CTF-2Ni to CH2O
to be involved in photooxidation processes. Moreover, the introduction of Ni intensifies
the dipole moment of CTF-2Ni and induces a strong IEF, boosting photoexcited charge
separation. More importantly, the strong chemical adsorption and increased charge transfer
of CH2O over CTF-2Ni endow CH2O with sufficient activation, thus decreasing the energy
barrier of CH2O photooxidation and completely converting CH2O to CO2. This work
provides a reference for designing dual-atom covalent organic frameworks for the complete
photooxidation of CH2O.
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Abstract: Large volumes of wastewater containing toxic contaminants (e.g., heavy metal ions, or-
ganic dyes, etc.) are produced from industrial processes including electroplating, mining, petroleum
exploitation, metal smelting, etc., and proper treatment prior to their discharge is mandatory in order
to alleviate the impacts on aquatic ecosystems. Adsorption is one of the most effective and practical
methods for removing toxic substances from wastewater due to its simplicity, flexibility, and eco-
nomics. Recently, hierarchical oxide composites with diverse morphologies at the micro/nanometer
scale, and the combination advantages of oxides and composite components have been received wide
concern in the field of adsorption due to their multi-level structures, easy functionalization character-
istic resulting in their large transport passages, high surface areas, full exposure of active sites, and
good stability. This review summarizes the recent progress on their typical preparation methods,
mainly including the hydrothermal/solvothermal method, coprecipitation method, template method,
polymerization method, etc., in the field of selective adsorption and competitive adsorption of haz-
ardous substances from wastewater. Their formation processes and different selective adsorption
mechanisms, mainly including molecular/ion imprinting technology, surface charge effect, hard-soft
acid-base theory, synergistic effect, and special functionalization, were critically reviewed. The key to
hierarchical oxide composites research in the future is the development of facile, repeatable, efficient,
and scale preparation methods and their dynamic adsorption with excellent cyclic regeneration
adsorption performance instead of static adsorption for actual wastewater. This review is beneficial
to broaden a new horizon for rational design and preparation of hierarchical oxide materials with
selective adsorption of hazardous substances for wastewater treatment.

Keywords: hierarchical oxide composites; preparation method; hazardous pollutants; selective
adsorption; selective adsorption mechanism

1. Introduction

With industrial development, wastewater treatment has become one of the most
serious environmental problems. The major pollutants, including metal ions, dyes,and
other toxic organics, in the effluents seriously harm biodiversity, ecosystem functions, and
aquatic systems. Some methods, including ion exchange, chemical precipitation, adsorp-
tion, membrane separation, and electrochemistry treatment, are applied for wastewater
treatment. Among them, adsorption has aroused widespread concern because of its conve-
nient and flexible operation, high efficiency, and friendly and regenerative characteristics.
Furthermore, some pollutants are valuable and can be reused after separation from the
pollution system. Therefore, it is necessary and urgent to rationally design and prepare
novel materials with special selectivity towards specific pollutants for different situations.

In the past years, many hierarchical oxides with multi-level structures and diverse
morphologies resulting in improved physicochemical and surface properties and potential
applications including photocatalysis [1], ion detection [2], membrane separation [3], and
adsorption [4] have been reported. The construction of their structures is usually considered
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to be a process of self-assembly from a low-dimensional structure to a high-dimensional
structure. Commonly, hierarchical oxide has the advantages of a high surface area, ease
of modification, special application structure, and various morphologies. Especially, the
well-structured hierarchical structure with an interconnected porous network facilitates the
movement of pollutants to the exposing active sites located on the pore walls, resulting in
better diffusion and adsorption process. Therefore, with rational design, preparation, and
modification of functional groups, hierarchical oxide composites show great potential for
selective adsorption of specific pollutants from wastewater.

Applications of hierarchically structured metal oxides, including cobalt oxide, iron ox-
ide, and ceria, for the removal of As(V) and Cr(VI) ions in water [5], metal oxide heterostruc-
tures for arsenic removal from contaminated water [6], MgO with micro-nanostructures
and composites of nano-MgO-based materials focusing on their composition and applica-
tion [7], and different hierarchical nanostructures of TiO2 for energy and environmental
applications [8] have been concisely reviewed. Thereafter, rationally designing appropriate
hierarchical oxide composites for effective removal of hazardous pollutants has been the
top strategy for wastewater treatment. Herein, recent research progress on their develop-
ment and selective adsorption of hazardous substances from wastewater, together with
their selective adsorption mechanisms, was presented to deepen their understanding and
promote their applications in wastewater treatment. Especially, our focus is on the effects
of their hierarchical structures with diverse morphologies instead of hierarchical porous
structures with multi-level pores, including macro-, meso-, and micropores.

2. Preparation of Hierarchical Oxide Composites with Selective Adsorption Abilities

2.1. Hydrothermal/Solvothermal Method

The hydrothermal/solvothermal method is widely used to prepare hierarchical mate-
rials via dissolution and recrystallization processes in a sealed pressure vessel. It has the
advantages of a relatively uniform distribution of particle sizes, poor particle aggregation,
complete grain development, and easy control of the morphology in a specific direction. It
is worth noting that polyols are usually used as solvents, such as ethylene glycol (EG) [9]
and triethylene glycol [10], and under solvothermal conditions, the mixed water-polyol
solvent plays a key role in controlling the self-assembly of oxide nanoparticles to form a
hierarchical morphology. For example, Liu et al. [11] adopted a modified hydrothermal
process and followed heat treatment to fabricate an octahedral ZnO/ZnFe2O4 composite
using FeCl3·6H2O and ZnCl2 as the metal resources, CH3COONa as the assistant, and EG
as the solvent. Figure 1 shows that the octahedron composite presents particle sizes of about
200 nm composed of three elements (Zn, Fe, and O) uniformly. The ZnO/ZnFe2O4 can ad-
sorb malachite green (MG) with a maximum adsorption capacity as high as 4983.0 mg·g−1

from mixed dye solutions including methyl orange (MO) and rhodamine B (RhB) via ion
exchange. Due to that, its pore volume and pore sizes can be adjusted by different heat
treatments. Hierarchical rod-like CuO with a remarkable affinity for hazardous dichromate
adsorption properties was also hydrothermally synthesized, and its inherent self-assemble
structure and high surface area allowed the creation of effective adsorption sites. However,
it is interesting that rod-shaped CuO nanomaterials could not be obtained in the absence
of EG [12]. EG was also used as a solvent in our lab to prepare Fe3O4 microspheres with
an average diameter of about 500 nm. After modification with chitosan, the composite
showed more than 90% removal efficiency for Cr(VI) in the presence of various cations,
including Cd2+, Cu2+, Zn2+, and Ni2+, or anions, including Cl−, C2O4

2−, SO4
2−, and

HPO4
2− [13]. During the hydrothermal process, the growth of nanoparticles was achieved

by the condensation of hydroxyl groups in alcohols, resulting in the local formation of
trace water.
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Figure 1. (a) FESEM (inset is a high solution image of a particle), (b,c) FETEM, (d) HRTEM images of
the ZnO/ZnFe2O4 nanoparticles; EDS elemental mapping images to the corresponding area: (e) Zn,
(f) Fe, and (g) O [11]. (In (c), images I and IV are the TEM scannograms from different perspectives of
a same octahedral particle, photo-illustrated as images II and III, respectively).

Hydrothermal time is an important factor that significantly affects the formation of
hierarchical structures. Wu et al. [14] used a similar method to prepare porous α-MoO3 for
selective removal of Pb2+ in a solution containing Cu2+, Zn2+, Cr3+, and Cd2+ through the
formation of lead molybdate by MoO3 and Pb2+ as follows:

MnO3 + H2O +Pb2+ → PbMnO4 + 2H+ (1)

The SEM with different times shows that the α-MoO3 nucleuses can gradually aggre-
gate to form flower-like microspheres with diameters of 2.5–4.5 μm composed of massive
nanobelts. Then, they grew on capillaries to obtain hand-like nanosheet arrays along the
preferential orientation.

Some researchers used hierarchical oxides of rare earth elements, including La-, Ce-,
to remove pollutants. For example, Chen et al. [15] prepared a three-dimensional (3D)
graphene-La2O3 composite composed of graphene and La2O3 particles, which were pre-
pared in advance and then heated together. La- could bind to graphene through La-O,
and the composite achieved 100% removal efficiency for phosphate through La-O-P in
the presence of Cl−, SO4

2−, and NO3
−. Rotzetter et al. [16] also proved that La2O3 could

adsorb phosphate as follows:

La2O3 + 2HPO4
2− + H2O → 2LaPO4 + 4OH− (2)
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Likewise, Sun et al. [17] used La- to synthesize lanthanum molybdenum oxide with
an average diameter of about 270 nm, and it showed almost removal efficiency of 100% for
various mixed dyes with multi-sulfonic groups. Because La- center lacks electrons, it can
attract electron-rich groups such as sulfonic groups. Furthermore, Tong et al. [18] reported
a cerium oxide doped by two-dimensional (2D) molybdenum disulfide nanosheets. CeO2
nanoparticles (3–5 nm) could grow on 2D MoS2, and the maximum adsorption capacity
of MoS2/CeO2 nanohybrids for Pb2+ is 333 mg·g−1 at a pH value of 2.0. It also showed
an amazing selective adsorption for Pb2+ from the coexisting ions of K+, Na+, Ca2+, Mg2+,
Mn2+, Cr3+, Co2+, Ni2+, Zn2+, Cu2+, and Cd2+ due to the coordination effect between S
and Pb.

The development of TiO2-based composites for pollution removal has also attracted the
attention of researchers. For example, Lee et al. [19] reported a hydrothermal preparation
of flower-like TiO2-graphene oxide (GO). Nonmetallic oxides GO (100 nm in diameter)
with oxygen-containing functional groups was used as a supporting matrix to induce the
self-assembled growth of 3D flowerlike TiO2 nanoparticles. The GO-TiO2 showed the
following adsorption order: Zn2+ > Cd2+ > Pb2+ due to ionic radius or electronegativity
effects. Similarly, Xie et al. [20] designed a simple method to synthesize layered protonated
titanate hierarchical microspheres with average diameters of 2 μm and an extremely high
specific surface area of 450 m2·g−1, and the self-assembly process was achieved through
aggregation, crystallization, and growth processes (Figure 2). This material shows specific
selectivity for methylene blue (MB) compared to MO, cresol red, and RhB, and the two key
factors affecting adsorption capability are the electrostatic interaction and steric structure
of the organic dyes.

Figure 2. SEM images of the products at the early stage of the reaction: (a) 2 h, and (b) 6 h [20].

Using waste biomass or carbon as a dispersion carrier of metal oxides to prepare
composites could reduce their agglomeration, further enhancing their adsorption per-
formance via a synergistic effect. For example, durian shell fibers modified with Cu-Al
bimetallic oxide (Cu-Al/DBF) with hierarchical structure were hydrothermally synthe-
sized, and the Cu-Al/DBF was used to remove ammonia nitrogen from wastewater. Its
maximum adsorption capacity was 18.04 mg·g−1 fitted from the Langmuir isotherm due
to the synergistic effect of biomass carbon, alumina, and copper oxide [21]. Furthermore,
the magnetic Fe3O4@C hollow microspheres obtained by a solvothermal method coupled
with an annealing strategy showed an adsorption capacity of 197.2 mg·g−1 for Cr(VI). Es-
pecially, the magnetic Fe3O4 core can provide easily separated characteristics by magnetic
separation, and the carbon layers can effectively prevent the aggregation of the magnetic
Fe3O4 nanoparticles [22].

Deep eutectic solvents (DESs), as a type of ionic liquid analog, are regarded as an
alternative to conventional solvents in the fields of material chemistry. Li et al. [23] reported
uniformly distributed MgO microcubes based on DES consisting of MgCl2·6H2O and urea
with a molar ratio of 1:2 via a solvothermal method and the following calcination process.
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Their adsorption capacities for anionic dyes Congo red (CR), Amaranth, and Indigo carmine
were 666.7, 43.74, and 54.32 mg·g−1, respectively, at 25 ◦C, relating to electrostatic attraction
and hydrogen bonding.

2.2. Coprecipitation Method

Coprecipitation is a method of adding precipitant into a mixed metal salt solution
to precipitate two or more cations together to form a precipitate. Its typical application
is the preparation of magnetic Fe3O4, and this process achieves the transformation from
zero-dimensional nanoparticles to 3D microspheres using Fe2+ and Fe3+ as the cores for
forming 3D core-shell material. Wang et al. [24] designed a core-shell magnetic calcium sili-
cate/GO; the average diameter of Fe3O4 nanoparticles coated by calcium silicate was about
10 nm. The composite showed selective adsorption for acridine orange via electrostatic,
hydrophobic, and π-π interactions. Zavareh et al. [25] also reported a Cu-chitosan/Fe3O4
nanocomposite to selectively adsorb phosphate in the presence of chloride, nitrate, and
sulfate, whose concentrations are 10 times higher than phosphate due to complex formation
between Cu(II) and phosphate; the mean size of magnetite nanoparticles was between 20
and 30 nm.

This method can be extended to prepare other composite metal oxides. For example,
Rahman et al. [26] synthesized Ag2O3-ZnO nanocones for selective Co(II) adsorption un-
der the interference of Cd(II), Co(II), Cr(III), Cu(II), Fe(III), Ni(II), and Zn(II). The growth
mechanism of nanocones could be described as a process of self-assembled nucleation and
subsequent aggregation. The final product shows a 3D nanocone composed of nanoparti-
cles, and the mean length and cross-section (center) of the nanocones were approximately
1.42 mm and 0.53 mm, respectively. Similarly, Marwani et al. [27] prepared a CdO coor-
dinated Fe2O3 composite of aggregated nanofiber with an average width size of 70 nm
using cadmium and ferric salts as metal resources and NaOH as precipitant, respectively.
The selective research indicated that Pb(II) showed the highest distribution coefficient (Kd)
value of 1.21 × 105 mL·g−1 among the coexisting cations, including Cd(II), Co(II), Cu(II),
Cr(III), Cr(VI), Fe(III), Ni(II), and Zn(II). As another example, hierarchical Ti3C2@FeOOH
nanocomposites for antimony-contaminated wastewater treatment were developed via
in-situ anchored FeOOH into the interlamination of alkali-treated Ti3C2 nanosheets, and
they showed excellent adsorption capacities for both Sb(V) and Sb(III), with the maximum
adsorption capacities of 93.22 and 111.50 mg·g−1, respectively, based on isotherm analysis.
They also showed superior selectivity, especially for Sb(III), irrelevant to foreign anions [28].
A flower-like AlOOH/AlFe intermetallic composite with a high adsorption rate and adsorp-
tion capacity for As(V) removal up to 200 mg·g−1 was prepared via direct precipitation of a
bimetallic Al/Fe nanopowder with water at 60 ◦C, indicating that this micro/nanostructure
with a specific surface area of 247.1 m2·g−1 facilitated deliverability [29].

Hierarchical MgO is also being shown applications for removing various pollutants.
For example, an EG-assisted precipitation route was developed to prepare 3D flower-like
MgO samples at room temperature. The Mg2+ coordinates the -OH groups of EG to form
an alkoxide coordination complex in a basic medium with different divalent cations to form
sheets arranged in an ordered way to construct microspheres. The MgO showed the highest
adsorption capacity of 574.71 mg·g−1 for phosphate [30]. Then, a 3D nest-like porous
magnetic MgO hybrid (Fe3O4/MgO) with a specific surface area of 135.2 m2·g−1, uniform
mesochannels of 5–35 nm, and easily separated characteristics (Figure 3) was controllably
synthesized based on a seed-induced precipitation process containing a suspension of
Fe3O4 nanoparticles with an average diameter of 200 nm and following calcination of the
precursor. The Fe3O4/MgO had a good removal performance for simultaneous removal of
12 polycyclic aromatic hydrocarbons (PAHs) and Cd2+ with fast adsorption (~0.25 h) and
high removal efficiencies (>70% for PAHs and >80% for Cd2+, respectively) [31].
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Figure 3. SEM images of Fe3O4 ((a)-1), Fe3O4/MgO ((a)-2–(a)-4), XRPD patterns of Fe3O4,
Fe3O4/MgO (b) and the performance of magnetic separation (c) [31].

2.3. Template Method

Template synthesis is a process in which materials with a nanostructure, unique mor-
phology, and low cost are used as templates, and related materials are deposited into
their holes or surfaces by chemical or physical methods. Then, the template is removed
to obtain the desired hierarchical materials. Templates include soft templates and hard
templates. Surfactants such as polyvinylpyrrolidone (PVP), cetyl trimethyl ammonium
bromide (CTAB), polyethylene oxide-polypropylene oxide-polyethylene oxide (P123), etc.
are used as soft templates to influence the morphologies and pore structures of the metal ox-
ides. Li et al. [32] reported a PVP-assisted preparation method of hollow Fe3O4 with a mean
diameter of 300 nm. Firstly, a hollow Fe3O4 precursor (Figure 4a,b) was prepared using
FeCl3·6H2O assisted by sodium citrate and urea in deionized water; then, PVP was added
following a hydrothermal process. Then, the PVP was removed by a 2-aminoterephthalic
acid solution of ethanol to obtain hollow Fe3O4. Figure 4c depicts Fe3O4 with NH2-MIL-
101(Fe) doped with inner hollow structures, while Figure 4d shows the layers belonging to
NH2-MIL-101(Fe). The as-prepared adsorbent showed selective adsorption for phosphates
in the presence of Cl−, F−, Br−, NO3

−, and SO4
2−.

Figure 4. SEM (a) and TEM (b) images of hollow Fe3O4 precursor, and TEM (c,d) images of the
as-prepared hollow porous magnetic Fe3O4@NH2-MIL-101(Fe) [32].

Cai et al. [33] designed hollow C@SiO2 nanoparticles using CTAB as the template.
Their mean sizes were approximately 500 nm, while the sizes of the core and the shell
were 450 nm and 50 nm, respectively. CTAB was removed by ethanol and HCl solutions,
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resulting in a porous structure with a high specific surface of 150.57 m2·g−1. The adsorption
capacity of C@SiO2 nanoparticles for Cr(VI) was 90.53 mg·g−1 in the presence of Cu(II),
Cd(II), Zn(II), and Ni(II), which just declined 10% compared with no interfering cations.
Furthermore, anions like Cl− and NO3

− showed no influence on Cr(VI) adsorption, while
SO4

2− and HPO4
2− could slightly affect it due to the similar hydration degree with HCrO4

−.
It was found that adding an appropriate amount of CTAB can change the morphology,
pore properties of hierarchical MgO and its adsorption behavior for phosphate in a CTAB-
assisted solvothermal route. Especially, the gardenia flower-like MgO with the highest
specific surface area of 336.54 m2·g−1 and a total pore volume of 0.843 cm3·g−1 showed the
highest adsorption capacity of 348.32 mg·g−1 for phosphate with a short equilibrium time
of 4 h [34].

Hierarchical structures also include mesoporous materials, which possess several
levels of structure via soft template modification. For example, Sarafraz et al. [35] used
P123 as the template to prepare phosphonic functional groups-modified mesoporous sil-
ica microspheres for uranium selective adsorption, and P123 was removed via a boiled
mixture of methanol and HCl. Similarly, Yang et al. [36] used P123 to synthesize phospho-
ric mesoporous silica with ion-imprinting technology for selective removal of uranium.
The above researches showed that the phosphorous group is beneficial for selectively
capturing uranium.

Unlike soft templates, hard templates, such as carbon, carbonate, and silica, can retain
their morphologies in the sample. For example, Zhang et al. [37] prepared the porous Al2O3
microspheres/acrylic ester resin hybrids for selective absorption of oil and organic solvent
via a microwave polymerization process by using Al2O3 spheres as modifiers. The Al2O3
microspheres with an average size of 2.0 μm were obtained using glucose as the carbon
source of the carbon template from a combined hydrothermal and sintering processes,
followed by surface modification with the silane coupling agent KH 570 (Figure 5) to
enhance their hydrophobicity and reactivity. Pervaiz also reported a sacrificial carbonate
template coupled with organic ligands and polymers for preparing cobalt iron oxide
microspheres via a soft prototype route. They showed a high specific surface area of
786 m2·g−1 and a high magnetism of 63 emu·g−1, and were excellent adsorbents and
catalysts for the oxidative-dissociation of RhB and 4-Nitrophenol from water at room
temperature [38]. In another example, Zhang et al. [39] synthesized mesoporous δ-Bi2O3
using SBA-15 silicas prepared by different silicon sources as hard templates, which were
later removed by a 2 M NaOH solution. The δ-Bi2O3 showed a selective adsorption capacity
of 2.21 mmol·g−1 for I− in the presence of Cl−.

Figure 5. Schematic illustration for preparation and surface hydrophobic modification of Al2O3

spheres, SEM images of alumina/carbon spheres (a,b); and hollow Al2O3 microspheres (c,d) [37].
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2.4. Polymerization

Polymerization is usually used to combine polymers with metal oxides, and some
core-shell structures are modified by polymers to obtain special functionality. For example,
Kliangsuwan et al. reported a hierarchical composite which was incorporated a nanocom-
posite of zinc oxide and carbon foam embedded in a magnetic molecularly imprinted
polymer (ZnO@CF@Fe3O4-SiO2-NH2@MIP) for extracting sulfonamides (Figure 6). The
foam nanocomposite helped to improve the adsorption performance of sulfonamides; the
molecularly imprinted polymer (MIP) provided highly specific recognition cavities for
three sulfonamides, and the magnetic material enabled its simple and rapid separation after
adsorption and desorption. This developed strategy determined sulfonamides in milk and
water, with extraction recoveries between 84.3 and 96.2% [40]. In another example, Zhang
et al. [41] prepared a Fe3O4/PANI/MnO2 core-shell hybrid with a diameter of 300 nm,
and the coating thicknesses of polyaniline (PANI) and MnO2 shells could be controlled
by determining the polymerization time and KMnO4 amount, respectively. It was found
that the superior adsorption capacity of this hybrid for Cd(II), Zn(II), Pb(II) and Cu(II) was
attributed to the synergetic effect between PANI and MnO2. Gu et al. [42] also designed an
amino functionalized Fe3O4@SiO2 core-shell structure with a mean diameter of 320 nm by
one-pot co-condensation. The Fe3O4@SiO2 modified by amino silane contained one N atom,
and it showed the adsorption amount for multiple ions solution containing Cr(VI), Cu(II),
Ni(II), Zn(II) and Cd(II) at the same time due to the abundant amino and hydroxyl groups
of the adsorbent. Compared with that without interference ions, it is noteworthy that its
adsorption capacity for Cr(VI) did not decrease. In addition, Hwang et al. [43] prepared a
porous phenol resin containing lithium manganese oxide (LMO) through polycondensa-
tion and carbonization for selective adsorption of lithium. Poly(vinyl alcohol) (PVA) and
hexamethylenetetramine were chosen as the stabilizer and the curing agent, respectively.
Finally, the LMO microspheres with a rough surface were obtained. Hierarchical porous,
magnetic Fe3O4@carbon nanofibers (Fe3O4@CNFs) based on polybenzoxazine precursors
have been synthesized by a combination of electrospinning and in situ polymerization at
250 ◦C. The fibers with an average diameter of 130 nm were comprised of carbon fibers with
embedded Fe3O4 nanocrystals and showed a high specific surface area of 1885 m2·g−1 and
a pore volume of 2.3 cm3·g−1. The Fe3O4@CNFs showed efficient adsorption properties
for organic dyes in water and excellent magnetic separation performance [44].

Figure 6. The preparation procedure of the proposed hierarchical nanocomposite ZnO@CF@Fe3O4-
SiO2-NH2@MIP adsorbent for the extraction of sulfonamides [40].

2.5. Other Preparation Methods

Other preparation methods, mainly sol-gel, electrospinning, reflux, thermal decom-
position, and chemical bath deposition, could also be used to prepare hierarchical oxide
composites for pollutant removal via adsorption. Sol-gel method: hierarchical magnetic
graphene oxide-titanate nanocomposites (MGO@TNs) with a high specific surface area of
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193.4 m2·g−1 and magnetite nanoparticles anchored on them were prepared via a modified
sol-gel and subsequent alkaline hydrothermal process. When 3 g·L−1 MGO@TNs was used
for removing Pb(II) from stimulated realistic battery wastewater, safe discharge with a
concentration lower than 0.05 mg·L−1 could be achieved due to ion exchange and surface
complexation [45]. Electrospinning method: Min et al. [46] reported an electrospinning
chitosan/Fe-Mn nanofibrous composite (Fe-Mn@CS NF) to remove trace As(III) from wa-
ter, and its concentration decreased from 550 μg·L−1 to less than 1.2 μg·L−1 while using
0.5 g·L−1 Fe-Mn@CS NF. The presence of F− or SO4

2− showed a negligible impact on
As(III) removal, while PO4

3− impeded its adsorption via competing for adsorption sites.
Reflux method: Solanki et al. [47] reported a 3D flower-like Fe3O4 architecture decorated
with SALDETA moieties via refluxing the reaction mixture (Figure 7). This magnetical
composite showed excellent adsorption capacity of 415.5 mg·g−1, faster kinetics of 8 min,
rapid separation of 40 s, facile regeneration of 5 min, and good reusability of 5 runs for
Pb2+ ions resulting from its hierarchical structure, immobilized functional groups, and
chelation property. Electrostatic self-assembly method: to solve the disadvantages of eas-
ily distorted and aggregated into other uncontrolled morphologies for 2D lamellar-like
graphene, resulting in a remarkable decline in performance, 3D macroporous reduced
GO-Fe3O4 nanocomposites were synthesized via an electrostatic self-assembly method.
They showed high adsorption capacities, rapid adsorption rates for Cr(VI), and easy mag-
netic separation for reusability. Interestingly, the Fe3O4 nanoparticles serve as stabilizers
for separating graphene nanosheets from aggregation, while the graphene nanosheets
favor hindering them from agglomeration and enabling their good distribution on the
surface of graphene [48]. Thermal decomposition method: ferromagnetic 3D flower-like
γ-Fe2O3 particles with an adsorption capacity of 102.7 mg·g−1 for CR were prepared by
a simple direct thermal decomposition method using cheap and nontoxic ferric nitrate
as an iron source and CTAB as a structure-directing agent. With increasing amounts of
CTAB, the morphology of γ-Fe2O3 particles was transformed from 1D to 3D. Especially,
the sample obtained by adding 15% CTAB showed a complete flower-like structure with
smooth petals [49]. Chemical bath deposition method: hierarchical NiO hollow architec-
tures (HPHAs) assembled from nanoflakes with a thickness of about 8 nm were synthesized
via a one-pot facile chemical bath deposition method and the following calcination process.
The HPHAs showed the maximum adsorption capacity of 490.2 mg·g−1 for CR from the
Langmuir equation due to the synergistic effect of porous structure, large specific surface
area, and the electrostatic attraction of NiO with CR molecules [50].

Figure 7. Schematic diagram of the surface modification of 3D hierarchical Fe3O4 structures and
their adsorption for Pb2+ ions (CPTMS and SALDETA represent 3-chloropropyltrimethoxysilane and
salicylaldehyde-diethylene triamine, respectively) [47].
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2.6. Non-Powder Adsorption Materials

All of the above adsorption materials are powders, and thus it is difficult to separate
them after adsorption unless external forces, such as a magnetic field, are used. Non-
powder materials such as membranes and aerogels with a 3D structure could solve this
problem, and it is interesting that GO is popular to assist in their preparation. For example,
Zhao et al. [51] synthesized a 3D aerogel based on GO modified by positively charged
polyetherimide (PEI) via a sol-gel method. The GO/PEI aerogel with a tunable surface
charge at different pH values was formed after freeze drying and was stable in acidic and
basic aqueous solutions. It showed high adsorption capacities of 249.6 mg·g−1 for MB at
pH 10.5 and 3331.0 mg·g−1 at pH 2.0 for anionic MO, respectively. Likewise, Rahmani
et al. [52] prepared a N-doped reduced GO aerogel with a 3D inter-connected network via
a hydrothermal method. This aerogel exhibited excellent selective adsorption performance
for oil pollutants because of the coordination ability of N. Li et al. [53] designed a GO
membrane functionalized with phenanthroline diamide (GO-PDA) through a modified
sol-gel method.

Furthermore, SiO2 aerogel is a type of material that could be tailored in terms of
its specific features and surface chemistry as an adsorbent for pollutant removal. For
example, Lamy-Mendes et al. [54] synthesized methyltrimethoxysilane (MTMS)-based
carbon nanostructures—silica aerogels via a two-step acidbase-catalyzed sol-gel process,
and they can remove various organic compounds and drugs, and achieve adsorption
capacities of 200 mg·g−1 for xylene and 170 mg·g−1 for toluene, respectively. The addition
of co-precursors containing carbon nanomaterials and/or amine groups was a valuable
tool to alter their properties, thus enhancing their adsorption performance. Zhang et al. [55]
successfully fabricated flexible and hierarchical TiO2-SiO2 nanofibrous mats with supe-
rior adsorption efficiency and recyclable performance for methyl blue removal via sol-gel
metnod and the following calcination process, and they could maintain integrated morphol-
ogy after bending to curvature in which the radius is 0.6 mm, indicating that the brittleness
of inorganic oxides was successfully overcome.

Membrane adsorption is an efficient and easily segregated method for pollutant re-
moval. Park et al. [56] reported a chitosan-coated iron oxide nanocomposite immobilized
hydrophilic poly(vinylidene) fluoride membrane (Chi@Fe2O3-PVDF) to remove Cr(VI)
with adsorption capacities of 14.45 mg·g−1 in a batch system, and 14.10 mg·g−1 in a con-
tinuous in-flow system, respectively. Importantly, its removal efficiency was not changed
significantly in the presence of competing ions, including Cl−, NO3

−, SO4
2−, and PO4

3−.
Our previous work [57] reported a γ-AlOOH/PVA membrane via a sol-gel method, and
it presented a good adsorption capacity for Cr(VI), due to electrostatic interaction. The
adsorption results of coexisting anions (HCO3

−, HPO4
−, C2O4

2−, F−, Cl−, and SO4
2−)

indicated that the composite membrane showed a highly selective adsorption capacity for
Cr(VI) while only HCO3

−, SO4
2−, and HPO4

2− could slightly cause interference due to
the similar radii with HCrO4

−. Moreover, both Sun et al. [58] and Tan et al. [59] used the
sol-gel method with PVA as an adjuvant to form membranes. It seems that this sol-gel
method, assisted by PVA, has the ability to make each component form a uniform 3D net-
work structure. Hierarchical hybrid nanocomposite MgO@PES-PDA membranes were also
constructed by coating MgO nanoparticles on the PES-PDA derived from co-deposition of
polydopamine (PDA) and PEI under mild basic conditions, and such membranes showed
a rapid capture and high destructive adsorption capacity for paraoxon toxin (up to 92%
within 40 min). Especially the smaller MgO-coated PES-PDA membrane with relatively
high MgO content showed the best destructive absorption ability [60].

The advantages and disadvantages of the different preparation methods for prepara-
tion of hierarchical oxides were compared in Table 1.
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Table 1. Comparison of different methods for the preparation of hierarchical oxides.

Methods Advantages Disadvantages

Hydrothermal/
solvothermal method

Beneficial to crystal nucleation and growth,
easy to control morphology.

Slight aggregation, not easy to control in a closed
space; relatively long reaction time; high reaction

temperature; and high pressure.

Coprecipitation
Usually involving metal salts and precipitants, mild

reaction conditions usually occur at room
temperature.

Only be used to prepare metal oxides; similar
precipitation equilibrium constants of metal salts.

Template Precise control of the size, morphology, and
structure, aggregation reduction of nanoparticles.

Structure destruction while removing the
template, limits of the reaction conditions for the

template.

Polymerization Combination of polymer and metal oxide to form
composites with more functional groups.

Complex preparation process, easy aggregation
resulting in destroyed morphology.

Sol-gel
Easy separation, beneficial to form a 3D network,
and homogeneous mixing of components at the

molecular level.

Long reaction time for several days, making it
easy to introduce anionic impurities.

3. Selective Adsorption Mechanism

3.1. Molecular/Ion Imprinting Technology

Molecularly imprinted technology (MIT) was first used in biological detection. In the
field of adsorption, ion imprinting technology (IIP), which is similar to MIP but uses ions as
a template, has received extensive attention. MIT and IIP can generate specific binding sites
for molecules and ions in the adsorbent with a non-biological strategy [61]. The adsorbent
after removing the template showed extremely selective adsorption for target molecules
or ions. Liang et al. [62] prepared a Cr(VI) ion-imprinted polymer using four organic
compounds as chemical additives with different functions. Core-shell Fe3O4@SiO2 was
introduced for easy separation, and GO can prevent Fe3O4@SiO2 from aggregation. The
adsorbent reached adsorption equilibrium within 5 min for Cr(VI), and its adsorption ca-
pacity increased from 182.77 to 301.89 mg·g−1 compared with the sample without using IIP.
Furthermore, its selectivity coefficient for Cr(VI) was high in the presence of Cu(II), Cd(II),
Cr(III), Ni(II), SO4

2− and NO3
− indicating its enhanced selective adsorption performance

for Cr(VI) by using IIP. Compared with cations, its adsorption was significantly affected by
anions because of their similar charge and ionic radii with Cr(VI). Figure 8 showed that
the template ions left identifiable sites in the material after washing by acidified thiourea
solution; the memory effect enabled the adsorbent to adsorb Cr(VI) faster and selectively.
In another example, Zhang et al. [63] used MIP to selectively adsorb 2-aminopyridine based
on magnetic chitosan and β-cyclodextrin, and then a methanol-acetic acid solution was
chosen to remove the template. Compared with the adsorbent obtained without template,
the adsorption capacity of the adsorbent obtained with template increased three times, and
it also showed a higher selectivity for 2-aminopyridine in the presence of its structural
analogues or coexistent ions (Na+, K+, Mg2+, Ca2+, Cl−, and SO4

2−) due to the recognition
effect. Similar reports were also reported [64–66], and the key of MIP or IIP is to add the
adsorbate to the adsorbent as the template. After removing the template, a highly selective
adsorbent for this adsorbate can be obtained.

3.2. Electrostatic Interaction
3.2.1. Surface Charge Effect

Because many pollutants are charged, selective adsorption can be achieved by choos-
ing a material with appropriate opposite charges [67]. Chen et al. [68] designed a Fe3O4@NH2@
PEI core/shell composite, and the average size of the Fe3O4@NH2 cores was 40 nm, while
the average shell thickness was 40 nm. NH2- groups act as a bridge for PEI to be loaded on
the magnetic core. Due to the fact that PEI is positively charged, it can selectively adsorb
anionic dyes from a mixed solution of cationic and anionic dyes; the adsorption can reach
equilibrium within 30 min. Likewise, Huang et al. [69] prepared a similar Fe3O4@Tb/AMP

114



Toxics 2024, 12, 447

core-shell composite with a mean size of 10 nm. It showed similarly selective adsorption
performance for anionic dyes because adenosine 5′-monophosphate monohydrate (AMP)
was positively charged in the solution. Sarkar et al. [70] synthesized a more flexible amine-
functionalized reduced graphene oxide-carbon nanotube hybrid (rGO-CNT-PPD) with
an average width of 20 nm. As shown in Figure 9, rGO-CNT-PPD can selectively adsorb
cationic dyes in an acidic environment, while it shows selective adsorption performance
for anionic dyes in a neutral environment because of the change in surface charge.

Figure 8. Schematic of synthesis route of Cr(VI) imprinted polymer (the meanings of the corre-
sponding abbreviations are as follows: tetraethoxysilane (TEOS), 3-aminopropyltriethoxysilane
(APTES), 4-vinyl pyridine (4-VP), 2-hydroxyethyl methacrylate (HEMA), ethylene glycol dimethacry-
late (EGDMA), N,N-azoisobisbutyronitrile (AIBN), ion-imprinted polymer (MGOIIP)) [62].

Figure 9. Effect of pH on adsorption of rGO−CNT−PPD hybrid for methyl violet (MV) and MO [70].
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3.2.2. Hard-Soft-Acid-Base Theory

Hard-soft-acid-base theory (HSAB) claims that acids and bases are divided into hard
and soft categories depending on their different properties. “Hard acid first binds to hard
base, soft acid first binds to soft base” is one of the most important empirical rules to explain
adsorption selectivity. Ashour et al. [71] prepared citric acid and l-cysteine-modified Fe3O4
microspheres (CA@Fe3O4 and Cys@Fe3O4, respectively) to selectively adsorb rare earth
ions (RE3+). The coexistence cations (RE3+, Mg2+, Ca2+, and Ni2+) adsorption experiment
showed that O and N in CA@Fe3O4 and Cys@Fe3O4 are hard Lewis base atoms, and thus
they can selectively complex with RE3+ ions, which are hard Lewis acids. The authors used
separation factor (SF) based on Kd to describe selective ability, and further research showed
that the adsorbent had better selectivity for Gd3+ and Nd3+ than La3+ and Y3+, indicating
that a moderate ion radius was beneficial to adsorption. In another example, Wu et al. [72]
developed 3D S-impregnated nano-MnO2 nanorods with lengths ranging from 300 to
800 nm for selective removal of Pd2+. The competitive adsorption experiment showed
that the S atom is a soft base that can bind with a soft acid, Pd2+. However, interfering
ions Ni2+, Cu2+, Zn2+, and Co2+ are hard Lewis acids, so they cannot be adsorbed. Fu
et al. [73] also prepared a 2D porous Fe3O4/Poly(C3N3S3) nanocomposite for selective
removal of Pb2+ and Hg2+; the average size of Fe3O4 was about 7.5 nm while the pore
size of the poly(C3N3S3) network ranged from 5 to 500 nm. The competitive adsorption
experiment showed that Hg2+ as a soft acid, can be easily bound to S, while Pb2+ and Cu2+

as intermediate acids have a medium affinity for the nitrogen groups. On the contrary,
Mg2+ and Ca2+ are hard acids, so Fe3O4/Poly(C3N3S3) has the worst adsorption selectivity
for them.

3.3. Synergistic Effect

Different from other adsorption mechanisms, the synergistic effect refers to the com-
bined work of each component, resulting in selective adsorption ability. Chen et al. [74]
prepared a PPy/TiO2 core-shell composite that can selectively adsorb heavy metal ions.
The SEM images showed that TiO2 was the core while polypyrrole (PPy) was the shell. It
was found that the selective adsorption order was as follows: Zn2+ > Pb2+ � Cu2+, and the
result cannot be explained by any known theory. The adsorption mechanism is a synergistic
effect, which can be briefly described in Figure 10. PPy can conduct a doping-dedoping
process, through which TiO2 displays a selective adsorption performance towards Zn2+,
Pb2+, and Cu2+. However, the reason for the higher adsorption tendency of TiO2 to Zn2+

than Cu2+ is unknown.

Figure 10. Synergistic adsorption between PPy and TiO2 in the PPy/TiO2 composite of selective
adsorption for heavy metal ions [74].
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Zhang et al., presented a hydrothermal synthesis of hierarchical rod-like mesoporous
Mg-Al bimetallic oxides (Mg/Al-BOs) with a high specific surface area of 472.4 m2·g−1

and high adsorption capacity, selectivity, and reusability for U(VI) uptake via both surface
complexation and electrostatic interaction [75]. The oxygen-containing groups on the
surface of Mg/Al-BOs play significant roles in the U(VI) adsorption in addition to the
electrostatic attractions, for which the complexation process could be described as follows:

≡ M−O−+ H2O → ≡ M−OH + OH− (3)

≡ M−OH + U(VI) → ≡M−O−U(VI) + H+ (4)

Bian et al. [76] also found a synergistic effect between ferrite and TiO2. They synthe-
sized a series of core-shell MFe2O4-TiO2 (M=Mn, Fe, Zn, Co, or Ni) to selectively adsorb
toxic UO2+ in the presence of Rb+, Sr2+, Cr3+, Mn2+, Ni2+, Zn2+, and Cd2+. The shell MFe2O4
increased the average diameter of the core TiO2 from 2.5 nm to hundreds of nanometers.
The adsorption mechanism was embodied as follows: at first, M2+ ions act as a mediator to
make holes from MFe2O4 to TiO2; then, TiO2 on the surface can adsorb all cations with hy-
droxyl radicals except UO2+; after that, the remaining UO2+ is adsorbed in the interface of
MFe2O4-TiO2 through holes, leading to selective adsorption. Hierarchical Mg-Al bimetallic
oxide/straw fiber (Mg-Al/SF) was hydrothermally synthesized and incorporated with the
in situ growth method.

Hierarchical Mg-Al bimetallic oxide/straw fber (Mg-Al/SF) was hydrothermally syn-
thesized and incorporated with in the situ growth method. The synergistic combination of
surface adsorption from biomass fiber and chemical adsorption from alumina and mag-
nesium oxide made Mg-Al/SF a promising adsorbent for enhanced phosphorus removal
with the maximum adsorption capacity of 89.37 mg/g [77].

3.4. Special Functionalization

Surface functionalization is an efficient method to reduce the agglomeration of the
powder adsorbents, and it can also improve their stability and adsorption performance.
Some selective adsorptions are achieved by special functionalized adsorbents aimed at
the adsorbate, such as specific ion exchange, special substances, and specific chemical
bonds. Kera et al. [78] prepared a PPy-PANI/Fe3O4 core-shell nanocomposite with mean
sizes of 50–100 nm for selective adsorption of Cr(VI). The protonated N atoms on the
surface of PPy-PANI/Fe3O4 can adsorb Cr(VI) in acidic conditions, and realize selective
ion exchange of Cr(VI) with innocuous Cl−. Therefore, neither cation nor anion could affect
the adsorption, and the maximum adsorption capacity can reach 434.78 mg·g−1. Futher,
Fe3O4 nanoparticles were functionalized by a modified mussel-inspired method with
dopamine (DA) and (3-aminopropyl)triethoxysilane (KH550), thus obtaining core-shell
Fe3O4/poly(DA+KH550) hybrids for MB. The surface of the hybrid is negatively charged
at a higher pH, resulting in interaction with MB molecules via electrostatic attraction,
hydrogen bonding, and π–π stacking, and it showed a maximum adsorption capacity of
400.00 mg·g−1 for MB, easy separation, and excellent reusability characteristics because of
the high specific surface area and abundant active adsorption sites [79].

Similarly, Wu et al. [80] prepared a La(OH)3/Fe3O4 core-shell nanocomposite with a
maximum adsorption capacity of 83.5 mg·g−1 for phosphate, and the adsorption process
was described as follows:

La − OH + H2PO4
− ↔ La − H2PO4 + OH− (5)

La = OH + HPO4
2− ↔ La = HPO4 + 2OH− (6)

La ≡ OH + PO4
3− ↔ La ≡ PO4 + 3OH− (7)

It seems that harmless –OH groups on La can selectively exchange phosphorus groups
in the actual wastewater containing ions of various concentrations. This result was the
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same as the previous research about phosphate removal via La-based materials, including
lanthanum oxides or lanthanum hydroxides [81].

Some substances or groups have a specific adsorption affinity for certain toxic metals.
For example, Cs+, a widely present rare metal element ion in nuclear radiation wastewater,
can be specifically adsorbed by Prussian Blue (PB), which is analogous because it has
specific recognition ability for Cs+ [82,83]. PB can form specific lattices with Cs+ because
its lattice parameter and hydrated ion radius of 137Cs+ are well matched. U(VI), similar
to Cs+, can preferentially form complexes with phosphorous groups [35,36,84]. As for
fluorine-containing pollutants, it is a good choice to choose fluorine-containing functional
groups to construct adsorbents due to the fluorine-fluorine (F-F) interaction [85,86]. Ta-
ble 2 summarizes the advantages and disadvantages of some current adsorption selection
mechanisms. It was found that adsorbents with good performance can be prepared by
combining the properties of the adsorbates and materials to be used.

Table 2. Comparison of different selective mechanisms.

Mechanism Advantage Disadvantage Selectivity

Molecularly imprinted
polymer or ion imprinting

technology

Adsorption of a specific adsorbate by
introducing a corresponding template,
not easily affected by external factors

Complex preparation method, only
adsorption for single adsorbate, bad

morphology
Excellent

Surface charge effect Adsorption of many adsorbates with the
same charge, wide scope of application

Affected by pH value, influenced by
coexisting ions with the same charge Good

Hard-soft-acid-base theory Suitable for atomically modified
adsorbents

Limited scope of application,
influenced by amphoteric coexisting

ions
Good

Synergistic effect
No modification results in good

morphology; the simple preparation of
adsorbent

Speculative and unclear adsorption
mechanism, limited scope of

application
Good

Special functionalization Adsorption of a specific adsorbate, not
affected by external factors

Useless to multiple pollutants,
limited scope of application Excellent

4. Conclusions

This review mainly focuses on the synthesis methodologies of hierarchical oxide
composites, their selective adsorption performance, and adsorption mechanisms for haz-
ardous substances from the aqueous matrix. Their greatest advantage for the removal of
pollutants is that they can combine the advantages of the physico-chemical characteristics
of all the components and their multi-level structures with diverse morphologies that
realize the effect of “1 + 1 > 2”. However, there still exist some problems for most of the
functionalized hierarchical oxides that influence their selective adsorption performance,
such as the agglomeration of magnetic Fe3O4 modified by polymers. Future research
should focus on retaining their original hierarchical morphology with good dispersibility.
Secondly, although many studies have reported their applications for removing various
pollutants, including heavy metal ions, organic dyes, etc. Most of them are not suitable for
mass-scale preparation for large-scale applications. Therefore, it is of increasing interest
to explore high-efficiency methods for controllable-scale fabrication of hierarchical oxide
composites. Thirdly, though surface functionalization has been proven to be an effective
method to improve the adsorption performance of hierarchical oxides, the amounts of their
functional groups for binding pollutants are strongly dependent on the functionalization
method, whereas the functionalization process of most reported functionalized adsorbents
is cumbersome and time-consuming. Fourthly, simple wet chemical routes, including
hydrothermal/solvothermal methods, coprecipitation methods, and sol-gel methods are
largely limited in utility due to the low pore density of agglomeration and hence the low
specific surface area. To simultaneously avoid these shortcomings, offer monodispersed
structures, and achieve high functionality, soft templates and self-assembled composites
need to be further explored in the near future. Fifthly, most studies are static adsorption for
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the specific model pollutants prepared in the laboratory, and they almost have no practical
application potential. Finally, it is quite difficult for the hierarchical oxide composites
to in-situ monitor their adsorption processes for pollutants, and thus their thorough re-
moval mechanisms for pollutants are unclear in detail. Therefore, future studies should
pay attention to the in-situ adsorption process and the dynamic selective adsorption of
the hierarchical oxide composites for actual industrial wastewater. In short, this review
contains systematically gathered information using highly related references on selective
adsorption of hazardous substances from wastewater by hierarchical oxide composites,
and thus can serve as a starting point for research in the related field.
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Abstract: In situ chemical oxidation (ISCO) is commonly used for the remediation of contaminated
sites, and molecular oxygen (O2) after activation by aquifer constituents and artificial remediation
agents has displayed potential for efficient and selective removal of soil and groundwater contam-
inants via ISCO. In particular, Fe-based materials are actively investigated for O2 activation due
to their prominent catalytic performance, wide availability, and environmental compatibility. This
review provides a timely overview on O2 activation by Fe-based materials (including zero-valent iron-
based materials, iron sulfides, iron (oxyhydr)oxides, and Fe-containing clay minerals) for degradation
of organic pollutants. The mechanisms of O2 activation are systematically summarized, including the
electron transfer pathways, reactive oxygen species formation, and the transformation of the materials
during O2 activation, highlighting the effects of the coordination state of Fe atoms on the capability
of the materials to activate O2. In addition, the key factors influencing the O2 activation process are
analyzed, particularly the effects of organic ligands. This review deepens our understanding of the
mechanisms of O2 activation by Fe-based materials and provides further insights into the application
of this process for in situ remediation of organic-contaminated sites.

Keywords: oxygen activation; Fe-based materials; reactive oxygen species; organic pollutants;
groundwater contamination

1. Introduction

Groundwater is a vital resource for agricultural irrigation, drinking water supply,
and industrial use. However, this valuable resource is becoming increasingly more scarce
due to the excessive extraction and consumption, as well as the widely occurring ground-
water pollution [1–4]. Among the various sources of groundwater contamination are
closed landfills without proper maintenance and “brownfield” sites, which are abandoned
lands left behind after the closure or relocation of industrial or commercial facilities [5–7].
Soil and groundwater in a majority of the sites are contaminated with various organic
pollutants [8], including organic solvents (especially chlorinated solvents) [9], petroleum
hydrocarbons and gasoline products (e.g., benzene, toluene, ethylbenzene, and xylenes,
collectively known as BTEX) [10], polycyclic aromatic hydrocarbons (PAHs) [11,12], pesti-
cides [13], polybrominated diphenyl ethers [14], and perfluoroalkyl and polyfluoroalkyl
substances (PFASs) [15]. For example, in approximately 80% of the Superfund sites, the
groundwater is contaminated with chlorinated aliphatic hydrocarbons [16]. Due to the
chemical stability, low water solubility, and propensity to adsorb onto the soil medium,
these organic pollutants can persist in the subsurface for many years and pose long-term
environmental risks [17,18]. These organic pollutants not only cause harm to the soil
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and subsurface ecological environment [19,20] but also lead to adverse effects on human
health [21–24]. Numerous studies have indicated that exposure to these pollutants can
lead to cancer, diabetes, respiratory and neurological diseases, and reproductive disor-
ders [25–27]. For example, exposure to PAHs accounted for a significant proportion of
lung cancer cases, especially in e-waste processing areas [28]. In recent years, the toxicities
and health risks of emerging organic pollutants have raised increasing attention. Notably,
PFASs can cause immunotoxicity, cardiotoxicity, and pancreatic and liver damage, as well
as endocrine-disrupting effects [29,30]. Therefore, it is urgent to formulate effective strate-
gies for mitigating the ecological and health risks posed by these legacy and emerging
organic pollutants.

Intensive studies have been conducted to develop remediation technologies for soil
and groundwater with organic contamination [31–33]. Among the various remediation
technologies, in situ chemical oxidation (ISCO) methods have received increasing attention
due to their high efficiency and simple operation [34–36]. During ISCO processes, oxidants
such as ozone, potassium permanganate, hydrogen peroxide (H2O2), and persulfate are
injected into the contaminated source zone and then activated when needed, generating
stronger oxidizing species, such as hydroxyl radical (•OH) and sulfate radical [34,36,37].
However, these commonly used oxidants still suffer from some drawbacks, such as low
selectivity, rapid consumption by aquifer constituents, and the risk of secondary pollution.
In particular, their efficiency and cost-effectiveness for removing residual non-aqueous
phase liquids (NAPL) pollutants is low.

Recent studies have found that molecular oxygen (O2) is an ideal green alternative to
the traditional oxidants for ISCO remediation of contaminated soil/sediment and ground-
water. O2 is relatively stable due to unfavorable one-electron reduction chemistry and
spin restriction [38], which is favorable for its delivery to the pollutants without extensive
consumption by aquifer constituents during its transport in the subsurface porous media.
Additionally, groundwater table fluctuation, which can be caused by evaporation and
rainfall, tide, lateral recharge, and drainage, results in the trapping of O2 in unsaturated
soil and saturated aquifers [39]. Under certain conditions, O2 could be activated to form
reactive oxygen species (ROS), such as •OH, singlet oxygen (1O2) and superoxide rad-
ical (O2

•−), and H2O2 [40], mainly via electrochemical- [41], photochemical- [42], and
chemical-activation approaches [38]. The electrochemical- and photochemical-activation
methods require electrical power and light irradiation, as well as devices that may not be
facilely emplaced underground, which greatly hinders the application of these methods
for in situ remediation of contaminated sites. In contrast, the chemical activation of O2 by
earth-abundant elements holds great promise for in situ soil and groundwater remediation.

Iron is the fourth-most-abundant element in the Earth’s crust, and Fe-containing min-
erals are ubiquitous in soils and aquifers [43–45]. Iron-based materials are extensively
investigated for applications in environmental remediation, exhibiting high efficiency in
degrading a range of organic pollutants (Table 1) due to the redox and catalytic activities of
the Fe element and the versatility, availability, and environmental compatibility of Fe-based
materials [46,47]. For example, zero-valent iron (ZVI)-based materials are the most widely
used agents for in situ chemical-reduction remediation [48–53]. Meanwhile, Fe-based
materials can promote ISCO remediation by the activation of H2O2/CaO2 [54–58], persul-
fates [59–63], and other oxidants [64–66]. Moreover, Fe-based materials such as ZVI [67,68],
iron sulfides [69,70], iron (oxyhydr)oxides [71], and Fe-containing clay minerals [72] can
mediate O2 activation to degrade organic pollutants, and the potential of Fe-mediated
O2 activation for ISCO remediation has been actively explored in recent years. However,
there is a lack of a timely review of the mechanisms and key influencing factors of O2
activation by iron-based materials for potential applications for in situ remediation of soil-
and groundwater-suffering organic contamination.
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Table 1. Degradation of organic pollutants by Fe-based materials via different mechanisms.

Pollutant Material Reaction Mechanism Reference

Trichloroethylene nZVI Reductive dechlorination [48]
Trichloroethylene mZVI Reductive dechlorination [49]
Trichloroethylene S-nZVI Reductive dechlorination [50]
Trichloroethylene S-mZVI Reductive dechlorination [49]
Trichloroethylene FexN Reductive dechlorination [51]

Chloroform S–N(C)–ZVI Reductive dechlorination [52]
Florfenicol S-nZVI Reductive dehalogenation [53]
Fluorenone Fe3O4 H2O2 activation [54]

Trichloroethylene Reduced nontronite H2O2 activation [55]
Diethyl phthalate Reduced nontronite H2O2 activation [56]
Trichloroethylene FeS CaO2 activation [57]

Sulfanilamide FeS2 CaO2 activation [58]
Phenanthrene FeCo-BDC Peroxymonosulfate activation [59]

Perfluorooctanic acid Fe/AC Persulfate activation [60]
Trichloroethylene nZVI Persulfate activation [61]

Ciprofloxacin FeS2 Persulfate activation [62]
Bisphenol A Fe3S4 Peroxymonosulfate activation [63]

Bisphenol AF FeS Periodate activation [64]
Tetracycline ZVI Peracetic acid activation [65]

Sulfamethoxazole FeS Peracetic acid activation [66]

Note: ZVI, zero-valent iron; nZVI, nanoscale ZVI; mZVI, microscale ZVI; S-nZVI, sulfidated nZVI; S-mZVI,
sulfidated mZVI; FexN, iron nitrides; S–N(C)–ZVI, ZVI treated by nitridation and sulfidation; BDC, bimetallic
metal-organic frameworks; AC, activated carbon.

Herein, we comprehensively review the current status of research on the activa-
tion of O2 by Fe-based materials, including ZVI-based materials, iron sulfides, iron (oxy-
hydr)oxides, and Fe-containing clay minerals for degrading contaminants commonly found
in soil/sediment and groundwater. Unlike previous reviews on O2 activation, which high-
light more efficient techniques such as electrochemical and photochemical activation for
rapid abatement of pollutants (e.g., in wastewater treatment) [73–76], this review focuses
on O2 activation by Fe-based materials without external energy input, which holds better
promise for application in the remediation of organic-contaminated sites. Particularly, this
review includes discussions on recent research in O2 activation by reduced Fe-bearing
minerals abundant in soils and sediments, which has important implications for slower but
sustained remediation via natural attenuation processes. The major mechanisms involved
in the activation of O2 by the Fe-based materials are summarized, highlighting electron
transfer and utilization, reaction intermediates and ROS chain reactions, and the oxidative
transformation of the materials during the O2-activation process are discussed. Addition-
ally, we discussed the influences of environmental and operational factors, including O2
concentration, organic ligands, inorganic anions, and microbial activity, on the O2 activa-
tion and pollutant-degradation performance by iron-based materials. This review also
identifies limitations of current studies and suggests future research directions to enhance
understanding of O2 activation by iron-based materials and its applications in soil and
groundwater remediation.

2. Activation of O2 by Fe-Based Materials

2.1. ZVI-Based Materials

Materials containing ZVI have been commonly employed as remediation agents for
reductive degradation of organic pollutants under anaerobic conditions due to the high
reducing capacity of elemental Fe (Table 2) [77–83]. However, studies have indicated
that the degradation efficiency of organic pollutants by ZVI is significantly higher in O2-
containing aqueous solutions than under anaerobic conditions [67,84,85], and O2 activation
by ZVI-based materials has recently been extensively explored for degrading various
organic pollutants (Table 3). This increased efficiency is primarily attributed to the reaction
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between ZVI and O2, which leads to the generation of ROS [67,68]. The mechanism of
ZVI-mediated O2 activation for the generation of ROS involves two-electron transfers from
Fe0 to adsorbed O2, producing Fe(II) and H2O2. And the release of Fe(II) further induces
O2 activation via a sequential single-electron transfer process, generating •OH, O2

•−, and
other ROS (Equations (1)–(6)) [86]. The yield of •OH is primarily affected by the reaction
between Fe0 and O2 via four-electron transfer without ROS generation (Equation (7)) [87].
Due to this reaction pathway, only less than 10% of the ZVI is utilized for contaminant
transformation under oxic conditions [88]. Therefore, the yield of ROS decreases with
increasing pH due to the inhibition of Fe(II) release via the four-electron-transfer reaction
under high pH conditions [84]. Notably, the ROS generation is influenced by the oxide
layer on the surface of ZVI, in a fashion dependent on the thickness of the layer [89].
The iron oxide layer can adsorb ferrous ions, which can activate O2 through a single-
electron-transfer pathway. When the iron oxide layer is thin, both the Fe0 core-mediated
two-electron transfer and the surface-bound/adsorbed Fe(II)-mediated single-electron
transfer play significant roles in O2 activation [73]. However, as the thickness of the oxide
layer increases, it inhibits electron transfers from the Fe0 core to adsorbed O2. Meanwhile,
more ferrous ions are adsorbed on the surface, and these surface-bound Fe(II) become the
primary species responsible for O2 activation (Figure 1a) [75,89,90].

Fe0 + O2 + 2H+ → Fe(II) + H2O2 (1)

Fe(II) + O2 → Fe(III) + O2
•− (2)

Fe(II) + O2
•− + 2H+ → Fe(III) + H2O2 (3)

O2
•− + H+ → HO2

• (4)

HO2
• + HO2

• → H2O2 + O2 (5)

Fe(II) + H2O2 → Fe(III) + •OH + OH− or Fe(IV) + 2OH− (6)

2Fe0 + O2 + 4H+ → 2Fe(II) + 2H2O (7)

Table 2. Redox potential of different Fe species.

Species Redox Potential (V) Reference

Fe0/Fe(II) −0.44 (vs. SHE) [80]
Structural Fe(II)/Fe(III) of pyrite 0.66 (vs. SHE) [81]

Structural Fe(II)/Fe(III) of clay mineral −0.6 to +0.6 (vs. SHE) [82]
Fe(III)/Fe(II)-CA 0.37 (vs. NHE) [83]
Fe(III)/Fe(II)-OA 0.002 (vs. NHE) [83]

Fe(III)/Fe(II)-EDTA 0.12, 0.11, and 0.096 (vs. NHE) [83]
Fe(III)/Fe(II)-EDDS 0.19 (vs. NHE) [83]
Fe(III)/Fe(II)-NTA 0.10 and 0.39 (vs. NHE) [83]

Fe(H2O)6
2+/Fe(H2O)6

3+ 0.77 (vs. NHE) [83]
Note: SHE, standard hydrogen electrode; NHE, normal hydrogen electrode; CA, citrate; OA, oxalate; EDTA,
ethylenediaminetetraacetic acid; EDDS, N,N′-1,2-ethanediylbis-1-aspartic acid; NTA, nitilotriacetic acid.

Table 3. Degradation of organic pollutants via O2 activation by ZVI-based materials.

Material Pollutant Removal Ratio (%) Reaction Time (h) pH Rate Constant Reference

ZVI EDTA 100 2.5 6.0 ± 0.2 1.02 h−1 [68]
nZVI 2-Chlorobiphenyl 59.4 4 5.0 0.0035 min−1 [84]

S-nZVI Bisphenol A 100 6 5.0 59.2 ± 2.29 h−1 [85]
Fe@Fe2O3 4-Chlorophenol 77.8 7 6.0 0.22 h−1 [89]

Al–Fe 4-Chlorophenol 43.7 5 2.5 N/A [91]
Fe/Cu 4-Chlorophenol 100 2 3.0 N/A [92]
Fe/Cu Diclofenac 96 2 6.0 N/A [93]
Mg/Fe 4-Chlorophenol 100 0.75 3.0 N/A [94]
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Table 3. Cont.

Material Pollutant Removal Ratio (%) Reaction Time (h) pH Rate Constant Reference

Fe/Mn Enrofloxacin 100 1 3.0 N/A [95]
ZVI Enrofloxacin 58.6 1 3.0 N/A [95]

S-nZVI p-Nitrophenol 99.3 * 2 7.6 0.769 min−1 [96]
mZVI/NGB Tetracycline 100 0.83 5.8 N/A [97]

3D-GN@nZVI Sulfadiazine 81.0 2 3.0 N/A [98]
Cu/Fe-BC Ciprofloxacin 93.2 * 1.5 5.0 0.052 min−1 [99]
Cu/Fe-BC Enrofloxacin 88.9 * 1.5 5.0 0.036 min−1 [99]
Cu/Fe-BC Norfloxacin 95.4 * 1.5 5.0 0.096 min−1 [99]
Cu/Fe-BC Tetracycline 82.3 * 1.5 5.0 0.037 min−1 [99]
Cu/Fe-BC Methylene blue 95.6 * 1.5 5.0 0.145 min−1 [99]

ZVI-BC Tetracycline 93.1 6 Unadjusted N/A [100]
Zn-Fe-CNTs Sulfamethoxazole 95.3 0.33 1.5 N/A [101]
Zn-Fe-CNTs 4-Chlorophenol 90.8 0.33 2.0 N/A [102]
nZVI@MSN Nitrobenzene 96.5 0.33 3.0 0.201 min−1 [103]

Note: N/A, data not available. *, data obtained from the literature using the Getdata 2.26 software.

To improve the O2-activation efficiency and ROS yield, various modified ZVI ma-
terials have been developed, notably by doping with metal and non-metal elements or
immobilizing ZVI on porous materials. Inspired by the galvanic corrosion between con-
nected dissimilar metals [91], a series of ZVI-based bimetallic materials were designed.
In a Cu0/ZVI material, Cu0 can enhance the reaction potential by forming infinite gal-
vanic cells with Fe0, thereby significantly accelerating Fe-mediated O2 activation [92].
Additionally, Cu accelerates the release of Fe(II) species during O2 activation (Figure 1b).
Furthermore, Cu species can also effectively facilitate the iron cycle and serve as new
active sites (Equations (8)–(12)) [93]. However, it has also been suggested that Cu may
inhibit •OH generation due to the formation of a passivation layer of Cu oxides [104]. This
discrepancy may be attributed to the complex chain reactions and the dosage of Cu, which
should earn more attention in further studies. Another metal element, Ni, has been shown
to reduce the proportion of the four-electron-reaction pathway of ZVI by increasing Fe(II)
release [88]. Alternatively, the Fe–Mg bimetallic material can increase the degradation
of 4-chlorophenol by enhancing the generation of surface-bound •OH [94]. Recently, a
Fe–Mn core-shell bimetallic material was reported for O2 activation and on-site generation
of H2O2, and it was proposed that the amorphous Mn shell can not only protect the Fe core
from excessive oxidation, thereby increasing electron utilization, but also contain abundant
structural defects, which serve as efficient catalytic sites [95]. Doping with non-metal
elements can also affect the efficiency of O2 activation by ZVI materials. For example, the
incorporation of chloride ions into microscale zero-valent iron (mZVI) can create oxygen
vacancies (OVs), resulting in abundant adsorbed ferrous ions and accelerated electron
transfer [105]. Sulfidation is one of the most effective methods to improve the efficiency and
selectivity of reductive degradation of pollutants by nanoscale ZVI (nZVI) [106–109], and it
has been demonstrated that the presence of S could enhance electron transfers from the Fe0

core to surface Fe(III) and O2 via the single-electron pathway, thus promoting pollutant
degradation under aerobic conditions [96,110].

Cu0 + Fe(III) → Cu(I) + Fe(II) (8)

Cu(I) + Fe(III) → Cu(II) + Fe(II) (9)

Cu0 + O2 + 2H+ → Cu(II) + H2O2 (10)

Cu(I) + O2 → Cu(II) + O2
•− (11)

Cu(I) + O2
•− + 2H+ → Cu(II) + H2O2 (12)
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Figure 1. (a) Illustration of the mechanisms of O2 activation by Fe0 with an oxide shell of different
thickness [73]. (b) Illustration of the mechanisms of Cu-enhanced •OH production in Cu0/ZVI
system under oxic condition [93]. (c) Illustration of the catalytic mechanism of O2 by mZVI/N-doped
graphene-like biochar (mZVI/NGB) [97].

Another approach to enhancing ZVI performance involves immobilizing ZVI on
porous supports, particularly carbon materials. The carbon materials (e.g., graphene),
usually with a conjugated network skeleton of sp2 hybridized carbon atoms, could en-
hance electron transfer and modify the adsorption/dissociation energy of O2, making O2
activation thermodynamically and kinetically more favorable [111–113]. Meanwhile, the
combination of ZVI with graphene (3D-GN@nZVI) can also greatly inhibit the reduction of
O2 to H2O via a four-electron process, thereby increasing the yield of ROS [98]. Recent stud-
ies have indicated that a mZVI/N-doped graphene-like biochar composite (mZVI/NGB)
could promote the contribution of non-radical pathways (1O2 and electron transfer) during
O2 activation for antibiotics degradation (Figure 1c) [97]. Similarly, for Fe/Cu-biochar
(Cu/Fe-BC) materials, both radicals (e.g., O2

•−, •OH) and non-radicals (e.g., 1O2) were
detected as the dominant reactive species, enabling the efficient degradation of a wide
spectrum of organic pollutants, even in the presence of various interfering substances [99].
In contrast, O2

•− and H2O2 are the key ROS in the ZVI–biochar system, indicating that the
secondary metal has a significant influence on the O2-activation pathway [100]. Carbon
nanotubes (CNTs) have also been demonstrated as an excellent support material to regulate
ROS generation dynamics by bimetallic Fe-based materials. For example, in a Zn–Fe–CNT
composite, CNTs effectively collect electrons from Zn0 nanoparticles and reduce O2 to
H2O2, which was subsequently converted to •OH by Fe0 nanoparticles [101,102]. Due to
the synergistic effects, the composite achieved excellent performance for the degradation
of 4-chlorophenol and sulfamethoxazole (Table 3). In addition to carbon materials, nZVI
can also be successfully incorporated within the channels of monodisperse mesoporous
silica nanospheres (nZVI@MSN) to increase its stability and durability [103].
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2.2. Iron Sulfides
2.2.1. Pyrite

Pyrite (FeS2) is the most widely distributed stable-phase iron sulfide mineral in Earth’s
crust [114]. The oxidation of natural pyrite, which can lead to the generation of H2O2, has
been confirmed under anaerobic conditions [115]. The mechanism involved in this process
is primarily attributed to the presence of surface defects, arising from the cleavage of the
S–S bond [116]. As a result, transient S– and ≡Fe(III) dangling bonds are generated at
these sulfur-deficient defect sites, which can induce the formation of •OH by extracting
an electron from adsorbed H2O, and the •OH radicals then combine to form H2O2 in the
absence of O2 [117]. In a recent study investigating oxidation of benzoic acid by sulfur
vacancy (SV)-rich FeS2 in isotopically labeled H2

18O, the generation of 18O-containing
p-hydroxybenzoic acid was observed, which further provided direct evidence that the
anaerobic oxidation of water by SV-rich FeS2 is responsible for the generation of •OH at
the pyrite–water interface [118]. However, it was noted that the •OH generated through
this mechanism was insufficient to achieve an obvious degradation of organic pollutants.
In contrast, efficient pollutant removal can be achieved in pyrite suspension with sufficient
O2 (Table 4), which highlights the crucial role of pyrite oxidation by O2 [70,119].

Table 4. Degradation of organic pollutants via O2 activation by iron sulfides.

Material Pollutant Removal Ratio (%) Reaction Time (h) pH Rate Constant Reference

Pyrite Trichloroethylene 100 323 4.0 0.013 h−1 [70]
Pyrite Acid orange 7 52.8 5 6.3 N/A [120]
Pyrite Carbamazepine 81.5 24 7.0 0.103 ± 0.001 h−1 [121]
Pyrite Phenol 76.8 24 7.0 0.084 ± 0.001 h−1 [121]
Pyrite Bisphenol A 100 24 7.0 0.147 ± 0.001 h−1 [121]

SV-rich pyrite Sulfamethoxazole 88.3 12 8.5 29.2 × 10−4 h−1 [122]
Pyrite Sulfamethoxazole 70.0 12 4.0 0.095 h−1 [123]

Mackinawite Flumequine 79.8 4 7.0 51.6 × 10−3 min−1 [124]
Mackinawite Enrofloxacin 87.7 4 7.0 34.0 × 10−3 min−1 [124]
Mackinawite Ciprofloxacin 81.5 4 7.0 25.4 × 10−3 min−1 [124]
Mackinawite Trichloroethylene 23.4 * 3 7.0 2.07 × 10−3 min−1 [69]
Mackinawite Phenol 34.1 * 3 7.0 3.53 × 10−3 min−1 [69]

Surface-oxidized
mackinawite Phenol 17.5 * 1.5 7.3 3.8 × 10−3 min−1 [125]

Note: N/A, data not available. SV, sulfur vacancy. *, data obtained from the literature using the Getdata
2.26 software.

The mechanism for O2 activation by pyrite can be understood from an analysis of
the Fe species in pyrite suspension (Equations (13)–(18)). Previous studies have proposed
that structural Fe(II) and surface-bound Fe(II) can mediate either a two-electron-transfer
pathway or two separate one-electron-transfer processes, with H2O2 or O2

•− as intermedi-
ates, ultimately leading to the formation of •OH (Figure 2a) [119,126]. Another pathway
involves the leaching of dissolved Fe(II) from bulk FeS2, which mediates O2 activation in
aqueous solution via a single-electron-transfer pathway [127]. However, the contribution of
this approach is generally minor due to the stable structure and extremely low dissolution
rate of pyrite even under acidic conditions [120,128]. Moreover, the reactivity of dissolved
Fe(II) is lower than the structural Fe(II) and surface-bound Fe(II) according to their re-
dox potentials (Table 2) [72,129]. Note that, although S2

2− has the capability to reduce
surface-bound Fe(III), it does not directly participate in O2 reduction [130]. This inference
is substantiated by the results of in situ horizontal attenuated total reflectance infrared
spectroscopy and isotope analysis of reaction products (e.g., SO4

2− and iron oxyhydroxide),
which demonstrated that the O atoms in SO4

2− primarily originate from H2O, while the O
atoms in the iron oxyhydroxide are derived from O2 [131,132].

≡Fe(II) + O2 + 2H+ → Fe(III) + H2O2 (13)
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Fe(II)ad + O2 → Fe(III) + O2
•− (14)

Fe(II) + O2
•− + 2H+ → Fe(III) + H2O2 (15)

Fe(II)(aq) + O2 → Fe(III)(aq) + O2
•− (16)

Fe(II)(aq) + O2
•− + 2H+ → Fe(III)(aq) + H2O2 (17)

H2O2 + Fe(II) → Fe(III) + •OH + OH− (18)

Figure 2. Illustration of the mechanisms of O2 activation by (a) FeS2 and (b) FeS.

As an interfacial reaction, the efficiency of O2 activation by pyrite is dictated by the
surface properties of pyrite, which in turn is dependent on the exposed facets, the presence
of surface defects, and the formation of the iron (oxyhydr)oxide layer. The exposed facets
of pyrite significantly influence the O2-activation configurations and electron-transfer
ability [133]. Notably, it has been recently revealed that pyrite crystals with more exposed
{210} facets exhibit higher generation rates of •OH and other ROS (e.g., O2

•− and H2O2)
due to different surface electron-donating capacities and kinetics among different facets.
Correspondingly, facet-dependent degradation of organic pollutants (e.g., carbamazepine,
phenol, and bisphenol A) was achieved [121]. Another recent study highlighted that SV
sites in pyrite can activate O2 via a two-electron-transfer mechanism, generating 1O2, which
played a key role in the selective degradation of sulfamethoxazole [122]. The generation of
1O2 arises from the breakage of the O–H bond in H2O2, facilitated by Fe(III) (oxyhydr)oxide
on the pyrite surface, as presented by Equations (19) and (20) [122], whereas another recent
study proposed that 1O2 could also form through the interaction between surface-bound
•OH and O2

•− in the pyrite-oxidation process (Equations (21) and (22)) [123]. The iron
(oxyhydr)oxides on the surface of pyrite, which quickly forms after pyrite is exposed
to O2, can also affect ROS generation during O2 activation in the pyrite system in both
positive and negative ways. The formation of iron (oxyhydr)oxides can provide fast
electron-transfer channels by establishing a potential gradient between the two mineral
phases [134]. Additionally, the iron (oxyhydr)oxides can adsorb more surface-bound Fe(II)
by forming inner-sphere complexes with surface groups, thereby enhancing O2-reduction
efficiency [135]. However, other studies indicated that the (oxyhydr)oxide coating tends
to lower the H2O2 utilization by catalyzing its transformation into H2O, resulting in the
decrease of ROS concentration in the system [136–138].

Fe(III)(SV-Pyrite) + O2 → H2O2 (19)

H2O2 → 1O2 + 2H+ (20)
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Fe(III)(SV-Pyrite) + H2O → Fe(II)(SV-Pyrite) + •OHad + H+ (21)

O2
•− + •OHad → 1O2 + OH− (22)

2.2.2. Mackinawite

Mackinawite (FeS) is a metastable iron sulfide mineral, which can readily convert
into more stable phases, such as FeS2 and greigite (Fe3S4) in a natural environment [139].
Due to its structural instability and reducing power, FeS is prone to oxidation by O2, and
oxidative transformation of pollutants (e.g., As(III) and U(IV)) has been observed during
FeS oxidation under aerobic conditions, and different oxidative species (e.g., •OH, Fe(IV),
and transient surface Fe(III) species) have been proposed to initiate the pollutant degra-
dation [140–142]. Yuan’s group confirmed the production of •OH during the oxidation of
FeS by O2 and demonstrated that the produced •OH played a key role in the oxidation of
As(III) [143]. The rate of •OH formation by mackinawite is one-to-two orders of magnitude
higher than that observed for other forms of reduced iron minerals, such as nontronite,
pyrite, and siderite (FeCO3), under comparable conditions due to the metastable structure
and higher Fe(II) content [143,144]. The ROS produced during FeS oxidation can also
efficiently degrade various organic pollutants, such as phenol, trichloroethylene (TCE), and
fluoroquinolone antibiotics [69,124].

The mechanism of FeS oxidation by O2 is dependent on the pH conditions. When
pH is lower than 3, FeS primarily undergoes non-oxidative dissolution, and most of the
structural Fe(II) in FeS enters the aqueous solution before undergoing oxidation, which
leads to an increase in dissolved ferrous ion concentration and the generation of H2S
(Equation (23)) (Figure 2b) [140,145]. The dissolved ferrous ions can mediate homogeneous
Fenton processes [127]. Surface-mediated oxidative dissolution also occurs under acidic
conditions, due to the formation of an iron (oxyhydr)oxide layer, which can adsorb Fe(II)
on the surface, activating O2 to form ROS [135]. Under neutral pH conditions, due to
the low concentration of dissolved iron ions, surface-mediated oxidation mechanisms
predominate, with surface species of FeS transforming from ≡Fe(II)–S through ≡Fe(III)–S
to ≡Fe(III)–O in the presence of O2 [140]. This structural Fe(II)-mediated heterogeneous
reaction dominates the O2 activation and ROS production reactions in the FeS system under
neutral conditions [143], which involves a two-electron-transfer mechanism, leading to the
generation of H2O2 intermediate and subsequent formation of •OH [143,146]. Notably,
in addition to aqueous •OH, other active species such as high-valent iron, surface-bound
•OH, or sulfur-based radicals may also be present in the FeS/O2 system [147]. Apart
from structural Fe(II), S(–II) can also act as the electron donator, mediating the iron cycle
without directly participating in the O2-activation process [143]. As with FeS2, the Fe
(oxyhydr)oxide coatings formed on the surface of FeS could affect O2-activation efficiency
by mediating electron transfers from FeS to O2. Interestingly, the storage of partially
oxidized FeS under anoxic conditions could change its mineralogical structure and surface
Fe speciation, forming new Fe(II) species in the (oxyhydr)oxide layer, which leads to
enhanced reactivity toward O2 and the production of ROS [125].

FeS + 2H+ → Fe(II)(aq) + H2S(aq) (23)

2.3. Iron (Oxyhydr)Oxides

Magnetite (Fe3O4) is one of the most widely distributed reductive iron oxides in the
subsurface environment, and it can activate O2 to generate O2

•−, H2O2, and •OH and
has been used for organic pollutant degradation (Table 5) [71,148,149]. Structural Fe(II) is
considered the dominant species participating in O2 activation in magnetite via a single-
electron transfer under alkaline conditions, whereas dissolved iron ions originating from
the dissolution of magnetite can participate in O2 activation at pH < 6.5 [71]. Interior
structural iron could facilitate O2 activation by transferring electrons to surface iron and
accelerating the iron cycle [150]. Nevertheless, studies have indicated that only half of the
total Fe(II) in magnetite could be effectively utilized due to the low inner-electron-transfer
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ability, leading to a low O2-activation efficiency [71]. Notably, it has been proposed that
the presence of OVs can change the Gibbs free energy for the generation of adsorbed
O2 intermediate, making the reduction of O2 thermodynamically more favorable and
facilitating the electron transfer [148].

Table 5. Degradation of organic pollutants via O2 activation by iron (oxyhydr)oxides.

Material Pollutant Removal Ratio (%) Reaction Time (h) pH Rate Constant Reference

Magnetite 2-Chlorobiphenyl 80 4 3.0 N/A [149]
Cu0/Fe3O4 4-Chlorophenol 99.5 1 7.0 0.073 min−1 [151]

Zn0-CNTs-Fe3O4 4-Chlorophenol 99 0.33 1.5 N/A [152]
CNTs-Fe3O4 4-Chlorophenol 25 0.33 1.5 N/A [152]

b-CoS2/Fe3O4 4-Nitrophenol 62.3 * 0.25 5.0 N/A [153]
b-CoS2/Fe3O4 Methyl orange 85.7 0.25 5.0 N/A [153]
b-CoS2/Fe3O4 Sulfadiazine 67.1 0.25 5.0 N/A [153]
b-CoS2/Fe3O4 Tetracycline 96.0 0.25 5.0 N/A [153]
b-CoS2/Fe3O4 Rhodamine b 98.6 * 0.25 5.0 N/A [153]
b-CoS2/Fe3O4 Malachite green 91.5 * 0.25 5.0 N/A [153]

Ferrihydrite Phenol 29.8 * 10 7.0 N/A [154]

Note: N/A, data not available. *, data obtained from the literature using the Getdata 2.26 software.

To improve the efficiency of O2 activation, many synthetic Fe3O4-based composite ma-
terials have also been designed. For example, in a carboxylated Cu0/Fe3O4 system, Cu0 can
act as the reducing agent and accelerate the regeneration of surface iron. In addition, Cu0

serves as a new O2 activation site to further increase the generation of H2O2 in the system
via two-electron transfer, leading to the efficient removal of chlorophenol [151]. Similarly,
Fe3O4 can mediate the ROS-generation dynamics of carbon-supported zero-valent metal,
thus increasing the overall O2-activation efficiency. For example, in a Zn0–CNT–Fe3O4
composite, with Zn0 and Fe3O4 nanoparticles well dispersed on the surface of CNTs, the
self-decomposition of H2O2 (generated from O2 reduction by Zn0 on CNTs surface) into
H2O is significantly inhibited. Meanwhile, the conversion of H2O2 into •OH rapidly occurs
with a high yield [152]. As a result, the Zn0–CNT–Fe3O4 composite exhibited approxi-
mately four times higher removal efficiency for 4-chlorophenol than that by CNT-Fe3O4 and
Zn0–CNT materials [152]. Moreover, sulfidation can lead to higher H2O2 and •OH produc-
tion during Fe3O4 oxidation because surface sulfur species can decrease electron-transfer
resistances of Fe3O4, thereby accelerating the electron transfer from interior structural
iron to the surface Fe(III) and facilitating the reaction between surface iron and O2 [155].
Moreover, for a vacancy-rich iron-cobalt bimetallic composite prepared by ball milling CoS2
and Fe3O4 (b-CoS2/Fe3O4), the interfacial interaction between CoS2 and Fe3O4 can change
the Fe–O bond energy of Fe3O4, thereby accelerating the formation of surface-bound Fe(II),
which in turn promotes O2 activation by the composite [153].

Fe(III) (oxyhydr)oxides such as goethite (α-FeOOH) and hematite (α-Fe2O3) gener-
ally lack the ability to reduce O2 due to the +3 valence state of iron in these compounds.
However, studies have indicated that Fe(III) (oxyhydr)oxides can adsorb Fe(II) on their
surface, and these surface-bound Fe(II) can activate O2 through a single-electron-transfer
process [156,157]. Furthermore, the incorporation of Cu into goethite can increase the
O2-activation ability of surface-bound Fe(II) by modifying the adsorption energy of O2,
lowering its oxidation potential, and increasing the interfacial electron-transfer process on
Fe(III) (oxyhydr)oxides [156]. The incorporation of secondary metal atoms can also increase
the content of OVs in hematite, further enhancing the electron-transfer efficiency [150].
Notably, the incorporation of secondary metals does not necessarily have a positive effect
on the O2-activation efficiency. For example, the incorporation of Zn results in a higher
oxidation potential for Fe(II) oxidation, which is unfavorable for the O2-activation pro-
cess [150]. Moreover, it was recently proposed that Fe(III) (oxyhydr)oxides can serve as an
electron-transfer mediator for O2 reduction by reducing organic compounds to generate
ROS. Specifically, Fe(III) on their surface receives electrons from the reducing organic
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compounds, such as thiols, to form surface Fe(II), which then mediate the activation of O2
efficiently [154].

2.4. Fe(II)-Containing Clay Minerals

Fe(II)-containing clay minerals are widely present in subsurface environments, such
as sediments and soils [158]. Recent studies have shown that the oxidation of Fe(II)-
containing clay minerals, such as smectites [72] (particularly reduced nontronite [159,160])
and illite [161], is one of the important sources of environmental radicals, which deeply
affects the attenuation behavior of pollutants, including 1,4-dioxane, TCE, phenol, and
PAHs (Table 6). The iron contents in these clay minerals, which range from about 2 wt.% in
montmorillonite to about 30 wt.% in nontronite [162], is a crucial factor influencing the ROS
yield [72]. In addition to total Fe content, the different forms of Fe species in Fe-containing
clay minerals, including structural Fe(II), surface-bound Fe(II), and exchangeable Fe(II),
also have a significant impact on the generation of ROS. Structural Fe(II) is generally the
dominant species for O2 activation by Fe-containing clay minerals [163,164]. The reactivity
of structural Fe(II) is highly affected by its coordination environment. Specifically, structural
Fe(II) at the edge (Fe(II)edge) is coordinated by electron-rich ligands (e.g., ≡O–, ≡HO–, and
≡Fe(II)–O–), which exhibit high activity for O2 activation and preferentially lead to the
generation of Fe(IV), along with a low •OH yield (Figure 3a). In contrast, interior Fe(II)
(Fe(II)int) tends to be coordinated by electron-poor ligands (e.g., ≡Al(III)–O– and ≡Fe(III)–
O–). Although Fe(II)int is much less active than Fe(II)edge, it can selectively activate O2
to •OH [165]. Additionally, the Fe(III)edge can be regenerated through various pathways,
such as the continuous supply of electrons from interior adjacent Fe(II) via single-electron
transfer until the electrons in the interior Fe(II) are eventually depleted [72,166].

 

Figure 3. (a) Illustration of edge surface Fe(II) in clay mineral favoring the Fe(IV) generation over
•OH generation [165]. (b) Illustration of redox oscillations activating thermodynamically stable iron
minerals for enhanced ROS production [167].
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Table 6. Degradation of organic pollutants via O2 activation by Fe(II)-containing clay minerals and
soils/sediments.

Material Pollutant Removal Ratio (%) Reaction Time (h) pH Rate Constant Reference

Nontronite 1,4-Dioxane 78.8 * 120 7.0 N/A [161]
Illite 1,4-Dioxane 34.3 * 120 7.0 N/A [161]

Montmorillonite 1,4-Dioxane 27.4 * 120 7.0 N/A [161]
Reduced nontronite Trichloroethylene 50.0 0.5 7.5 N/A [160]
Riparian sediment Trichloroethylene 27.6 6 7.0 N/A [164]

Lakeshore sediment Trichloroethylene 19.1 6 7.0 N/A [164]
Pond sediment Trichloroethylene 15.4 6 7.0 N/A [164]

Nontronite Phenol 43.1 6 7.0 N/A [165]
Montmorillonite Phenol 59.8 6 7.3 N/A [165]

Sandbeach sediment Phenol 9.95 * 10 6.96 N/A [168]
Lakeshore sediment Phenol 39.3 * 10 7.15 N/A [168]
Farmland sediment Phenol 48.5 * 10 Unadjusted N/A [168]

Paddy soils Naphthalene 76.0 * 252 Unadjusted N/A [169]
Paddy soils Phenanthrene 49.6 * 252 Unadjusted N/A [169]
Paddy soils Pyrene 28.6 * 252 Unadjusted N/A [169]

Note: N/A, data not available. *, data obtained from the literature using the Getdata 2.26 software.

In addition to structural Fe(II), surface-bound Fe(II) also plays an important role in
ROS generation and pollutant degradation by Fe(II)-containing clay minerals [168]. Similar
to structural Fe(II), the reactivity of surface-bound Fe(II) is also highly dependent on its
coordination environment. Specifically, the sequence of surface-bound Fe(II) reactivity
probably follows the order of ≡Si(IV)–O–Fe(II) < ≡Al(III)–O–Fe(II) < ≡Fe(III)–O–Fe(II)
< ≡Fe(II)–O–Fe(II) < ≡HO–Fe(II) [169]. Additionally, the coordination environment of
surface-bound Fe(II) also affects the O2-activation mechanism. When surface-bound Fe(II)
is coordinated with electron-rich ligands, it can efficiently activate O2. Nonetheless, due
to the inner-sphere complexation with O2, more non-•OH species (e.g., Fe(IV)) are gen-
erated. Conversely, when coordinated with electron-poor ligands, surface-bound Fe(II)
exhibits a low reactivity toward O2, but more •OH is generated, via an outer-sphere in-
teraction mechanism with O2 [168,169]. Compared to structural Fe(II) and surface-bound
Fe(II), exchangeable Fe(II) contributes minimally to •OH formation and can even exhibit a
scavenging effect against •OH [169].

In addition to engineered Fe-based materials and isolated Fe-bearing minerals, recent
studies have increasingly focused on the generation of ROS in actual soils and sediments
under the redox-fluctuation condition, and Fe(II)-bearing compounds play key roles in this
process [164,170–175]. The soil–water interface was generally considered as the active zone
for intense H2O2 and •OH production due to the limited oxygen penetration and the rapid
turnover of the reducing and oxidizing substances at the redox interfaces [170,171]. Al-
though the yield of ROS varies across different sediments due to their unique physicochem-
ical properties, for specific sediment, surface-bound Fe(II) and structural Fe(II) in poorly
crystalline iron minerals are the primary contributors to ROS production [168,176]. Model
studies indicate that the relative contributions of surface-adsorbed Fe(II) and structural
Fe(II) in •OH production are 16.4–33.9% and 66.1–83.6% in sediment, respectively [164]. It
has recently been proposed that tidal hydrology-triggered redox fluctuation could promote
ROS generation by accelerating the production of reactive ferrous ions and amorphous fer-
ric oxyhydroxides, thereby promoting surface electrochemical activities and O2-activation
capability (Figure 3b) [167]. These results further confirm the vital role of natural iron
minerals in ROS generation under dark conditions.

3. Influencing Factors

The efficiency of O2 activation by iron-based materials is influenced by several key
environmental or operational factors, including O2 concentration, organic ligands, inor-
ganic anions, and microbial activity. Moreover, some factors can change the O2-activation
mechanism and pathways. This section summarizes the effects of these factors on the
efficiency and mechanisms of O2 activation by iron-based materials.
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3.1. O2 Concentration

With O2 being the precursor to the generated ROS, increasing the O2 concentration
commonly results in a higher ROS concentration during O2 activation by Fe-based ma-
terials [69,70,72]. However, it has been reported that, for Fe-containing clay minerals,
excessively high levels of O2 would lead to adverse effects on the generation of ROS due to
the ineffective oxidation of structural Fe(II) [177]. Additionally, in systems where oxidation
and reduction transformation processes of pollutants occur simultaneously, the concentra-
tion of O2 also influences the reaction pathway and products of organic pollutants. For
example, in the aerobic degradation of TCE by ferrous minerals in natural sediments, more
low-molecular-weight acids were generated when O2 concentration exceeded 120 μM,
while only acetylene and/or ethene were observed when O2 concentration was lower than
26 μM [178]. Furthermore, O2 concentration also affects the transformation behaviors of
the iron-bearing minerals. For example, high O2 concentration promotes the dissolution of
FeS and facilitates the formation of reactive iron hydroxides/oxides, such as lepidocrocite,
while Fe3S4 is generated in the absence of O2 [144]. These O2-concentration-dependent
transformation products exhibit different capabilities in generating ROS such as •OH [144].

3.2. Organic Ligands

Both natural and synthetic organic ligands exist in the subsurface environment and
significantly affect the efficiency of Fe-based materials in mediating O2 activation. In general,
synthetic organic ligands have greater influences on O2 activation than natural ligands.
Synthetic organic ligands, such as ethylenediaminetetraacetic acid (EDTA) and N,N′-1,2-
ethanediylbis-1-aspartic acid (NTA), are well known for their outstanding ability to form stable
complexes with iron ions across a wide pH range (Figure 4a) [179], thereby influencing Fe(II)
oxidation kinetics and the iron cycle via modifying the redox potential [180,181]. Furthermore,
these ligands have been found to promote the release of active iron species from the bulk
materials through surface-polarization reactions [182] or the proton-coupled electron-transfer
process (Figure 4b) [183–185]. The release of Fe into the aqueous solution depends on the
concentration and complexing ability of ligands (Table 7) [83,186,187]. Specifically, EDTA,
which has a particularly strong complexation ability, can form monodentate inner-sphere
Fe(II)-EDTA complexes on the surface ZVI. When the concentration of EDTA is significantly
lower than that of ZVI, only low levels of dissolved Fe(II) are detected in the solution. In this
case, a heterogeneous reaction dominated by Fe(II)ad–EDTA complexes is responsible for O2
activation and ROS generation [188]. However, when the dosages of EDTA and ZVI are on the
same order of magnitude, the Fe(II)aq–EDTA complex in the solution predominantly drives
the reactions, and free •OH in the solution is primarily responsible for removing organic
pollutants [184]. Additionally, the configurations of the Fe–ligand complexes also significantly
affect the efficiency of O2 activation. For example, the Fe(II)–NTA complex is more efficient in
activating O2 than the Fe(II)–EDTA complex due to the relatively open structure, leading to
more ROS generation under the same condition [188]. Moreover, some organic ligands with
reducing capabilities, such as hydroxylamine [189], can even directly reduce Fe(III) to Fe(II),
resulting in a more efficient Fe cycle and higher ROS yield. Notably, the quenching effect of
the ligands on •OH (Table 7) should be also considered for a more accurate analysis of the
contributions of ROS to pollutant degradation kinetics.

Table 7. Stability constants of Fe(II)/Fe(III)-complexes with common organic ligands and rate
constants for reaction of these ligands with •OH.

Species Log β of Fe(II)-Complex Log β of Fe(III)-Complex Reaction Rate Constants with •OH (M−1 s−1) Reference

EDTA 14.3 25.1 2.0 × 109 [83]
EDDS N/A 20.6 2.5 × 109 [83,187]
NTA 8.05 15.90 5.5 ×108 [83,186]
CA 3.2 8.36–12.38 and 11.5 3.2 × 108 [83]
OA > 4.70 9.4 1.0 × 107 [83]
HA N/A 6.65–7.59 N/A [83]

Note: N/A, data not available.
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Figure 4. (a) Summary of pH ranges over which Fe chelates are stable [179]. (b) Reaction mechanisms
of ligand-enhanced Fe(II) oxidation [183]. (c) Illustration of OA-enhanced FeS oxygenation mecha-
nism [190]. (d) Illustration of the mechanisms for HA-enhanced oxygenation of Fe-containing clay
mineral [191].

Compared to synthetic ligands, natural organic acids, including citric acid (CA),
oxalate (OA), and humic acid (HA), generally exhibit a relatively weak ability to form
complexes with iron. However, they can still modify the redox potential of iron ions
and accelerate the iron cycle and O2 activation effectively [192]. Moreover, reductive
natural organic acids, such as glutathione [193], ascorbic acid [194], and protocatechuic
acid [195], have the potential to reduce Fe(III) to Fe(II) directly. Studies have indicated that
the dissolved Fe(II)–ligand complexes can mediate one electron-transfer process and play
a dominant role in O2 activation by FeS in the presence of CA and OA [192]. However,
the capability of these organic acids to promote the dissolution of FeS2 is lower than for
FeS due to the more stable structure of FeS2. Correspondingly, dissolved Fe(II)-mediated
O2 activation is less important in FeS2 suspension [182,192]. These results indicated that
the effect of organic acids on the contribution of homogeneous reactions to overall O2
activation efficiency is closely related to the properties of the materials. Notably, it was
recently revealed that organic ligands can promote ROS generation during the oxygenation
of FeS minerals by producing abundant carbon-centered radicals. For example, OA could
be preferentially oxidized by •OH, leading to the generation of carbon-centered radicals
(e.g., •C2O4

− and •CO2
−), which further supply electrons to O2 and contribute to at least

93.6% of the total •OH production in the FeS/OA/O2 system (Figure 4c) [190].
As an important constituent of natural organic matter, HA has been confirmed to

promote the generation of •OH by forming an aqueous Fe–HA complex and promoting the
regeneration of Fe(II) via its reduced functional groups [196–199]. Meanwhile, microbially
or chemically reduced HA has the potential to directly activate O2 via the active quinone
groups (−137 to −225 mV vs. NHE) to generate ROS [200]. Moreover, HA can mediate
heterogeneous O2 activation by Fe-containing minerals. It has been recently proposed
that the presence of HA could change the reaction mechanism of nontronite oxygenation,
where HA accepts electrons from the structural Fe and then delivers the elections to O2
through two-electron-transfer pathways (Figure 4d) [191]. Compared to the direct electron
transfer from structural Fe to O2, reduced HA exhibits a faster O2-reduction rate and higher
selectivity for •OH. The HA-mediated pathways contributed to 70% of H2O2 and 62.1% of
•OH generation in the HA/nontronite system. However, other studies have shown that
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the presence of HA could slow down the oxidation of reduced Fe-bearing clay minerals
due to the competitive adsorption with O2 [201].

Organic ligands can also affect the generation of non-hydroxyl radical species during
the Fe-based material-mediated O2-activation process. For example, the presence of CA
could promote the generation of 1O2 in the S–nZVI/O2 systems because the Fe(II)–CA
complex promotes the generation of more O2

•−, which could further react with H2O/H+

to generate 1O2 and H2O2 [202].

3.3. Inorganic Anions

Inorganic anions are prevalent in the subsurface environment and play a significant role
in influencing the oxidation behavior of Fe-based materials, mainly by inducing aggregation,
increasing the hydrodynamic diameter, and competing with ROS [110]. Studies have shown
that the inhibitory effects of common inorganic anions on O2 activation by Fe-based materials,
such as S–nZVI and nZVI, can be ranked in the order of Cl− < NO3

− < SO4
2− < HCO3

− <
HPO4

2−. This discrepancy could be primarily attributed to the varying degrees of competition
that these anions exhibit with ROS [203]. Moreover, for Cl−, its reaction with •OH to generate
secondary chlorine radicals, such as Cl•, Cl2•−, and ClOH•− (Table 8), can partially mitigate
the negative effects caused by •OH consumption. The impact of these inorganic anions on the
degradation of organic pollutants also depends on the concentrations of the anions and ROS.
For a FeS suspension exposed to air, 5 mg/L of Cl− significantly hinders •OH generation.
However, with sufficient O2 (e.g., through O2 purging of the suspension), even 500 mg/L
of Cl− has a limited effect on •OH concentration in the suspension due to the abundance
of ROS involved in the •OH generation process. Interestingly, the addition of 50,000 mg/L
Cl− has been reported to enhance •OH generation, likely due to the production of secondary
chlorine radicals [144]. Particularly noteworthy is the effect of the orthophosphate ion (PO4

3−),
which could adsorb on the surface of Fe minerals (e.g., green rust) and form the [FeII(OH)2-
PO4]3− complex (Figure 5a), facilitating O2 activation and the generation of O2

•− [204]. When
PO4

3− is introduced to an aerated suspension of surface-oxidized ZVI (Fe@Fe2O3), the PO4
3−

ions can change the O2-reduction pathway from a four-electron to a one-electron process
(Figure 5b) [205]. Moreover, the surface phosphate layer induces the in situ generation of
atomic hydrogen (•H) on the Fe@Fe2O3 surface, which can further promote the sequential
one-electron O2-reduction pathway (Figure 5b) [205].

 

Figure 5. (a) Illustration of phosphate-enhanced O2 activation by green rust [204]. (b) Illustration of
phosphate-enhanced O2 activation in Fe@Fe2O3 system [205].
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Table 8. Reaction rate constants between •OH and inorganic anions.

Reaction Rate Constant (M−1 s−1) Reference

Cl− + •OH → ClOH•− 4.3 × 109 [206]
ClOH•− → Cl− + •OH 6.1 × 109 [206]

ClOH•− + H+ → Cl• + H2O 4.3 × 1010 [206]
Cl• + Cl− → Cl2•− 1.0 × 105 [206]

•OH + HCO3
− → CO3

•− + H2O 8.5 × 106 [207]
•OH + CO3

2− → CO3
•− + OH− 3.9 × 108 [206]

HPO4
2− + •OH → HPO4

•− + OH− 8.0 × 105 [206]

3.4. Microbial Activity

Microbially mediated iron redox reactions are crucial geochemical processes in the
environment [208]. Although the presence of O2 can lead to a 38–64% decrease in the
abundance of iron-reducing bacteria, these microorganisms can recover to 121–793% of
their original levels after the restoration of anoxic conditions [209]. Therefore, the role of
microorganisms in redox dynamics should garner more attention. Iron-reducing microor-
ganisms could enhance the cycle of Fe(II)/Fe(III) via direct electron transfer [210], serving
as extracellular electron shuttles [211] and releasing reduced species (e.g., flavins) [212,213],
thus leading to a continuous supply of Fe(II) and a higher ROS yield. Notably, the extent of
Fe(III) reduction is related to the mineral composition. For example, goethite with lower
crystallinity is preferentially reduced compared to illite by Shewanella putrefaciens CN32,
a metal-reducing bacterium [213]. Sulfate-reducing microorganisms also have important
effects on the iron cycle [214]. Additionally, the presence of certain bacteria, such as neu-
trophilic iron-oxidizing bacteria [215], can alter the surface properties of Fe minerals and
result in the renewal of mineral surfaces through continuous oxidative dissolution [216].
This microbially mediated transformation of iron minerals has significant impacts on O2
activation by these minerals.

4. Conclusions and Perspectives

Iron-based materials have demonstrated significant potential in activating O2 for in
situ remediation of sites with organic contaminants. This review systematically examines
the current research on O2 activation by ZVI, iron sulfide, iron oxide, and Fe-bearing clay
minerals. Notably, we have summarized recent findings about the roles of Fe-bearing
components in natural soils and sediments for O2 activation and ROS generation. The
mechanisms for O2 activation by these Fe-based materials are thoroughly discussed, in-
cluding the active sites/species, electron-transfer pathways, and transformation of the
materials, and the environmental and operational factors influencing O2 activation and
ROS generation are analyzed. Despite these significant advances, O2 activation by Fe-based
materials has not yet been applied for in situ remediation of organic-contaminated sites.
Further investigations are needed to address the potential limitations of this promising
remediation technology and overcome the barriers to its real-world application:

1. The ROS-generation dynamics under environmental conditions need thorough eluci-
dation and characterization to achieve more accurate prediction and precise control
of pollutant removal performance in practical applications. Current studies have
demonstrated that the major reactive species generated in O2 activation by Fe-based
materials are H2O2, •OH, and O2

•−. However, the potential contribution of other
reactive species, especially 1O2, should be further explored, which has shown tremen-
dous potential in selective oxidation of various contaminants [217,218]. Meanwhile,
high-resolution monitoring of ROS-generation dynamics in actual subsurface envi-
ronments is indispensable, which requires further exploration of novel tools suitable
for in situ analysis of trace-level ROS. A notable example of such analytical tools is
flow-injection chemiluminescence analysis, which can be performed with a portable
device, achieving on-site quantification of •OH in environmental matrices [219].
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2. While O2 activation by Fe-based materials can degrade a variety of organic pollutants
(e.g., TCE, PAHs, phenols, organic dyes, and antibiotics), future efforts are needed
to explore its potential for degrading recalcitrant emerging pollutants (e.g., PFASs).
The configuration of surface iron sites and interfacial microenvironment significantly
affect the efficiency of O2 activation. Further research is needed to elucidate the
relationship between the functional groups of pollutants and the electron-shuttle
mechanism for the tailored development of efficient Fe-based materials for the re-
moval of emerging pollutants. For example, •OH is ineffective in degrading PFASs,
whereas O2

•− has demonstrated the capability to degrade perfluorocarboxylic acids
with varying chain lengths [220]. Although O2

•− is an easily formed intermediate
during O2 activation by Fe-based materials, it is quickly converted to other ROS.
Therefore, nanotechnology-enabled rational material design is needed to manipu-
late the generation and consumption pathways of O2

•− during O2 activation and
improve its selectivity toward reaction with PFASs. This can benefit from theoret-
ical simulations of the interaction between the material surface and O2/pollutant
molecules under environmentally realistic conditions. Furthermore, the rational de-
sign of Fe-based materials for controllable O2 activation and ROS generation can be
substantially expedited by incorporating machine-learning analysis of large datasets
on the structure–reactivity relationships [221,222].

3. Attention should be directed toward conducting pilot-scale applications of this tech-
nology to validate its effectiveness in real-world scenarios. In particular, for reme-
diating contaminated sites lacking reactive Fe minerals, it is necessary to introduce
Fe-based materials capable of efficient O2 activation. Iron-based materials that show
excellent performance in laboratory studies may not work when applied in real
aquifers, and it is vital to ensure that mass-produced remediation agents exhibit
activity comparable to those tested in the initial research and development (R&D)
stage. Moreover, the effective delivery of these Fe-based remediation agents can be
a bottleneck for ISCO remediation via Fe-mediated O2 activation. This calls for a
simultaneous evaluation of the transport properties of the Fe-based materials while
optimizing their O2 activation efficiency.

4. In addition to the above technical challenges, other barriers to the real-world applica-
tions of O2 activation for site remediation need to be overcome. To be economically
viable and competitive, costs associated with the materials, equipment, and power
need to be lowered. While Fe is an earth-abundant element, the R&D and scale-up
production of sophisticated Fe-based materials still may be costly. Moreover, despite
the abundance and availability of O2 in the air, the energy required to deliver it into
deep aquifers adds to the total cost of this technology. Finally, since Fe-based materials
(e.g., nZVI) have shown toxicity to a variety of soil organisms [223–225], it is critical
to evaluate the potential environmental impact of these materials before they can
be safely applied in the subsurface environment. A comprehensive consideration of
these factors is warranted to ensure the successful utilization of O2, a green and inex-
haustible oxidant, for sustainable in situ remediation of organic-contaminated sites.
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Abstract: Dichlorvos (2,2-dichlorovinyl dimethyl phosphate, DDVP) is a highly toxic organophos-
phorus insecticide, and its persistence in air, water, and soil poses potential threats to human health
and ecosystems. Covalent triazine frameworks (CTFs), with their sufficient visible-light harvesting
capacity, ameliorated charge separation, and exceptional redox ability, have emerged as promising
candidates for the photocatalytic degradation of DDVP. Nevertheless, pure CTFs lack effective oxida-
tive active sites, resulting in elevated reaction energy barriers during the photodegradation of DDVP.
In this work, density functional theory (DFT) calculations were employed to investigate the impact
of various oxygen-containing acid groups (-COOH, -HSO3, -H2PO3) on DDVP photodegradation
performance. First, simulations of the structure and optical properties of modified CTFs reveal that
oxygen-containing acid groups induce surface distortion and result in a redshift in the absorption edge.
Subsequently, analysis of the density of states, frontier molecular orbitals, surface electrostatic poten-
tial, work function, and dipole moment demonstrates that oxygen-containing acid groups enhance
CTF polarization, facilitate charge separation, and ameliorate their oxidative capability. Additionally,
the free-energy diagram of DDVP degradation uncovers that oxygen-containing acid groups lower
the energy barrier by elevating the adsorption and activation capability of DDVP. Notably, -H2PO3

presents optimal potential for the photodegradation of DDVP by unique electronic structure and
activation capability. This work offers a valuable reference for the development of oxygen-containing
acid CTF-based photocatalysts applied in degrading toxic organophosphate pesticides.

Keywords: organophosphate pesticide; photocatalytic degradation; covalent triazine frameworks;
oxygen-containing acid groups; DFT calculation

1. Introduction

Dichlorvos (2,2-dichlorovinyl dimethyl phosphate, DDVP) is a highly effective organo-
phosphorus insecticide extensively applied in agriculture to control various pests. However,
due to its high toxicity and potential risks to ecosystems and human health, it has emerged
as a critical environmental pollutant of concern. Current remediation strategies for DDVP
include chemical degradation, microbial degradation [1], and environmental degradation.
However, high costs, inefficiency, or dependency on environmental conditions limit their
practical application [2]. In contrast, photocatalysis offers an eco-friendly, efficient, and
economical channel for the sustainable degradation of DDVP. Traditional catalysts, such
as ZnO [3], BiVO4 [4], g-C3N4 [5], WO3 [6], MnO2 [7], et al., face challenges in effectively
degrading DDVP due to severe electron-hole recombination, inefficient light harvesting,
complex surface structure, and ambiguous active sites. Covalent triazine frameworks
(CTFs) comprise donor-acceptor groups that facilitate fast charge separation, rendering
them promising candidates for degrading DDVP [8–10]. Additionally, CTFs possess a
relatively simple and well-defined structure with clearly identifiable active sites, providing
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an ideal platform for theoretical studies and mechanistic exploration [11,12]. However, the
insufficient active sites and weak affinity capability lead to difficulty in the adsorption and
activation of DDVP and further trigger a high degradation energy barrier [13]. Therefore,
endowing CTFs with abundant active sites by tailored modification remains imperative.

Photodegradation reaction primarily relies on oxidation processes, where the oxi-
dation capacity of active sites directly influences the degradation efficiency of the target
pollutants [14]. Therefore, the development of active sites with high oxidation capabilities
is crucial for enhancing photodegradation performance. However, oxidation sites are
susceptible to photo-corrosion during photodegradation reactions, which can result in
structural damage and performance deterioration. To achieve more efficient and durable
photodegradation, it is imperative to enhance the oxidation capacity and the chemical
stability of these active sites [15]. Due to their robust antioxidant properties, oxygen-
containing acid functional groups exhibit distinct advantages for DDVP photodegradation,
particularly by mitigating photo-corrosion and self-degradation under light irradiation.
During the process of photodegradation, when a catalyst absorbs light energy, it triggers the
excitation of electrons, causing them to transition from the valence band to the conduction
band. Simultaneously, this process leads to the accumulation of photogenerated holes
within the valence band. Owing to their greater electronegativity, photoexcited holes tend
to accumulate in the oxygen-containing acid groups. Therefore, oxygen-containing acid
groups can function as active sites for DDVP photodegradation. In addition, the presence
of oxygen-rich acid groups induces an asymmetrical charge distribution and a robust
dipole moment, thereby expediting the separation of electron-hole pairs. Consequently, the
incorporation of appropriate oxygen-containing acid functional groups into CTFs is crucial
for enhancing the photocatalytic degradation efficiency of DDVP [16].

Therefore, several common and stable oxygen-containing acid functional groups, such
as COOH (carboxyl), HSO3 (sulfonic), and H2PO3 (phosphoric) groups, were selected for
the modification of CTFs. The X-ray diffraction (XRD), Fourier-transform infrared (FTIR)
spectroscopy, and Raman spectra were simulated by theoretical calculations to examine the
changes in structural and optical properties induced by oxygen-containing acid functional
groups. Additionally, the influence of these functional groups on the light absorption prop-
erties and electronic structure of CTF was examined through ultraviolet-visible (UV–Vis)
spectroscopy and density of states (DOS) calculations. Calculations of the dipole moment
and surface electrostatic potential were conducted to further investigate charge separation
efficiency and the distribution of active sites. Ultimately, the rate-determining step and reac-
tion barriers for DDVP degradation were analyzed by calculating the reaction-free energy
profile. These theoretical studies elucidated the reaction mechanism and underscored the
potential advantages of oxygen-containing acid functional CTFs in DDVP photodegradation.

2. Computational Details

The analysis of spectroscopic properties, including vibrational modes and high-energy
states, was performed using CP2K (version 2024.2), applying the PBE functional to ensure
a consistent description of the systems. Electronic structure calculations were conducted
within the unrestricted Kohn-Sham formalism, utilizing the Gaussian and plane waves
(GPW) approach, with Goedecker-Teter-Hutter (GTH) pseudopotentials and a TZV2P-
MOLOPT-GTH basis set for all elements. Computational parameters included a plane-wave
cutoff of 410 Ry, an SCF convergence criterion of 5 × 10−6 hartree, and force convergence
set to 5 × 10−4 Bohr per hartree. A vacuum layer of 20 Å was introduced to isolate the
periodic slabs and minimize surface interactions. For capturing Van der Waals (vdW) forces,
the DFT-D3 method with Grimme’s zero-damping function was applied. The Gibbs free
energy changes were computed using the equation ΔG = ΔE + ΔEZPE − TΔS, where ΔE
represents the electronic energy variation, ΔEZPE is the change in zero-point energy, and ΔS
accounts for the temperature-dependent entropy variation. Zero-point energy corrections
and vibrational frequencies, alongside entropy calculations for gaseous molecules, were
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evaluated using the Shermo software (version 2.6) [17]. Excited-state analysis and spectral
studies were performed using Multiwfn software (version 3.8(dev)) [18].

3. Results and Discussion

Covalent triazine frameworks, characterized by their distinctive alternating arrange-
ment of triazine (TR) and pyridine rings (Figure 1a), have emerged as a hotspot due to their
versatile structural and functional properties. Therefore, single-layer CTFs incorporating
various acidic functional groups (-COOH, -HSO3, and -H2PO3) were engineered, which
were named CTF-COOH, CTF-HSO3, and CTF-H2PO3. Notably, the acidic functional
groups are directly linked to the TR. The optimized structure illustrates that attaching
different acidic functional groups to CTF markedly decreases its pore size. As depicted in
Figure 1a–h, pristine CTF possesses the largest pore size of 7.64 Å. Upon functionalization,
the pore sizes of CTF-COOH, CTF-HSO3, and CTF-H2PO3 are reduced to 7.22 Å, 5.87 Å,
and 5.77 Å, respectively, indicating that the incorporation of acidic groups effectively modi-
fies the pore dimensions of CTF. Simulated X-ray diffraction (XRD) results indicate that the
characteristic diffraction peaks of CTFs primarily fall within the 5–15◦ range (Figure 1i).
Specifically, pristine CTF shows five distinct peaks at 5.89◦, 7.00◦, 9.15◦, 11.79◦, and 13.73◦,
which are attributed to the (001), (010), (101), (110), and (111) crystal planes, respectively.
Notably, the XRD patterns of the functionalized derivatives, CTF-COOH, CTF-HSO3, and
CTF-H2PO3, exhibit the same diffraction peaks as the pristine CTF, suggesting that the
introduction of acidic functional groups does not significantly affect the lattice parameters.
This observation strongly suggests that the ordered structure of the CTF framework is well
preserved after functionalization. Further analysis of the simulated structures for CTF-
COOH, CTF-HSO3, and CTF-H2PO3 reveals that their lattice parameters remain largely
unchanged compared to pristine CTF. The lattice parameters for CTF-COOH were deter-
mined to be a = 14.56 Å, b = 14.55 Å, c = 15.00 Å; for CTF-HSO3, a = b = 14.58 Å, c = 15.00 Å;
and for CTF-H2PO3, a = 14.60 Å, b = 14.62 Å, c = 15.00 Å. These values are nearly identical
to the lattice parameters of pristine CTF (a = b = 14.57 Å, c = 15.00 Å). The results suggest
that the incorporation of functional groups effectively preserves the structural integrity of
the CTF framework. This consistent crystalline arrangement highlights the robust nature
of the CTF material, demonstrating its capacity to accommodate diverse functional groups
while maintaining its ordered crystal structure and overall stability.

Figure 1. Top and side perspective of crystal structures: (a,e) CTF, (b,f) CTF-COOH, (c,g) CTF-HSO3,
and (d,h) CTF-H2PO3. Simulated (i) XRD pattern.
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Infrared spectroscopy identifies vibrational frequencies and related parameters, of-
fering insights into molecular interactions with their functional groups. As illustrated in
Figure 2a, the infrared spectra of CTF, CTF-COOH, CTF-HSO3, and CTF-H2PO3 were sim-
ulated within the 500–4000 cm−1 range. The CTF exhibits prominent infrared absorption
peaks at 1412 and 1504 cm−1. For the functionalized variants, CTF-COOH shows peaks
at 1407 and 1495 cm−1, CTF-HSO3 at 1416 and 1496 cm−1, and CTF-H2PO3 at 1415 and
1487 cm−1, corresponding to the characteristic infrared absorption of the TR units [11].
Interestingly, further analysis of the spectra reveals additional peaks that are specific to
the functional groups introduced. For instance, CTF-COOH displays a distinct absorption
peak at 1272 cm−1, which is absent in the pure CTF structure. This peak corresponds
to the C-O stretch in the -COOH group, confirming the successful incorporation of the
-COOH functional group into the CTF framework [19]. Similarly, CTF-HSO3 presents a
peak at 1229 cm−1, attributable to the S=O stretching vibration in the -HSO3 group [20],
indicating its presence within the CTF structure. In addition, CTF-H2PO3 shows a charac-
teristic peak at 944 cm−1, corresponding to the P-O stretching vibration in the group [21],
further corroborating the functionalization of CTF with this group. To further elucidate
the crystal structure of CTF, Raman spectra (Figure 2b) simulations were conducted. The
results revealed that the benzene rings within CTF exhibit four characteristic absorption
peaks at 1453, 1556, 1623, and 1656 cm−1, corresponding to the stretching vibrations of the
benzene ring [22]. These peaks were similarly observed in the CTF-COOH, CTF-HSO3, and
CTF-H2PO3 crystals, though with a redshift. This redshift can be attributed to the influence
of the functional groups. Furthermore, the C-H stretching peaks for CTF-COOH, CTF-
HSO3, and CTF-H2PO3 were observed at 1002, 991, and 991 cm−1, respectively, indicating
a blue shift relative to the peak at 988 cm−1 in the CTF sample. This blueshift is likely
due to the interaction between the attached functional groups and the CTF framework,
suggesting that the incorporation of functional groups induces changes in the electronic
environment and alters the C-H bond vibrations within the material. This observation
further emphasizes the impact of functionalization on the vibrational properties of the
CTF structure.

 
Figure 2. (a) IR spectra, (b) Raman spectra, and (c) UV–Vis spectra of CTF, CTF-COOH, CTF-HSO3,
and CTF-H2PO3. (d) Dipole moments on different components of CTF, CTF-COOH, CTF-HSO3,
and CTF-H2PO3.
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To explore how the attachment of functional groups influences the optical absorption
properties of CTFs, the UV–Vis absorption spectra simulated by electronic transition calcu-
lations were performed (Figure 2c). In its unmodified form, CTF displayed two absorption
peaks: one in the 220–260 nm range, attributed to intramolecular electron transfer [11], and
another in the 300–450 nm region, associated with electronic excitation processes [16]. The
absorption edge of CTF is observed to be approximately 480 nm, indicating a limited capac-
ity for visible light absorption. The absorption spectrum of CTF was expanded from 480 nm
to 550 nm through functionalization with various groups. Among the functionalized CTFs,
CTF-H2PO3 showed the largest shift, with an absorption edge at 550 nm. This enhanced
absorption is likely due to the interactions between the functional groups and the CTF
structure, which can modify the electronic energy levels of CTF. These interactions lower
the energy required for electronic transitions, leading to an expanded absorption range.
The extension of the absorption range into the visible region suggests that the functional
groups modify the electronic structure of CTF, enhancing its photodegradation potential.

To further investigate the charge distribution after introducing oxygen-containing
groups, dipole moment calculations for CTF, CTF-COOH, CTF-HSO3, and CTF-H2PO3
(Figure 2d) were performed. The dipole moment is a crucial indicator of molecule interac-
tion with light, particularly in the visible and near-infrared regions, which is important for
photocatalytic performance. Notably, while the dipole moments of CTF-COOH, CTF-HSO3,
and CTF-H2PO3 in the X-direction are significantly larger than that of CTF, the overall
dipole moments across all four materials are similar. This indicates that the functionaliza-
tion does not significantly alter the absorption edge width, which is consistent with the
trends observed in the UV–Vis absorption spectra. Furthermore, the dipole moment is also
indicative of the internal charge distribution, with CTF-H2PO3 exhibiting the highest dipole
moment in the X-direction. This suggests the presence of the strongest built-in electric field
in CTF-H2PO3, which is likely to facilitate the efficient separation of photogenerated charge
carriers, thus improving photocatalytic performance.

As depicted in Figure 3a–d, the calculated band gaps for CTF, CTF-COOH, CTF-
HSO3, and CTF-H2PO3 are 2.63, 2.42, 2.39, and 2.38 eV, respectively. Notably, CTF-H2PO3
exhibits the smallest band gap among these materials. A comparison of the absorption
edges of CTF highlights that the theoretically determined band gaps align well with the
optical absorption characteristics of these materials. Like pristine CTF, the functionalized
derivatives CTF-COOH, CTF-HSO3, and CTF-H2PO3 all exhibit direct band gaps. This
indicates that the addition of functional groups does not alter the semiconducting nature of
the band gap, preserving the high optical absorption efficiency and robust photogenerated
carrier separation. In a direct band gap semiconductor, electrons transition from the valence
band (VB) to the conduction band (CB) without a change in momentum, significantly
enhancing photon absorption efficiency, particularly in the UV–Vis light regions. Further
analysis of the DOS reveals distinct orbital contributions (Figure 3e–h). In pristine CTF, the
VB is primarily composed of the N 2p orbitals, while the CB is largely derived from the C
and N 2p orbitals. This disparity is attributed to the higher electronegativity of N, which
favors electron acceptance, making the N 2p orbitals dominant in the VB. This phenomenon
can be linked to the conjugated π-bond structure of TR, where π-electron clouds are
delocalized between N and C atoms. Interestingly, when additional functional groups
such as -H2PO3 are introduced to form CTF-H2PO3, the electronic structure undergoes
significant modification. The VB shifts from being dominated by the N 2p orbitals to the
O 2p orbitals.

To analyze the potential of CTF-based materials for photocatalytic degradation of
pesticide contaminants such as dichlorvos (DDVP), the work function (Wf) of the CTF (001)
crystal face was calculated (Figure 4a–c). The Wf for pristine CTF was found to be 6.13 eV
(Figure 4a). Introducing electron-withdrawing functional groups like -COOH, -HSO3, and
-H2PO3 significantly alters the electronic properties of CTFs. These groups act as electron
acceptors, lowering the Fermi levels of the modified CTFs (Figure 4a–d). Consequently,
the Wf increased to 6.70, 6.60, and 7.10 eV for CTF-COOH, CTF-HSO3, and CTF-H2PO3,
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respectively. A larger work function indicates stronger electron confinement by the catalyst.
The introduction of H2PO3 results in the greatest increase in electronegativity, suggesting
that H2PO3 has the strongest electron-binding ability. For donor-acceptor CTFs, the electron
donor typically forms the major component of the conduction band, while the electron
acceptor is generally part of the valence band [23]. Therefore, the trend of an increasing
work function also suggests that these oxygen-containing acid functional groups primarily
contribute to the valence band. This is consistent with the analysis of the band structure
and density of states.

 

Figure 3. Band structure of (a) CTF, (b) CTF-COOH, (c) CTF-HSO3, and (d) CTF-H2PO3. The density
of states (DOS) of (e) CTF, (f) CTF-COOH, (g) CTF-HSO3, and (h) CTF-H2PO3.

Figure 4. Electrostatic potentials curves of the (a) CTF, (b) CTF-COOH, (c) CTF-HSO3, and (d) CTF-H2PO3.

To determine the effect of oxygen-containing acid groups on the surface distribution
of potential and active sites, the surface electrostatic potential of the CTFs before and after
modification was simulated. Figure 5a–d presents the top-view distribution of surface
electrostatic potentials for various CTF variants, offering a visual depiction of how distinct
electron-accepting functional groups influence the electrostatic potential. The results
highlight the varying degrees of electron redistribution caused by these functional groups,
which directly affect the surface properties of the materials. The red regions have a lower
electrostatic potential, while the blue regions have a higher electrostatic potential. For CTF,
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the electrostatic potential at the N sites is lower, while the potential at the H and C sites
is higher. This indicates that the surface electrons of CTF are primarily concentrated at
the N sites of the triazine rings, which is consistent with the electronic structure and work
function analysis. Under light irradiation, photo-induced electrons in the red regions will
transfer to the blue regions, causing the N sites to lose electrons and thereby retain more
photo-induced holes. Consequently, the N sites act as oxidative active sites, participating in
the oxidation of DDVP. In contrast to pure CTF, after the introduction of oxygen-containing
acid groups, these groups become the regions with the lowest electrostatic potential and the
highest electron density. Furthermore, the electron density and spatial distribution of these
electron-rich regions are much larger than those at the N sites of pure CTF. This suggests
that these functional groups not only serve as oxidation sites but also exhibit significantly
stronger oxidative capabilities compared to pure CTF. Notably, the H2PO3 sites have the
lowest potential and the largest effective range, indicating that H2PO3 can exert a stronger
oxidative effect and degradation efficiency on DDVP during photodegradation processes.

Figure 5. Surface electrostatic potential of (a) CTF, (b) CTF-COOH, (c) CTF-HSO3, and (d) CTF-
H2PO3.

Through a detailed analysis of molecular configuration, charge distribution, and elec-
tronic transfer properties, the modification mechanism of oxygen-containing acid functional
groups on the performance of CTF was elucidated. As shown in Figure 6a, the adsorption
distance between unmodified CTF and the DDVP molecule is 3.39 Å. After introducing
functional groups, the adsorption distances were reduced to 2.37, 2.18, and 2.10 Å, re-
spectively (Figure 6b–d). This reduction in distance can be attributed to the enhanced
interaction between the CTF surface and the DDVP molecule due to the incorporation of
oxygen-containing acid functional groups, thereby improving the adsorption capacity. The
adsorption energy (ΔEads) of unmodified CTF was calculated to be −0.40 eV, while the
introduction of oxygen-containing acid functional groups increased the adsorption energy
to −0.46, −0.52, and −0.55 eV, respectively. These results indicate that the inclusion of func-
tional groups significantly enhances the adsorption ability of CTF toward DDVP, primarily
due to stronger electrostatic interactions, particularly van der Waals forces. Figure 6e–h
present the differential charge density distributions after DDVP adsorption, where yellow
regions represent electron accumulation and blue regions indicate electron depletion. These
plots reveal minimal charge fluctuations between the two molecules, indicating that there
is mutual electron transfer between DDVP and CTFs, which is one reason for the relatively
low total interfacial electron transfer. To better determine the direction and electron transfer
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quantity, the electron gain and loss between DDVP and CTFs were analyzed using Bader
charge (Figure 6i–l). Specifically, unmodified CTF exhibits a charge transfer of 0.036 e
from CTFs to DDVP. After electron transfer, an electrostatic field is generated from CTFs
towards DDVP. Under light irradiation, this electric field drives the photo-induced holes
to transfer to DDVP, thereby facilitating its rapid degradation. The inclusion of COOH,
HSO3, and H2PO3 functional groups adjusts the charge transfer to 0.033, 0.013, and 0.016 e,
respectively. This discrepancy between the electron transfer amount and adsorption energy
may be because the adsorption energy is more influenced by the interaction distance, while
the electron transfer is less dependent on it. Overall, these findings provide deeper insights
into the role of oxygen-containing acid functional groups in enhancing the adsorption
performance and oxidation behavior of CTFs.

 

Figure 6. Interaction between DDVP and (a) CTF, (b) CTF-COOH, (c) CTF-HSO3, and (d) CTF-
H2PO3. Charge density difference and charge transfer of (e,i) CTF, (f,j) CTF-COOH, (g,k) CTF-HSO3,
(h,l) CTF-H2PO3.

To further explore the intermediate transformation during DDVP degradation on
CTF, DFT was employed to assess the free energy changes associated with the oxidation
of DDVP (C2H7Cl2O4P) to dichloroacetic acid (DCA, C2Cl2O2H) on CTF (Figure 7a–d).
Initially, DDVP adsorbs onto the TR active site of CTF, forming an adsorbed species
(Equation (1)). This step is spontaneous and requires no energy input. Similarly, for CTF-
COOH, CTF-HSO3, and CTF-H2PO3, the initial adsorption process remains spontaneous,
with modified CTFs showing more significant reductions in free energy, suggesting the
process becomes more favorable. In the subsequent step, the adsorbed DDVP transforms
into adsorbed 1,2-dichloroethane (DCE, C2H2Cl) and dimethyl phosphoric acid (DPA,
C2H7Cl2P) (Equation (2)), which is also a spontaneous reaction. This transformation re-
mains spontaneous on CTF-COOH, CTF-HSO3, and CTF-H2PO3, with notable free energy
reductions, indicating that the reaction is more kinetically favorable. The next step in-
volves the conversion of *DCE into *DCA (Equation (3)), which is also spontaneous. In
the final step (Equation (4)), *DCA desorbs from the TR site of CTF. Unlike the earlier
steps, this transformation is non-spontaneous and requires additional energy input. The
rate-determining step (RDS) of the entire degradation process is the desorption of *DCA
from the TR site on CTF (Equation (4)), with the energy barrier representing the critical
bottleneck of the reaction. The reaction barriers for CTF, CTF-COOH, CTF-HSO3, and
CTF-H2PO3 are 0.75, 0.55, 0.45, and 0.33 eV, respectively. Compared with unmodified CTF,
the reaction barrier of the modified CTFs is significantly reduced, primarily due to the
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electrostatic repulsion between the oxygen atoms in the DCA molecule and those in the
modified functional groups. Additionally, CTF-H2PO3, with the lowest energy barrier
(0.33 eV) among the four catalysts, demonstrates excellent DDVP degradation performance.

* + C4H7Cl2O4P → *C4H7Cl2O4P . (1)

*C2H7Cl2O4P → *C2H2Cl2 + C2H7O2P. (2)

*C2H2Cl2 → *C2Cl2O2H. (3)

*C2Cl2O2H → * C2Cl2O2H (4)

 

Figure 7. Free-energy diagrams for the photodegradation and reaction path of DDVP of (a) CTF,
(b) CTF-COOH, (c) CTF-HSO3, and (d) CTF-H2PO3.

4. Conclusions

This study systematically investigated the mechanism of photodegradation of DDVP
using oxygen-containing acid functional CTFs. The results demonstrate that the intro-
duction of -COOH, -HSO3, and -H2PO3 functional groups offers several key advantages:
(1) narrowing the band gap of CTFs, thereby promoting visible light absorption; (2) en-
hancing the dipole moment, which facilitates charge separation; (3) serving as the main
component of the valence band and acting as oxidative active sites; (4) improving antioxi-
dant capacity, thereby enhancing the stability of the photocatalytic degradation process;
(5) strengthening the adsorption and activation of DDVP, promoting the desorption of
acidic oxygenated products, and lowering the reaction energy barrier. Among them, the
-H2PO3 group markedly reduces the reaction energy barrier, enhancing the activation capa-
bility and oxidation durability of CTFs, thereby demonstrating significant potential in the
photodegradation of DDVP. This research presents valuable insights into the development
of efficient, stable, and environmentally friendly photocatalysts for pesticide degradation.
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