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Cr(VI) is a common heavy metal ion, which will seriously harm human body and environ-
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ment. Therefore, the removal of Cr(VI) has become an attractive topic. In this work, cinder
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was used as a raw material to synthesize a nanoneedle material: γ -(AlOOH@FeOOH) (γ -
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Al@Fe). The physicochemical properties of γ -Al@Fe were thoroughly characterized, and its
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effectiveness as a catalyst for photocatalytic reduction of Cr(VI) was evaluated. The results
showed that Cr(VI) could be efficiently reduced by γ -Al@Fe in the presence of tartaric acid
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(TA) under visible light. The variable factors on the reaction were investigated in detail, and

Cinder

the results showed that under optimal conditions (γ -Al@Fe 0.4 g/L, TA 0.6 g/L, pH 2), Cr(VI)

Tartaric acid

was completely reduced within 7 min. Besides, scavenger experiments and EPR proved that

Visible light photocatalysis
Cr(VI) removal
Reduction mechanism

O2 • — and CO2 • — played a significant role in the photocatalytic reduction of Cr(VI). TA acts

as a sacrificial agent to trap the holes and generate strong reducing free radicals: CO2 • — .

Dissolving O2 could react with electrons to generate O2 • — . This work discussed the perfor-

mance and mechanism of photocatalytic reduction of Cr(VI) in detail, which provided a new
idea for the resource utilization of solid waste and the treatment of heavy metal sewage.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Cinder is the waste slag discharged when industrial and civil
boilers burn coal (e.g., coal-fired thermal power plants, fertilizer plants, and civilian boilers in cold areas), its main components are SiO2 , Fex Oy , Al2 O3 , CaO, and some other trace
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elements, such as C, S, P, Mg, K, Ca, Ti, Pb. Its mineral composition mainly includes mullite, pyrite, etc. (Allred, 2010;
Wang and Wu, 2006). Coal plays an indispensable role in the
energy sector and makes a huge contribution to the progress
of human society. However, there are many defects exposed
(Sinton et al., 2004). A large amount of coal burning will produce a lot of solid waste: cinders. How to manage and dispose
of these cinders has become a troublesome problem. The cinder itself contains trace amounts of heavy metals and will occupies a large area of land, so the management of this solid
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waste will consume huge manpower and financial resources
(Dennis Lemly, 2015). In recent years, people have set their
sights on this: recycling cinder and making resource utilization. Similar solid wastes include kaolin, red mud, blast furnace slag, sludge, etc. Because they are rich in metal elements
and have a porous structure, they can be used as adsorbents
(Mohan and Gandhimathi, 2009), catalysts (Ma et al., 2020a;
Yang et al., 2021), catalyst carrier (Liu et al., 2019) to remove
organic dyes (Liu et al., 2018), antibiotics (Yang et al., 2016), As
(Baig et al., 2014a; Zhu et al., 2015), P (Kajjumba et al., 2019;
Zhou et al., 2019) and other pollutants, which play an important role in sewage treatment (Kuwahara et al., 2013).
Cr(VI) is a common heavy metal ion derived from electroplating plants, metallurgical plants, tanneries, dye plants,
chemical plants, etc. Its main existence form is Cr2 O7 2− , which
will seriously pollute rivers and soil, and damage the ecological environment (Meichtry et al., 2007; Ye et al., 2017). Cr(VI)
has good solubility, carcinogenicity, and high toxicity, which
will seriously harm the human body, so reducing the content
of Cr(VI) in water has become an urgent environmental problem (Sun et al., 2009). In recent years, technologies such as
the adsorption method (Sorwat et al., 2020), electrocatalytic
reduction (Yin et al., 2020), and biological reduction have been
used to reduce the concentration of Cr(VI) to achieve the effect of repairing polluted water (Ma et al., 2020b). Reducing
Cr(VI) to Cr(Ⅲ) is an effective means to reduce its toxicity.
nZVI/Biochar was a superior adsorbent and reducing agent of
Cr(VI) (Zhou et al., 2020).
Small molecular weight organic acids (tartaric acid, malic
acid, citric acid, oxalic acid, etc.) can reduce Cr(VI) under
UV/visible light irradiation, and the addition of transition
metal ions(Fe(Ⅲ), Mn(Ⅱ), etc.) can significantly accelerate this
process (Tian et al., 2010; Wang et al., 2010a). Small molecular weight organic acids can capture photo-generated holes,
which prevents the recombination of electrons and holes.
Zhao et al. (2020) used coal gangue to remove Cr(VI) in the
presence of tartaric acid and studied the effect of the number of hydroxyl groups (-OH) on the surface of coal gangue
on catalytic activity. It was also proved that the conversion of
O2 adsorbed on the surface of the catalyst into O2 • — is the
main mechanism. Kebir et al. (2015) prepared CuCo2 O4 /TiO2 ,
which can combine with tartaric acid reduce Cr(VI) rapidly under visible light irradiation. Sun et al. (2009) studied the effect
of small molecular weight organic acids containing α-OH on
the photocatalytic reduction of Cr(VI), the results showed that
at a lower pH, Fe(III) and organic acid could cause a photocatalytic reduction to removal Cr(VI) rapidly. Different organic
acids have different catalytic abilities and follow the order of
tartaric acid (with two -COOH and two α-OH) > citric acid (with
three -COOH and one α-OH) ≈ malic acid (with two -COOH and
one α-OH)> n-butyric acid (with one -COOH and no α-OH). The
catalytic performance was closely related to the structure of
organic acids, and the α-OH of organic acids played an important role in the photocatalytic process. Wang et al. (2020a) synthesized three-dimensional polypyrrole/Zn3 In2 S6 nanoflower
and systematically explored the efficiency, influencing factors,
and removal mechanism of Cr(VI). Cheng et al. (2015) studied
the reduction of Cr(VI) by metal oxides under visible light irradiation. Zinc oxide (ZnO), tungsten trioxide (WO3 ) and sodium
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tantalum (NaTaO3 ), these metal oxides have excellent removal
efficiency of Cr(VI) in neutral and alkaline.
It is a strategic idea to combine solid waste and organic
acid to reduce Cr(VI) under visible light. This work proposes
for the first time to synthesize a nanoneedle composite catalyst from cinder. The effects of γ -Al@Fe dosage, TA concentration, Cr(VI) concentration, solution pH, and active species on
the reaction were studied. 50 mL 80 mg/L Cr(VI) was reduced
completely within 7 min under optimal conditions. Scavenger
experiments and EPR proved that O2 • — and CO2 • — played a
significant role in the photocatalytic reduction of Cr(VI). Finally, the mechanism of photocatalytic reduction of Cr(VI) was
explored, which provides a new model for the resource utilization of solid waste and removal of Cr(VI).

1.

Materials and methods

1.1.

Materials

Cinder was obtained from the countryside in Qingyuan, Liaoning Province, China. (Cinder is produced when burning stoves
for heating in winter), Methyl Viologen (MV) was purchased
from Shanghai Macklin Biochemical Co., Ltd. Nitrotetrazolium
Blue chloride (NBT) was purchased from Hefei BASF Biotechnology Co., Ltd. K2 Cr2 O7 , ammonia (NH3 •H2 O), urea, hydrochloric acid (HCl), sodium hydroxide (NaOH), methanol
(MeOH), isopropanol (IPA), tartaric acid (TA), KBrO3 purchased
from Sinopharm Chemical Reagent Co., Ltd. All chemicals
were analytical grade and used directly without further purification.

1.2.

Catalyst preparation

The synthetic route of γ -Al@Fe was shown in Fig. 1. The raw
cinder was ultrasonically washed to remove dust and then
dried. The dried cinder was ground into powder to make the
particle size less than 0.5 mm. The powdered cinder (5 g) was
dispersed into 20 mL 36% HCl and stirred for 5 min. The suspension was sealed in a 100 mL Teflon-lined stainless steel
autoclave and heated at 160 °C for 2 hr, then cooled it to room
temperature. The suspension was filtered to collect a supernatant containing various metal cations.
The supernatant was titrated with ammonia (NH3 •H2 O)
until the pH was near 3, then 15 g urea was dispersed into
it and stirred until the urea was completely dissolved. The
supernatant was poured into a 100 mL Teflon-lined stainless
steel autoclave to react at 160 °C for 6 hr. After cooling to room
temperature, the sample was washed with deionized water
and froze-dry.

1.3.

Catalyst characterization

The purity and crystal structure of the samples were characterized by powder X-ray diffraction (XRD-6100, Shimadzu,
Japan), using Cu Kα radiation, the data collection step is 0.1°
(2θ /min, in the range of 10–80°). X-ray photoelectron spectroscopy (XPS, Thermo Fisher, USA) was used to analyze the
chemical composition and surface state of the samples. The
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Fig. 1 – γ-Al@Fe preparation diagram.

content of leached elements was quantified by inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7900).
The specific surface area and pore size distribution were
measured by the Brunauer-Emmett-Teller (BET, NOVA 1000e,
USA) method of nitrogen adsorption-desorption. Fourier infrared (FT-IR, Shimadzu, Japan) was used to measure the functional groups on the catalyst surface. The optical properties
were characterized by UV–vis diffuse reflectance spectroscopy
(DRS) within 200–800 nm. Field emission scanning electron
microscope (FE-SEM, Hitachi S-4800, China) was used to analyze the morphology of γ -Al@Fe powder. O2 • — and CO2 • —
were detected by electron paramagnetic resonance (EPR), EPR
spectra were collected in the presence of DMPO trapping agent
(0.03 mol/L) at room temperature by a Bruker A300 spectrometer (Germany).

1.4.

Photocatalytic test

The Cr(VI) solution was obtained by dissolving K2 Cr2 O7 in
deionized water. The dark adsorption and photocatalytic reduction of Cr(VI) were carried out in a 100 mL beaker. γ -Al@Fe
and TA were added to 50 mL Cr(VI) solution and then stirred
for 30 min under dark conditions to reach adsorption equilibrium. Photocatalytic reaction was carried out under a 300 W
xenon lamp with a 420 nm filter. 2 mL sample solution was
taken out at the set time point and filtered it with a 0.22 μm
filter. The concentration of Cr(VI) was measured by the standard diphenylcarbazide (DPC) method. The initial pH of the
Cr(VI) solution was adjusted with 1 mol/L NaOH and HCl.

1.5.

Scavenger experiments

After the dark reaction, scavengers were added to the photocatalytic reaction system to determine the effect of different
active species (ROS) on the photocatalytic reduction. Methyl
viologen (0.5 mmol/L), MeOH (0.25 mL), KBrO3 (5 mmol/L), iPrOH (1 mL), NBT (0.5 mmol/L) were used as CO2 • — , h+ , e− ,
•
•OH and O2 — radicals scavengers, respectively.

2.

Results and discussion

2.1.

Material characterization

In order to explore the crystal phase and chemical composition of γ -Al@Fe, the following analysis was performed. The
crystalline phase of materials could be determined by Xray diffraction (XRD). As shown in Fig. 2a, the main crystal
phase of raw cinder is mullite and Fe2 O3 . The prepared catalyst contains γ -AlOOH and γ -FeOOH phases, which can be
proved by JCPDS No 21–1307 and JCPDS No 74–1877, respectively (Sahoo et al., 2019a). The ICP-MS analysis results were
shown in Appendix A Table S1, γ -Al@Fe contains metallic element Fe and reached 13.43%. XPS further explored the element distribution and state on the surface of the catalyst. As
shown in Appendix A Table S2, Fe atom distributes on the surface of the γ -Al@Fe and reached 11%. Survey spectrum illuminates the presence of primary elements (Fig. 3a). Furthermore, the photoelectron spectrum (Fig. 3b) at 711.8 eV (Fe3+
2p1/2 ) and 725 eV(Fe3+ 2p3/2 ) appeared in the XPS measurement spectra of FeOOH, which was consisted with the ICP-MS
and XRD results, suggesting γ -Al@Fe surface was rich in Fe element (Yao et al., 2017; Yue et al., 2019). Again from the high
resolution Al 2p XPS spectrum (Appendix A Fig. S1a), a single peak was found for Al at binding energy 73.9 eV (Li et al.,
2019). The spectra corresponding O1s were displayed in Appendix A Fig. S1b, and were divided into three sections, indicating H2 O (adsorbed water), MOH (hydroxyl bonded to metal),
and MO (oxygen bonded to metal), respectively (Cheng et al.,
2019; Sahoo et al., 2019b).
The morphology structure, functional groups and optical
properties of γ -Al@Fe were analyzed through the following
tests. The BET results were shown in Appendix A Fig.S2 and
Table S3. The specific surface area of γ -Al@Fe reached 115.19
m2 /g, the total pore volume was 0.4889 cm3 /g. Appendix A Fig.
S3a and Fig. S3b are SEM images of γ -Al@Fe and raw cinder,
respectively. The raw cinder presented a granular and massive structure with uneven sizes, while γ -Al@Fe had a uniform
nanoneedle structure. We hope that the prepared catalyst has
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Fig. 2 – (a) XRD patterns and (b) FT-IR spectrum of γ-Al@Fe and raw cinder.

Fig. 3 – (a) Survey XPS spectra; (b) High-resolution XPS spectra of Fe 2p.

a larger specific surface area and there will be more active sites
in the reaction. In previous reports, urea could slowly release
OH− as the temperature rose during the hydrothermal reaction, which may have an impact on the morphology and structure of the catalyst (Kong et al., 2020). Therefore, urea was used
as a base to replace other conventional alkaline precipitating
agent (e.g., NaOH, KOH).
The FT-IR results were shown in Fig. 2b. The peak of OH stretching vibrations caused by adsorbed water appears
in the band at 3692 cm−1 (Wan et al., 2014). The peaks of
Si-O-Si stretching and bending vibrations correspond to the
bands of 1092, 794 cm−1 (Baig et al., 2014b; Cao et al., 2016).
The Al-OH bending vibration at 917 cm−1 (Wen et al., 2019).
The absorption at 3124 cm−1 is assigned to the O–H stretching vibration (Wang et al., 2015). The peak at 1400 cm−1 is
attributed to the asymmetric stretching vibration of CO3 2−
(Zhang et al., 2020). The peaks at 747 to 475 cm−1 belong
to M-O vibrations and M-OH bending (M=Fe, Al) (Yu et al.,
2010). The bending of the -OH group caused by physical adsorption of water corresponds to the sharp peak at 1650 to
1630 cm−1 (Benselka-Hadj Abdelkader et al., 2011; Kumar and
Gupta, 2013; Zhang et al., 2007). It could be proved from the
FTIR results that there are abundant oxygen-containing functional groups on the surface of γ -Al@Fe, such as -OH. In addition, it can be found from UV–vis DRS results (Appendix A
Fig. S4) that γ -Al@Fe had strong absorption in the visible light
range.

2.2.

Photocatalytic reduction of Cr(VI)

2.2.1.

Reduction performance

All experiments were carried out for 30 min of dark adsorption to reach adsorption equilibrium and then the photoreduction process was conducted. The concentration of Cr(VI)
only slightly decreased during the 30 min dark adsorption
process, while Cr(VI) was utterly reduced under visible light,
which indicated that γ -Al@Fe had almost no adsorption effect
on Cr(VI), and the photocatalytic reaction was the main way
to remove Cr(VI). It can be found from Appendix A Fig. S5 that
as the pH value increased, the potential of γ -Al@Fe decreased,
but γ -Al@Fe was always positively charged in the pH range
of 2–10. Therefore, γ -Al@Fe could adsorb negatively charged
Cr(VI) under electrostatic interaction. However, in this study,
we did not observe obvious adsorption effect of Cr(VI), which
may be due to a larger molecular weight and the large steric
hindrance of Cr(VI). Furthermore, we were dealing with a highconcentration of Cr(VI) solution (80 mg/L), so it was difficult to
be detected clearly even if it had a slight adsorption effect.
In previous reports (Huang et al., 2019), the adsorption capacity of BC@EDTA-LDH on Cr(VI) was only 38 mg/g. In addition,
Cr(VI) was chemically reduced to low-toxicity Cr(Ⅲ) and then
conducted adsorption experiments will achieve the purpose
of removing Cr(VI), obviously, this method was very effective
and reduced Cr(VI) to Cr(Ⅲ) was the key step in adsorption
method (Ma et al., 2020c).
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kinetic curve as shown in Fig. 4c. The reaction rate constant
reached 0.918 min−1 in γ -Al@Fe/TA/light system, while it was
only 0.07 min−1 and 0.09 min−1 in γ -Al@Fe/light and TA/light
systems, respectively. Cinder also had a slight effect on photocatalytic reduction performance for Cr(VI) (Fig. 5a), but the
removal efficiency was only 16.57% within 7 min, while the
γ -Al@Fe could completely reduce Cr(VI) under the same conditions. The comparison of the photocatalytic reduction performance of γ -Al@Fe and other materials on Cr(VI) was shown
in (Fig. 5b). The results show that γ -Al@Fe has the best photocatalytic reduction effect on Cr(VI).

2.2.2.

Effect of γ -Al@Fe dosage

In order to explore the influencing factors of photocatalytic
reduction of Cr(VI), various factors were analyzed. Firstly, the
influence of γ -Al@Fe concentration on the removal of Cr(VI)
was explored. As shown in Fig. 6a, TA was 0.2 g/L, Cr(VI) was
40 mg/L, and the initial pH value was not adjusted, as the concentration of γ -Al@Fe increased from 0.1 to 0.4 g/L, the reduction efficiency of Cr(VI) was growing, but when the concentration increased to 0.6 g/L, it was decreased instead, which is
due to the limited light absorption site and area of the catalyst,
once the catalyst is added too much, the light transmittance
of the solution will be weakened, the light absorption area will
be reduced, and the photocatalytic reaction will be inhibited
(Yuan et al., 2017).

2.2.3.

Fig. 4 – (a) Removal efficiency of Cr (VI) under visible light
irradiation, (b) The temporal evolution of the spectral
changes during the Cr(VI) reduction over γ-Al@Fe in the
presence of TA under visible light irradiation, (c) kinetics
liner fitting curves.

Fig. 4a shows that Cr(VI) was almost not removed under
visible light when the γ -Al@Fe or TA existed alone, but Cr(VI)
was wholly reduced when they coexisted, which indicates TA
and γ -Al@Fe have a synergistic effect. It could be proved by
the temporal evolution of the spectral changes (Fig. 4b) that
Cr(VI) reduction over γ -Al@Fe in the presence of TA under visible light irradiation. The photocatalytic reduction of Cr(VI)
follows quasi-first order kinetic reaction (Chen et al., 2021): ln (Ct /C0 ) = kt. The synergistic effect of TA and γ -Al@Fe under visible light could be clearly observed from the reaction

Effect of TA dosage

As a sacrificial agent, organic acids can prevent the recombination of photo-generated electrons and holes. The effect
of TA concentration on the photocatalytic reduction of Cr(VI)
was explored. As shown in Fig. 6b, γ -Al@Fe was 0.4 g/L, Cr(VI)
was 40 mg/L and the initial pH value was not adjusted, when
the concentration of TA increased from 0.2 to 0.6 g/L, the photocatalytic reduction rate increased, but when the TA concentration reached 0.7 g/L, the photocatalytic efficiency decreased
instead, which is due to the TA traps holes to generate a large
number of CO2 • — radicals that cannot be consumed in time
by Cr(VI) and then converted to CO2 , so the photocatalytic
reaction rate will not continue to increase with the increase
of TA concentration, there is an optimal concentration value
(Wang and Zhang, 2011a).

2.2.4.

Effect of concentration of Cr(Ⅵ)

As shown in Fig. 6c, the influence of Cr(VI) concentration on
the photocatalytic reaction had been explored. γ -Al@Fe was
0.4 g/L, TA was 0.6 g/L, and the initial pH value was not adjusted, when the concentration of Cr(VI) increased from 40
to 80 mg/L, the photocatalytic reaction rate continued to decrease, when it reached 100 mg/L, the reduction efficiency only
39.25% within 7 min. Due to the increase in the concentration
of Cr(VI), the reaction system cannot generate enough free
radicals for the consumption of Cr(VI), and a large amount of
Cr(VI) will compete with the γ -Al@Fe to absorb photons, which
reduces the number of photons reaching the surface of the γ Al@Fe (Wang et al., 2020b), this is the reason why the reduction
efficiency of Cr(VI) decreases with the increase of Cr(VI) concentration.
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Fig. 5 – (a) Comparison of performance of γ-Al@Fe and cinder photocatalytic reduction of Cr(VI), (b) Removal efficiency of
Cr(VI) in different catalyst systems under visible light irradiation and TA presence.

Fig. 6 – Effect of (a) γ-Al@Fe dosage, (b) TA concentration, (c) Cr(VI) concentration and (d) initial solution pH on the reduction
of Cr(VI).

2.2.5.

Effect of pH

The pH value will affect the photocatalytic reduction efficiency. Fig. 6d shows the photocatalytic reduction of Cr(VI)
with the pH value ranging from 2 to 11. When γ -Al@Fe was
0.4 g/L, TA was 0.6 g/L, and Cr(VI) was 80 mg/L, the photocatalytic reduction efficiency of Cr(VI) decreased continuously
as the pH value increased from 2 to 11. Cr(VI) could be completely reduced within 15 min when the pH value was in the
range of 2 to 8. Once the pH reached 11, the removal efficiency
was only 71.13% within 15 min. TA has three forms in aqueous
solution, namely, H6 C4 O6 , H5 C4 O6 − and H4 C4 O6 2− , their abilities to trap holes are different, and H6 C4 O6 is the strongest. TA
has pKa1 =3.0 and pKa2 =4.3. When pH<3.0, TA mainly exists

in the form of H6 C4 O6 , between 3.0–4.3, mostly in the form of
H5 C4 O6 − , in acidic solution, H6 C4 O6 molecule is more, so at a
lower pH value, the removal efficiency of Cr(VI) is higher . Besides, there is a large amount of OH− in the alkaline solution,
which will compete with TA to traps holes and lead to a decrease in the amount of CO2 • — , so the reduction efficiency of
Cr(VI) decreases quickly (Patsoura et al., 2006). At lower pH, Cr
mainly exists in the form of Cr2 O7 2− and HCrO4 − , which have
more robust oxidizing properties, so in an acidic environment,
Cr(VI) is more comfortable to be reduced (Wang et al., 2017).
It can be seen from Appendix A Table S4, the initial pH
of the 80 mg/L Cr(VI) solution was 5.09. Under the premise
that the initial pH value of Cr(VI) solution was not adjusted,
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results above. However, the concentrations of metal ions did
not exceed 1 mg/L in the five cycles, indicating that the leakage of metal ions during the reaction could be ignored, and
γ -Al@Fe had superior stability.

2.3.

Fig. 7 – Reusability test (γ-Al@Fe is 0.4 g/L, TA is 0.6 g/L, and
the initial pH=2, 50 mL 80 mg/L Cr(VI)).

γ -Al@Fe and TA were added sequentially, and the pH values
were 5.99 and 2.90, respectively. These changes were due to a
small amount of OH− leakage from γ -Al@Fe in the solution,
which causes the pH value to rise slightly. However, since TA
was a small molecule organic acid, H+ will be ionized in the TA
solution, so the pH value of the solution dropped from 5.99 to
2.90 after adding a certain amount of TA. After the photocatalytic reduction of Cr(VI) was completed, the pH value of the
solution increased to 3.64, which was due to the consumption of TA and H+ during the photocatalytic reaction (Eqs. (4),
(5) and (7)).

2.2.6.

Cycle experiment

In order to explore the reusability of the catalyst, cycle experiments were carried out. As shown in Fig. 7, when γ -Al@Fe
was used for the first time, Cr(VI) could be completely removed
within 7 min. After recovery, the second and third experiments
were carried out in sequence, and Cr(VI) could be completely
removed within 9 min and 15 min, respectively. When the catalyst runs for the fourth and fifth times, the reduction efficiencies of Cr(VI) were 88.08% and 58.9% within 15 min, respectively, but we believed that Cr(VI) could still be completely removed if the reaction time was extended beyond 15 min. As
the number of cycles increased, the time to remove Cr(VI) increased, which may be due to the loss of γ -Al@Fe during recovery and led to a decrease in the reduction rate. Simultaneously, the active sites of γ -Al@Fe were constantly being consumed during multiple cycles of reactions, which is also an
important reason for the degradation of catalyst performance.
In a word, cycle experiments proved that γ -Al@Fe has excellent reusability. Moreover, it can be found from Appendix A
Fig.S6 that the XRD patterns and FT-IR spectrum of γ -Al@Fe
before and after use hardly changed significantly. Therefore,
we believe that γ -Al@Fe had excellent recycling performance.
Finally, The concentrations of metal ions (Fe, Al) in the solution were detected after each cycle experiment and the ICPMS results were shown in the Appendix A Fig. S8. Obviously,
the concentration of Al element was significantly higher than
that of Fe, which was because Al was much higher than Fe in
the composition of γ -Al@Fe, as described in ICP-MS and XPS

Possible mechanism

Transition metal could effectively reduce Cr(VI) in the presence of small molecule organic acids under visible light,
in-depth studies have been conducted, especially Fe(Ⅲ)
(Marinho et al., 2016), TiO2 (Wang et al., 2010b), etc. In this work,
the mechanism of synergetic effect between γ -Al@Fe and TA
may be dominated by the following process.
TA has two -COOH and two α-OH, as shown in Fig. 8d, it
is acidic in solution. γ -Al@Fe has a nanoneedle structure (Appendix A Fig. S3) with a large specific surface area (Appendix
A Table S3), which is helpful for the adsorption of TA. During the photocatalytic reaction, TA is preferentially adsorbed
on the surface of the γ -Al@Fe to form a complex Jiang et al.,
2012): γ -Al@Fe≡TA (Eq. (1)), and then, γ -Al@Fe≡TA could generate holes and electrons under visible light (Eq. (2)). The TA
adsorbed on the surface of γ -Al@Fe acts as a sacrificial agent
to capture photo-generated holes quickly and prevent the recombination of holes and electrons. In order to verify that the
composite could effectively separate photo-generated electrons and holes, we performed photoluminescence (PL) characterization on γ -Al@Fe before and after the adsorption of TA.
The photoluminescence results of γ -Al@Fe before and after
the adsorption of TA were shown in Appendix A Fig.S7. Obviously, the emission intensity of γ -Al@Fe was significantly reduced after the adsorption of TA, which also indicated that γ Al@Fe≡TA could effectively increase the separation efficiency
of photogenerated carriers. TA, after trapping the holes, will
generate a strong reducing radical CO2 • — to reduce Cr(VI)
(Eqs. (4) and (5)) (Farzadkia et al., 2015; Méndez-Díaz et al.,
2010). Due to the adsorption of TA by γ -Al@Fe, the distance
of TA trapping holes can be greatly shortened, thereby accelerating the photocatalytic reaction rate.
The FT-IR Fig. 2b) and XPS (Appendix A Fig.S1b) results
show that the surface of γ -Al@Fe has abundant oxygencontaining groups, such as hydroxyl groups, which have good
adsorption performance for dissolved O2 in the solution. O2
adsorbed on the surface of γ -Al@Fe and then reacts with
photo-generated electrons to generate O2 • — (Eqs. (6) and (7))
(Bassaid et al., 2009; Ge et al., 2019; Zhang et al., 2018) to
achieve the purpose of photocatalytic reduction of Cr(VI). Due
to the adsorption of O2 by γ -Al@Fe, the migration distance
of electrons is greatly shortened (Zhang et al., 2019), allowing
electrons and O2 to combine faster, which could accelerate the
removal rate of Cr(VI) effectively. Photo-generated electrons
also have a removal effect of Cr(VI), some electrons can interact with Cr(VI) directly (Eq. (2)) (Kebir et al., 2015; Wang et al.,
2008; Yuan et al., 2017).
In the scavenger experiment, MeOH, IPA, KBrO3, NBT, and
MV were used as scavengers for holes, •OH, electrons, O2• —
and CO2• — , respectively (Hao et al., 2019; Yuan et al., 2019).
The results are shown in Fig. 8a. There is no obvious impact on
the reduction of Cr(VI) after adding methanol and isopropanol,
which indicates that holes and •OH are not the key active
species for reduction. When KBrO3 was added, the reduction
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Fig. 8 – (a) Effects of different scavengers on removal efficiency of Cr (VI), (b) and (c) are EPR spectra of O2 • — and CO2 • — over
γ-Al@Fe in the presence of TA in the dark and under visible-light irradiation, (d) molecular model of TA.

effect is slightly inhibited, which indicates that electrons also
play a slight role. However, the addition of NBT and MV could
obviously inhibit the photocatalytic performance, and the removal efficiency only reached 30.19% and 21.55% within 7 min,
which illustrates that O2 • — and CO2 • — play an indispensable
role in the photocatalytic reduction of Cr(VI).
O2 • — and CO2 • — are the main active species in the photocatalytic reduction of Cr(VI), which have been proved by scavenger experiments. The EPR results (Wang and Zhang, 2011b;
Xia et al., 2019) are shown in Fig. 8b and c. When TA and γ Al@Fe were present at the same time while there is no visible
light, no obvious signal was detected in either O2 • — or CO2 • — .
However, after 10 min of visible light, obvious signals of O2 • —
and CO2 • — were detected, which further proved that free radicals O2 • — and CO2 • — were generated during the photocatalytic reaction.
Through the above analysis, the mechanism of photocatalytic reduction is proposed in Fig. 9. TA is adsorbed on the surface of γ -Al@Fe and forms γ -Al@Fe≡TA. TA acts as a sacrificial
agent to capture h+ and generates strong reducing free radicals (CO2 • — ) to achieve the purpose of reducing Cr(VI). The
abundant -OH on the surface of γ -Al@Fe had good adsorption
performance for dissolved O2 , which could shorten the migration distance of electrons and then accelerate the reaction rate
of O2 and electrons to generate O2 • — , it is another important
active species for photocatalytic reduction of Cr(VI). Furthermore, due to its own reducibility, the electron also plays a weak
role in the reduction of Cr(VI).
γ -Al@Fe + TA → γ -Al@Fe≡TA

(1)

γ -Al@Fe≡TA + h ν → h+ + e−

(2)

Fig. 9 – Proposed photocatalytic mechanism of Cr (VI)
reduction.

Cr(VI) + e− → Cr(Ⅲ)

(3)

γ -Al@Fe≡TA + h+ → CO2 • —

(4)

Cr(VI) + H+ + CO2 • — → Cr(Ⅲ) + CO2 + H2 O

(5)

O2 + e− → O2 • —

(6)

Cr(VI) + H+ + O2 • — → Cr(Ⅲ) + H2 O + O2

(7)

3.

Conclusions

In this work, a novel idea of using solid waste to synthesize photocatalyst for Cr(VI) reduction in the presence of TA
was proposed. The effects of γ -Al@Fe dose, TA concentration,
Cr(VI) concentration, initial pH on the photocatalytic reaction
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were explored. When γ -Al@Fe was 0.4 g/L, TA was 0.6 g/L, and
the initial pH was 2, 50 mL 80 mg/L Cr(VI) could be completely
removed within 7 min. The mechanism of the photocatalytic
reaction was studied in detail. γ -Al@Fe and TA could form an
intermediate: γ -Al@Fe≡TA, which is the prerequisite for the
synergistic effect in photocatalytic reaction. In addition, the
surface of γ -Al@Fe is rich in -OH, it is advantageous for the
adsorption of dissolved O2 to generate O2 • — . The scavenger
experiments and EPR proved that CO2 • — and O2 • — are the
prominent free radicals for photocatalytic reduction of Cr(VI).
This work combines the resource utilization of cinder with the
treatment of Cr(VI)-containing wastewater, which provides a
new model for future environmental restoration.
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