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Introduction: Magnesium aluminate (MgAl2O4) is a new adsorbent, which can be
used to adsorb dyes and drugs, but it has not been used to adsorb Cr(VI) ions.

Methods: A conventional polyacrylamide gel route with the different chelating
agents including ethylenediamine tetraacetic acid (EDTA), oxalic acid and salicylic
acid have been applied to synthesis the MgAl2O4 nanoparticles with the high
adsorption capacity and photocatalytic reduction capacity for the adsorption and
reduction of Cr(VI). The phase compositions, microstructure characteristics,
optical properties, adsorption capacities and photocatalytic reduction
capacities of MgAl2O4 nanoparticles can be effectively regulated by changing
the type of chelating agent.

Results and discussion: The pure phase MgAl2O4 nanoparticles were obtained by
using EDTA and oxalic acid as chelating agents, but a small amount of MgO
impurity appeared in the MgAl2O4 nanoparticles obtained by salicylic acid as
chelating agents, which inhibited the adsorption and photocatalytic reduction
ability of MgAl2O4 nanoparticles. The optimal MgAl2O4 content, Cr(VI) initial
concentration and pH value were 0.75 mg/L, 100 mg/L and 5, respectively. The
photocatalytic reduction capacity of MgAl2O4 nanoparticles obtained by oxalic
acid as chelating agents was 3.56 times that of MgAl2O4 nanoparticles obtained by
salicylic acid as chelating agents. The high adsorption capacity of MgAl2O4

nanoparticles is mainly due to electrostatic adsorption, while the high
photocatalytic reduction capacity is mainly due to the high reduction capacity
of active free radicals generated by the conduction electrons and valence band
holes of MgAl2O4 nanoparticles.
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1 Introduction

Chromium is a heavy metal ion commonly found in the smelting, painting and
electroplating industries, with high mobility and toxicity, and Cr ions are often detected
in wastewater. (Budiana et al., 2021; Kumar et al., 2022). In nature, chromium mainly
contains two valence states, Cr(VI) and Cr(III). Cr(VI) usually has higher toxicity and
mobility than Cr(III), is easy to gather in the roots of plants, and exists in wastewater, which
will bring great harm to human production and life. (Fan et al., 2021; Uddin et al., 2021).
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Therefore, the reduction of Cr(VI) to Cr(III) can greatly reduce the
pollution of chromium to the environment, thereby reducing its
harm to human health.

Recently, the main technical means to reduce Cr(VI) ion pollution in
water environment including membrane separation, chemical reduction,
ion exchange, adsorption and photocatalysis. (Kong et al., 2021a; Li et al.,
2021; Liu et al., 2021). Among these methods, adsorption and
photocatalysis are two effective means often used to reduce Cr(VI)
ions, especially the photocatalysis technology driven by light energy is
known as a green technology. (Zhang et al., 2021; Liu et al., 2022; Gao
et al., 2022; Zhang et al., 2022). The development of semiconductor
materials with the ability of adsorption and photocatalytic reduction has
become one of the hot research topics in reducing Cr(VI) to Cr(III). (Li
et al., 2021; Tripathy et al., 2022). Magnesium aluminate (MgAl2O4) is a
kind of semiconductor material, which has been widely used in
adsorption and photocatalytic degradation of organic dyes and drugs.
(Muneeb et al., 2016;Mukherjee et al., 2020; Salmasi et al., 2022). It is well
known that the physical and chemical properties ofMgAl2O4 are strongly
dependent on its morphology, surface defects and interface effects. The
morphology, surface defects and interface effects of MgAl2O4 are mainly
dependent on special synthesis methods.

To develop MgAl2O4 semiconductor materials with the ability of
adsorption and photocatalysis, a new polyacrylamide gel method has
been favored by researchers. (Hassanzadeh-Tabrizi, 2011; Liu et al.,
2022). The MgAl2O4 semiconductor materials with different particle
sizes can be synthesized by changing the experimental conditions such
as the type of metal salt, the content of various additives, the reaction
temperature and the type of chelating agent. However, the synthesis of
MgAl2O4 nanoparticles with controllable size by different types of
chelating agents has not been reported. Simultaneously, MgAl2O4

semiconductor materials have not been used to adsorption and
photocatalytic reduction Cr(VI) to Cr(III). Therefore, it is of great
significance to select a suitable chelating agent to synthesize MgAl2O4

nanoparticles and study the synergistic effect of adsorption and
photocatalysis to reduce Cr(VI) ions.

In this paper, we propose the synthesis of three different MgAl2O4

nanoparticles using the polyacrylamide gel method and ethylenediamine
tetraacetic acid (EDTA), oxalic acid and salicylic acid as chelating agents.
The structure information, microstructure characteristics, optical
properties, adsorption capacity and photocatalytic reduction capacity
of MgAl2O4 nanoparticles were investigated by multiple characterization
equipments. The MgAl2O4 nanoparticles were used to adsorption and
photocatalytic reduction of Cr(VI) ions for the first time. The effects of
different experimental parameters, includingCr(VI) initial concentration,
MgAl2O4 content, pH value, adsorption time and reaction temperature
on the adsorption capacity of MgAl2O4 nanoparticles were explored in
detail. Combining adsorption experiment, photocatalysis experiment and
energy band theory, a reasonable adsorption and photocatalysis
mechanism is proposed.

2 Experimental section

2.1 Preparation of MgAl2O4 nanoparticles

To study the effects of different chelating agents on the structure,
morphology and physicochemical properties of MgAl2O4 nanoparticles,
ethylenediamine tetraacetic acid (EDTA), oxalic acid and salicylic acid

were selected as chelating agents. A certainmass of aluminium trichloride
(AlCl3), magnesium chloride hexahydrate (MgCl2·9H2O) is weighed on
the basis of themolar ratio of nMg: nAl = 1: 2.Meanwhile, a chelating agent
with a molar ratio of 5:1 to metal ions, 20 g glucose, 9.5958 g acrylamide
and 1.9192 g methylene bisacrylamide were weighed. The reagents were
successively dissolved in 100mL deionized water, and after all the
reagents were completely dissolved, the temperature was raised to
90°C to form a jelly-like gel. Subsequently, the jelly-like gel was
transferred to a drying oven to dry at 120°C for 24 h to obtain a
black xerogel. The MgAl2O4 nanoparticles were obtained by smashing
the dry gel and sintering it in a box furnace at 800°C for 10 h. The
MgAl2O4 nanoparticles prepared by selecting EDTA, oxalic acid and
salicylic acid as chelating agents were labeled as samples S1, S2 and S3,
respectively. The preparation flow chart of MgAl2O4 nanoparticles as
depicted in Figure 1.

2.2 Material characterization

The phase information of MgAl2O4 nanoparticles was
characterized by the means of D8 ADVANCE (Bruker Germany)
X-ray powder diffraction (XRD) with the Cu Kα radiation at a X-ray
wavelength of 1.5406 Å and operated at an accelerating voltage of
30 kV and accelerating current of 20 mA. The morphological
characteristics of MgAl2O4 nanoparticles were observed by a
Hitachi S-4800 cold-field emission scanning electron microscope
(FE-SEM) with the accelerating voltage of 20 kV and a JEOL JEM-
2100F transmission electron microscope (TEM) operated at an
accelerating voltage of 5 kV and high-resolution TEM (HRTEM)
operated at 300 kV. Ultraviolet-visible (UV-vis) absorption spectra
of MgAl2O4 nanoparticles were characterized by a TU-1901 UV-
visible spectrophotometer on the basis of the BaSO4 used as
reference and the test wavelength range of 200–850 nm.

2.3 Adsorption experiments

To perform the adsorption experiments, K2CrO4 solution was
used as an ion source for Cr(VI). The adsorbent content, initial
concentration of Cr(VI), pH value, adsorption time and reaction
temperature were 0.25–1 g/L, 50–200 mg/L, 3–13, 180 min, and
283–313 K, respectively. According to the above experimental
conditions, Cr(VI) solution of the corresponding concentration
was configured, and MgAl2O4 nanoparticles of the corresponding
adsorption content were added, and the magnetic stirrer kept
stirring. For the first 30 min of adsorption, the solution is taken
every 5 min, and then the sample is taken every half hour.
Subsequently, the concentration of Cr(VI) was measured by a
dinitrodiphenyl carbazide spectrophotometric method. (Milačič
et al., 1992). The amount of Cr(VI) ions adsorbed by the
MgAl2O4 nanoparticles was calculated from the Equation 1.

q � C0 − Ct( ) × V

mAdsorbent
(1)

Where, q is the amount adsorbed (mg/g) of Cr(VI) ions, C0 is the
Cr(VI) initial concentration (mg/L), Ct is the concentration at time t
of Cr(VI) ions, V is the volume, and mAdsorbent are the mass of
adsorbent (g).
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2.4 Photocatalytic experiments

The photocatalytic reduction ability of MgAl2O4 nanoparticles was
studied by exposing the reaction solution after adsorption equilibrium
to xenon lamp light source which can emit simulated sunlight for 1 h.
The sample is taken every 10 minutes, and the concentration of the

obtained solution is also determined by the above dinitrodiphenyl
carbazide spectrophotometric method. The catalyst content, initial
concentration of Cr(VI), pH value, illumination time and reaction
temperature were 0.75 g/L, 100 mg/L, 5, 60 min, and 283 K,
respectively. The degradation percentage (DP%) of MgAl2O4

nanoparticles can be estimated by Equation 2.

FIGURE 1
Preparation flow chart of MgAl2O4 nanoparticles.

FIGURE 2
XRD patterns of Samples (A) S1, (B) S2 and (C) S3. (D) Crystal structure of MgAl2O4.
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DP% � 1 − Ct

Co
( ) × 100% (2)

3 Results and discussions

3.1 Phase and crystal structure

The phase structure and purity of semiconductor materials can
be characterized by XRD. Figures 2A–C depicts the XRD patterns of
Samples S1, S2 and S3. For the Samples S1 and S2, all diffraction
peaks can be attributed to the cubic spinel MgAl2O4 with the
standard Joint committee on powder diffraction Standards
(JCPDS) card No. 84–0377. However, in addition to the
diffraction peaks of MgAl2O4, the Sample S3 also contains a
small amount of cubic phase MgO with the standard JCPDS card
No. 79–0612. The results show that the pure MgAl2O4 can be
obtained when EDTA and oxalic acid are used as chelating
agents, but the impurity phase of MgO appears when salicylic
acid is used as chelating agents to prepare MgAl2O4. This result
is mainly related to the coordination number of MgAl2O4 and the
coordination ability of the chelating agent. (Luan et al., 2006;
Ganesh, 2013; Rahmat et al., 2018). Based on the Scherrer
Equation 3 and the (311), (400) and (440) diffraction peaks, the
mean crystallite size (D) of Samples S1, S2, and S3 can be estimated.

DP � kλ

β cos θ
(3)

Where, k = 0.9 is the shape factor, β is the full-width at half
maximum, λ is the X-ray wavelength and θ is the diffraction angle. The
average crystallite sizes of samples S1, S2, and S3 were calculated to be
38, 27, and 21 nm, respectively. Figure 2D displays the crystal structure

of MgAl2O4. In the crystal structure, oxygen ions are packed cubic
tightly, magnesium ions are filled in one-eighth of the tetrahedral space,
and aluminum ions are filled in one-half of the octahedral space.

3.2 Surface micro-structure

The microstructure of semiconductor material has great
influence on its physical and chemical properties. The surface
microstructure of MgAl2O4 can be characterized by SEM and
TEM. Figures 3A–C shows the SEM images of Samples S1,
S2 and S3. The MgAl2O4 particles obtained by different chelating
agents are approximately spherical, and the particles are fine and the
agglomeration is obvious. The different chelating agents only affect
the particle size and agglomeration degree of MgAl2O4

nanoparticles, but do not affect its shape. Figures 3D–F displays
the particle size distribution of Samples S1, S2 and S3. The mean
particle sizes of Samples S1, S2 and S3 are 40, 30 and 20 nm,
respectively. The particle size of MgAl2O4 observed by SEM is
basically consistent with that calculated by XRD. The main
reason for the different size of MgAl2O4 nanoparticles obtained
by different chelating agents is that MgAl2O4 has different crystal
growth laws due to different chelating ability of chelating agents.

Figures 4A, B displays the TEM images of Samples S1 and S2. This
result is similar to that observed by SEM, theMgAl2O4 nanoparticles are
approximately spherical, and the agglomeration between particles is
obvious. Figures 4C,D shows theHRTEM images of Samples S1 and S2.
For the Sample S1, the lattice spacing of 0.28, 0.24, 0.20 and 0.14 nm
corresponds to the d-spacing of (220), (311), (400) and (440) planes
with the cubic MgAl2O4, respectively. For the Sample S2, the lattice
spacing of 0.28 and 0.24 nm corresponds to the d-spacing of (220) and
(311) planes with the cubic MgAl2O4, respectively. These results
confirmed the absence of other impurities in Samples S1 and S2.

FIGURE 3
SEM images of Samples (A) S1, (B) S2 and (C) S3. Particle size distribution of Samples (D) S1, (E) S2 and (F) S3.
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3.3 Optical properties

The ultraviolet-visible absorption spectra of semiconductor
materials can probe into whether the semiconductor materials
can respond to visible light, and then guide the selection of light
sources for photocatalysis experiments. Figure 5A shows the UV-

Vis absorption spectra of Samples S1, S2 and S3. For the Sample
S1, the optical absorption coefficient decreases with the
increasing of wavelength.A significant absorption peak was
observed at 263 nm, mainly due to the anion vacancy F+

center in MgAl2O4. (Nassar et al., 2014). The results show that
the Sample S1 has a high UV absorption coefficient, suggesting

FIGURE 4
TEM images of Samples (A) S1 and (B) S2. HRTEM images of Samples (C) S1 and (D) S2.

FIGURE 5
(A) UV-Vis absorption spectra and (B) Tauc’s plots of Samples S1, S2 and S3.
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that it can strong respond to UV light and weak respond to visible
light. For the Samples S2 and S3, a similar phenomenon could be
observed, but the absorption peak shifted to 273 nm and a
distinct absorption peak was observed at 456 nm. It is worth
noting that the absorption peak intensity of Sample S3 at 456 nm
is significantly higher than that of Sample S2, mainly because the
absorption peak of Sample S2 is caused by oxygen vacancy or
defect, while the Sample S3 is mainly contributed by the interface
defect between MgAl2O4 and MgO. (Ewais et al., 2017; Vahid and
Haghighi, 2017). According to the results, the Sample S3 has the
highest optical absorption coefficient of visible light at the
wavelength of 400–620 nm. However, above a wavelength of
620 nm, the Sample S2 has the highest optical absorption
coefficient.

According to the UV-Vis absorption spectra and Tauc Equation
4, the Tauc plots of Samples S1-S3 can be obtained.

αE( )n � A E − Eg( ) (4)

Where, E = hν, h is Planck’s constant, ν is the frequency. A
and Eg are a constant and the optical band gap of MgAl2O4

nanoparticles, respectively. The Tauc’s plots of Samples S1,
S2 and S3 as displayed in Figure 5B. The Eg values of
Samples S1, S2 and S3 are 3.42, 3.18 and 2.88 V, respectively.
The results show that different chelating agents not only have
obvious effects on the phase purity and particle size of MgAl2O4,
but also have great effects on the optical properties and Eg value
of MgAl2O4.

3.4 Adsorption capacity

3.4.1 Effect of adsorption time on the adsorption
capacities

MgAl2O4 has been proven to have high adsorption capacity in
areas such as dyes and drugs. (Wang et al., 2023; Wang et al., 2023;
Wu et al., 2023; Yin et al., 2023). Therefore, it is of great significance
to explore the adsorption capacity of MgAl2O4 for adsorption of
Cr(VI) ions. Figure 6A depicts the effect of adsorption time on the
adsorption capacities of Cr(VI) by Samples S1, S2, and S3. With the
increase of adsorption time, the removal efficiency of Cr(VI) from
Samples S1, S2, and S3 increased, and the adsorption equilibrium
was basically reached after half an hour. Compared with other
samples, Sample S2 exhibits the highest Cr (VI) removal
efficiency. Combined with the XRD, SEM and TEM analysis, it
can be seen that the average particle size of Sample S2 is between
Samples S1 and S3, and a small amount of MgO appears in Sample
S3, which indicates that MgO has an inhibitory effect on the
adsorption capacity of MgAl2O4 to adsorb Cr(VI). Meanwhile,
the influence of particle size on the adsorption capacity of
MgAl2O4 is not dominant.

3.4.2 Effect of pH value on the adsorption
capacities

The initial pH of the reaction solution is one of the key factors
affecting the adsorption capacity of MgAl2O4 to adsorb the Cr(VI)
ion. Figure 6B shows the effect of pH value on the adsorption
capacities of Cr(VI) by Sample S2. According to the experiment, the

FIGURE 6
(A) Effect of adsorption time on the adsorption capacities of Cr(VI) by Samples S1, S2, and S3 (CAdsorbent = 0.75 g/L, CCr(VI) = 100 mg/L, pH= 5, and T =
283 K). (B) Effect of pH value on the adsorption capacities of Cr(VI) by Samples S2 (CAdsorbent = 0.75 g/L, CCr(VI) = 100 mg/L, and T = 283 K). (C) A function
of the initial pH and the final pH. (D) Effect of adsorbent content on the adsorption capacities of Cr(VI) by Samples S2 (CCr(VI) = 100 mg/L, pH = 5, and T =
283 K).

Frontiers in Materials frontiersin.org06

Liu et al. 10.3389/fmats.2023.1274625

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1274625


initial pH value of 100 mg/L Cr(VI) solution is 5. Under acidic
conditions, the adsorption capacity of MgAl2O4 is strong, especially
when pH = 3, the removal efficiency of Cr(VI) reaches 78%. Under
alkaline conditions, the Cr(VI) removal efficiency of MgAl2O4 is
poor. When pH = 13, Cr(VI) removal efficiency is only 38%.
Therefore, the MgAl2O4 nanoparticles showed an obvious acid
preference when adsorbing Cr(VI) ions. This is mainly due to
the different positive and negative charges on the surface of
MgAl2O4 nanoparticles under different acid-base conditions.
Therefore, it is necessary to test the point of zero charge (PZC)
of MgAl2O4 nanoparticles. Figure 6C shows a function of the initial
pH and the final pH. It can be seen from the figure that the PZC
value of MgAl2O4 nanoparticles is about 8.97. Villagrán-Olivares
et al. (Villagrán-Olivares et al., 2020) reported that the PZC value of
MgAl2O4 nanoparticles is 9.4 ± 0.1. This value is slightly larger than
the value obtained in this experiment. When the pH of Cr (VI)
solution < PZC value, the surface charge of MgAl2O4 nanoparticles
is positive, and vice versa. It can be inferred that the adsorption of
Cr(VI) ions by the MgAl2O4 nanoparticles is mainly electrostatic
adsorption.

3.4.3 The effect of initial adsorbent content
The initial content of the adsorbent is another important

parameter that affects the adsorption of Cr(VI) by the MgAl2O4

nanoparticles. Figure 6D displays the effect of adsorbent content on
the adsorption capacities of Cr(VI) by Sample S2. With the increase
of MgAl2O4 content, the removal efficiency of Cr(VI) also increases.
When the initial content of MgAl2O4 reached 0.75 mg/L, the
removal efficiency of Cr(VI) reached 65%. However, when the

initial content of MgAl2O4 continued to increase, the removal
efficiency of Cr(VI) increased less. This is mainly because the
adsorbent content is too high, the adsorbent surface of the active
site is not effectively used. (Liu et al., 2014; Kong et al., 2021b).
Therefore, the optimal adsorbent content selected by subsequent
adsorption and photocatalysis experiments was 0.75 mg/L.

3.4.4 The effect of initial Cr(VI) concentration
The adsorption capacity of MgAl2O4 nanoparticles is affected by

the initial Cr(VI) concentration. Figure 7A shows the effect of
Cr(VI) concentration on the adsorption capacities of Cr(VI) by
Sample S2. With the increase of the initial concentration of Cr(VI),
the removal efficiency of Cr(VI) by the MgAl2O4 nanoparticles
decreased gradually. The main reason for this decline is that the
surface active site of a certain amount of MgAl2O4 nanoparticles is
fixed, and continuing to increase the concentration of Cr(VI) will
not only make the surface active site not effective use, but also adhere
to the surface of the nanoparticles and affect the adsorption of
Cr(VI) ions on the surface active site (Bhattacharya et al., 2008;
Bhaumik et al., 2011). It is worth noting that the removal efficiency
of Cr(VI) at an initial concentration of 100 mg/L is close to that of
50 mg/L. Therefore, the optimal initial concentration of Cr(VI) was
chosen to be 100 mg/L.

3.4.5 The effect of temperature
Temperature is also an important parameter that affects the

adsorption capacity of the adsorbent. Figure 7B shows the effect of
temperature on the adsorption capacities of Cr(VI) by Sample S2.
The removal efficiency of Cr(VI) ions by the MgAl2O4 nanoparticles

FIGURE 7
Effects of (A) Cr(VI) concentration (CAdsorbent = 0.75 g/L, pH = 5, and T = 283 K) and (B) temperature (CAdsorbent = 0.75 g/L, CCr(VI) = 100 mg/L, and
pH = 5) on the adsorption capacities of Cr(VI) by Sample S2. (C) The adsorption thermodynamic of Cr(VI) by Sample S2. (D) The equilibrium isotherms of
Cr(VI) by Sample S2.
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increased with the increasing of temperature. The results show that
high temperature can improve the adsorption capacity of MgAl2O4

nanoparticles. At high temperature, the diffusion rate of Cr(VI) ions
in MgAl2O4 nanoparticles is greatly enhanced, which promotes the
adsorption of Cr(VI) ions by the MgAl2O4 nanoparticles. (Ahmad
and Kumar, 2010).

According to the experimental results and formulas (5-7), the
following parameters such as free energy (ΔGo), enthalpy (ΔHo) and
entropy (ΔSo) can be calculated. (Lima et al., 2019).

ΔGo � −RT lnKc (5)
Where, R = 8.314 J/mol/K is the gas constant, T is the

temperature, and Kc is the distribution coefficient.

Kc � Cs

Ce
� C0 − Ce

Ce
(6)

Where, Cs is the concentration in the solid phase (mg/L), Ce is
the equilibrium concentration in the supernatant phase (mg/L), and
C0 is the initial adsorbate concentration (mg/L).

lnKc � ΔSo
R

− ΔHo

RT
(7)

According to calculation, Figure 7C shows the adsorption
thermodynamic of Cr(VI) by Sample S2. It can be seen that the
lnKc and 1/T show excellent linear dependencies. The ΔHo (slope)
and ΔSo (intercept) are 1.471 kJ/mol and 4.36 J/mol/K, respectively.
According to literature (Kumar et al., 2014), adsorption of Cr(VI)
ions by the MgAl2O4 nanoparticles is an exothermic reaction
process. The ΔGo values of MgAl2O4 nanoparticles at 283, 293,
303 and 313 K are 7.008, 5.286, 4.109 and 2.803 kJ/mol, respectively.
The value of ΔGo less than 20 kJ/mol indicates that the adsorption of
Cr(VI) ions by the MgAl2O4 nanoparticles is involved in physical
adsorption. This conclusion further confirms that the adsorption of
Cr(VI) ions by the MgAl2O4 nanoparticles is involved in
electrostatic adsorption.

To further explore the adsorption capacity of MgAl2O4

nanoparticles for the adsorption of Cr(VI) ions, different
adsorption isothermal models were used to simulate the relevant
experimental data. The Freundlich and Langmuir models are two
effective models to simulate the adsorption capacity of adsorbents
and have potential applications in many fields. The Freundlich and
Langmuir models are elaborated by Equations 8 and (9),
respectively.

qe � KFCe
1
nF (8)

qe �
QmKLCe

1 + KLCe
(9)

Where, Ce (mg /L) is the equilibrium concentration, Qm (mg/g)
is the maximum adsorption capacity, KL is the Langmuir constant,
KF and nF are the Freundlich constants. Figure 7D displays the
Freundlich and Langmuir models of MgAl2O4 nanoparticles for the
adsorption of Cr(VI) ions. Table 1 shows the parameters of
Freundlich and Langmuir models of MgAl2O4 nanoparticles for
the adsorption of Cr(VI) ions. It can be seen from the table that the
correlation coefficient of the Freundlich model is close to 1,
indicating that the adsorption of Cr(VI) ions by MgAl2O4

nanoparticles is mainly single-molecule adsorption. The surface

active sites on the surface of MgAl2O4 nanoparticles have
different affinity for Cr(VI) ions, and one Cr(VI) ion may be
adsorbed by multiple surface active sites.

3.5 Photocatalytic reduction of Cr(VI)

Although MgAl2O4 nanoparticles showed excellent adsorption
capacity for Cr(VI) ions, the Cr(VI) ions were not completely
removed. Further reduction of Cr(VI) ions by the MgAl2O4

nanoparticles can also be achieved by photoreduction of Cr(VI) ions
to Cr(III). Figure 8A shows the time -dependent photoreduction plots
of photocatalytic reduction Cr(VI) by Samples S1, S2, and S3. After the
adsorption of Cr (VI) ions on Samples S1-S3 reaches adsorption
equilibrium, the reaction solution is illuminated, and the
concentration of the reaction solution is tested every 10 minutes. It
can be seen from the figure that the MgAl2O4 nanoparticles can
effectively reduce Cr(VI) to Cr(III). The ability of MgAl2O4

nanoparticles to photoreduce Cr(VI) is consistent with its
adsorption capacity, and the Sample S2 shows the highest
photocatalytic reduction ability.

To gain a more direct insight into the photocatalytic reduction
capacity of Samples S1,S2, and S3, the first-order kinetic behavior
was used to observe this phenomenon. The first-order kinetic
behaviors can be described by the Equation 10.

ln Ct/C0( ) � −kt (10)
Where, t is the irradiation time, k is the first-order kinetic constant,

C0 is the initial Cr(VI) concentration, Ct is the Cr(VI) concentration at
time t. Figure 8B shows the kinetic curves of photocatalytic reduction
Cr(VI) by Samples S1, S2, and S3. Through linear fitting with the Origin
2016 software, ln (Ct/C0) and t show high linear dependence. The k
values of photocatalytic reduction Cr(VI) by Samples S1, S2, and S3 as
displayed in Figure 8C. The k values of Samples S1, S2, and S3 are
0.02688, 0.05576 and 0.01568 min-1, respectively. The photocatalytic
reduction capacity of Sample S2 was 3.56 times that of Sample S3.
Figure 8D displays the degradation percentages of photocatalytic
reduction Cr(VI) by Samples S1, S2, and S3. The degradation
percentages of Samples S1, S2, and S3 are 90%, 99% and 78%,
respectively. The results further confirm that the Sample S3 has the
best photocatalytic reduction ability. Table 2 shows the photocatalytic
reduction ability of AB2O4-based photocatalysts toward the
photoreduction of Cr(VI) ion. Considering the light source, catalyst

TABLE 1 Parameters of Freundlich and Langmuir models of MgAl2O4

nanoparticles for the adsorption of Cr(VI) ions.

Models Parameters

Freundlich KF (mg/g)/(mg/L)nF 5.131

nF 1.659

R2 0.99476

Langmuir Qm (mg/g) 65.328

KL (L/mg) 0.683

R2 0.69258

Frontiers in Materials frontiersin.org08

Liu et al. 10.3389/fmats.2023.1274625

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1274625


content, initial Cr(VI) concentration and irradiation time, theMgAl2O4

nanoparticles showed the best effect in photocatalytic reduction of
Cr(VI) (Gherbi et al., 2011; Gherbi et al., 2013; Yuan et al., 2018;
Bouallouche et al., 2019; Akika et al., 2020; Habi Ben Hariz et al., 2022).

The premise of industrial application is that the catalyst can be
recycled. Figure 9A shows the cyclic stability experiment of Sample
S2 for the photoreduction of Cr(VI) ion. Before each cycle stability
experiment, the catalyst in the previous reaction solution should be
recovered and centrifuged, filtered, dried and sintered before the next
photocatalytic experiment is performed. As can be seen from Figure 9A,
after five cycles of experiments, the degradation percentage decreased
from 99% to 89%, only by 10%, indicating that the catalyst can be
recycled. There are three main reasons for the decrease in degradation
percentage: (1) Loss of photocatalyst during use. (2) The active site on

the photocatalyst surface is decreased by continuous adsorption. (3)
Continuous adsorption weakens the penetration of incident light.

Capture experiments were performed to gain insight into the role of
active species including holes, hydroxyl radicals, superoxide radicals,
and electrons in the photocatalysis process. Disodium ethylenediamine
tetraacetate (EDTA-2Na, 1 mmol/L), isopropanol (IPA, 1 mmol/L),
benzoquinone (BQ, 1 mmol/L), and potassium peroxydisulfate
(K2S2O8, KSO, 1 mmol/L) were used as the scavengers for holes,
hydroxyl radicals, superoxide radicals, and electrons, respectively (Li
et al., 2022). When EDTA-2Na, IPA, BQ and KSO were added to the
reaction solution, the degradation percentage of Sample S2 was 88%,
76%, 65% and 11%, respectively. The results show that the electrons
play an important role in the photocatalytic reduction of Cr(VI) ions by
Sample S2.

FIGURE 8
(A) Time -dependent photoreduction plots, (B) the kinetic curves, (C) First order kinetic constant (k) and (D) the degradation percentages of
photocatalytic reduction Cr(VI) by Samples S1, S2, and S3 (CCatalyst = 0.75 g/L, CCr(VI) = 100 mg/L, pH = 5, and T = 283 K).

TABLE 2 The photocatalytic reduction ability of AB2O4-based photocatalysts toward the photoreduction of Cr(VI) ion.

Samples Light source CCatalyst
(g L–1)

CCr(VI)
(mg/L)

Irradiation
time (min)

Degradation
percentage (%)

References

MgAl2O4 150 W Xe lamp 0.75 100 60 99 This work

NiAl2O4/ZnO 200 W Xe lamp 1 50 300 18 Bouallouche et al. (2019)

MgCr2O4/WO3 50 W deuterium lamp 1 30 120 99 Habi Ben Hariz et al. (2022)

CuAl2O4/TiO2 200 W tungsten lamp 1 50 180 96 Gherbi et al. (2011), Gherbi
et al. (2013)

Cu-doped
ZnAl2O4

700 W/m2 sunlight 1 1,000 240 79 Akika et al. (2020)

ZnO/ZnAl2O4 500 W high-pressure
Hg lamp

4 150 240 98 Yuan et al. (2018)
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3.6 Adsorption and photocatalytic
mechanisms

It can be seen from the adsorption and photocatalytic experiments
that the MgAl2O4 nanoparticles have high adsorption and
photocatalytic reduction ability. It is found that the adsorption of
Cr(VI) ions by the MgAl2O4 nanoparticles is mainly electrostatic
adsorption. For the corresponding photocatalytic mechanism, the
conduction (ECB) and valence band (EVB) potentials of MgAl2O4

should be calculated by band theory. The ECB = −0.734 V and
EVB = 2.446 V of MgAl2O4 can be obtained by Equation 11 and (12).

ECB � X − Ee − 0.5Eg (11)
EVB � X − Ee + 0.5Eg (12)

Where, Ee = 4.5 eV, Eg = 3.18 eV and X = 5.356 eV by the
following equation:

X MgAl2O4( ) � 																		
X Mg( )X Al( )2X O( )47

√
(13)

Where, X (Mg) = 3.75 eV, X (Al) = 3.23 eV, and X(O) =
7.54 eV. According to the calculated results, the energy level

diagram of MgAl2O4 nanoparticles can be drawn, as shown in
Figure 10. Relatively speaking, the MgAl2O4 nanoparticles has a
large Eg value, which is difficult to respond to visible light, but the
MgAl2O4 nanoparticles contain a certain amount of oxygen
vacancies or defects, so that electrons can smoothly transition
to its conduction band. The conduction band potential of
MgAl2O4 is −0.734 V, which is more negative than Eθ(CrO4

2-/
Cr3+) = - 0.13 V, so the electrons can participate in a series of
reactions to reduce Cr(VI) to Cr(III). (Shi et al., 2020; Li et al.,
2022). In addition, the valence band potential of MgAl2O4 is
2.446 V, which is more positive than Eθ(Cr2O7

2-/Cr3+) = +1.33 V
and Eθ(HCrO4/Cr

3+) = +1.35 V, so the holes can produce active
radical to reduce Cr(VI) to Cr(III). (Shi et al., 2020; Athira et al.,
2021). When there is a small amount of MgO in MgAl2O4, MgO
promotes the recombination of electrons and hole pairs in
MgAl2O4, which makes the photocatalytic reduction ability of
Sample S3 is poor. According to literature (Liu et al., 2014; Wang
et al., 2021), the main chemical reactions are as follows:

HCrO−
4 + 7H+ + 3e− → Cr3+ + 4H2O (14)

Cr3+ + 3OH− → Cr OH( )3 s( ) (15)

FIGURE 9
(A) Cyclic stability experiment and (B) capture experiment of Sample S2 for the photoreduction of Cr(VI) ion.

FIGURE 10
Adsorption and photocatalytic mechanisms of MgAl2O4 nanoparticles.
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From the above description, it can be seen that the
photocatalytic reduction of Cr(VI) to Cr(III) mainly exists in the
form of Cr(OH)3.

4 Conclusion

The MgAl2O4 nanoparticles with the high adsorption capacity
and photocatalytic reduction capacity for the adsorption and
reduction of Cr(VI) to Cr(III) were fabricated by a conventional
polyacrylamide gel route with the different chelating agents
including ethylenediamine tetraacetic acid (EDTA), oxalic acid
and salicylic acid. When EDTA and oxalic acid were used as
chelating agents, pure phase MgAl2O4 nanoparticles were
obtained, and oxalic acid was used as chelating agent to
introduce defects on the surface of MgAl2O4 nanoparticles.
When salicylic acid was used as chelating agent to prepare
MgAl2O4 nanoparticles, a small amount of MgO impurities
appeared in the sample. The particle surface of all the samples
synthesized by chelating agents was approximately spherical, and
obvious adhesion agglomeration appeared, and the particle size was
40, 30 and 20 nm successively. Under optimal experimental
parameters, the MgAl2O4 nanoparticles synthesized by oxalic acid
as chelating agent have higher adsorption and photocatalytic
reduction ability than other samples. The high adsorption
capacity of the synthesized MgAl2O4 nanoparticles is mainly due
to electrostatic adsorption, and the high photocatalytic reduction
capacity is mainly due to the active free radical forcing the reduction
of Cr(VI) to Cr(III).
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