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Abstract: To remedy the widespread chromium (Cr) pollution in the environment, this study mainly
used the ultrasonic-assisted co-precipitation and precipitation methods to prepare FeS-modified
Fe-Al-layered double hydroxide (FeS/LDH) composite material. The experimental results showed
that FeS/LDH has higher removal efficiency of Cr in aqueous solution and stronger anti-interference
ability than unmodified LDH. Under the same reaction conditions, the removal efficiency of total
Cr(Cr(T)) using LDH was 34.85%, and the removal efficiency of Cr(VI) was 46.76%. For FeS/LDH,
the removal efficiency of Cr(T) and Cr(VI) reached 99.57% and 100%, respectively. The restoration of
Cr(T) and Cr(VI) by FeS/LDH satisfied the Langmuir adsorption isotherm. The maximum adsorption
capacity of Cr(T) and Cr(VI) achieved 102.9 mg/g and 147.7 mg/g. The efficient removal of Cr by
FeS/LDH was mainly based on the triple synergistic effect of anion exchange between Cr(VI) and
interlayer anions, redox of Cr(VI) with Fe2+ and S2−, and co-precipitation of Fe3+ and Cr3+.

Keywords: chromium; FeS/LDH; double reduction; anti-interference; co-precipitation

1. Introduction

Heavy metal pollution is a major pollution problem that threatens people’s health [1,2].
Since heavy metal ions cannot be biodegraded, they can accumulate in an organism
along with transfer to the ecosystem and have an indelible impact on human health [3,4].
Chromium (Cr) is a common heavy metal pollutant in soil and water that has been identi-
fied as a human carcinogen by the International Agency for Research on Cancer [5]. Cr(III)
exists in the form of Cr2O3, which can form precipitates or complexes into other substances
and stably exists in water or soil [6]. Cr(VI) mainly exists in the environment in the form
of CrO4

2− and HCr2O7
− [7]. The toxicity of Cr(VI) is 100 times greater than Cr(III) [8,9].

Cr(VI) combines with enzymes in the body and destroys the catalytic effect of enzymes [10].
Cr(VI) affects the normal oxidation–reduction process of the human body and has obvious
carcinogenic effects [10]. Cr(III) is an essential trace element for the human body, and its
complex is called the human body’s “glucose tolerance factor”, which helps to improve the
level of glucose tolerance [11].

In recent years, numerous treatment techniques have been developed to deal with Cr
pollution from the aquatic ecosystems, such as adsorption [12], ion exchange treatment [13],
chemical precipitation [14–16], bio-removal [17], and membrane filtration [18]. Among
these, chemical fixation technology has attracted more attention due to its convenient opera-
tion, high efficiency, low secondary pollution, and relatively low cost [14–16]. So far, layered
double hydroxide (LDH) has been widely studied for removing Cr. LDHs are a group of an-
ionic clay materials with the general formula [M1-x

2+Mx
3+(OH)2]x+(An−)x/n·mH2O [19,20].

M2+ (Mg2+, Mn2+, Fe2+, Zn2+, Cu2+, etc.) and M3+ (Al3+, Fe3+, Co3+, etc.) represent divalent
cations and trivalent cations, respectively. An− (CO3

2−, Cl−, NO3
−) represents the inter-

layer anion [19,21]. To synthesize hydrotalcite materials, the molar ratio of M3+ and M2+ +
M3+ is 0.2–0.33 [22]. Therefore, LDH can be prepared only when the molar ratio of M2+ and
M3+ = 2 or 3. In an anionic environment, LDH exhibits excellent anion exchange properties
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due to the weak electrostatic interaction between the cations and interlayer anions [23,24].
Therefore, LDH is an attractive candidate to be applied in the removal of inorganic anionic
pollutants including Cr [25,26].

In recent years, many researchers have used LDH as an absorbent to capture anionic
pollutants in water: Gao et al. found that the fixation ability of sand Mg-Al-LDH for Cr(VI)
was 29.9 mg/g [27]. Xu et al. found that the repairability of single-layer Ca LDH and
Mg LDH for Cr(VI) was 56.2 mg/g and 47.9 mg/g, respectively [28]. Fe3O4-ZnAl LDH
reported by Yang et al. could fix Cr(VI) at 47.3 mg/g [29]. Mg-Al-MoS4 LDH studied
by Ma et al. could remove Cr(VI) at 130 mg/g [30]. Among them, some studies utilized
ion-exchange properties of LDH to fix heavy metal anions between layers. Some studies
used LDH as reactive media to enhance the reduction of Cr(VI) to the more stable and less
toxic Cr(III) [27–33].

In order to further improve removal efficiency, we urgently need to find a removal
agent that is simple to prepare, low in cost, and capable of removing Cr. In this study,
FeS-modified Fe-Al LDH composite (FeS/LDH) was selected as the Cr absorbent. Pristine
Fe-Al LDH has ion exchangeability of hydrotalcite, as well as reduction properties of Fe2+.
Meanwhile, the introduction of FeS on LDH layers can not only assist the better dispersion
of FeS nanoparticles to avoid agglomeration, but also improve the reduction properties
of the material. It was expected that the FeS-modified Fe-Al LDH shows improvement in
ion exchange capacity and removal efficiency from the dual reduction capacity of Fe2+ and
FeS [30,34].

2. Materials and Methods
2.1. Materials and Equipment

All chemical reagents used were of analytical grade or higher without further purifi-
cation. Potassium dichromate (K2Cr2O7) was supplied by Tianjin Fengchuan Chemical
Reagent Technology Co., Ltd. (Tianjin, China). Ferrous chloride (FeCl2·4H2O) was ob-
tained from Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China). Crystalline
aluminum chloride (AlCl3·6H2O) and reduced iron powder (Fe) were purchased from
Tianjin Komiou Chemical Reagent Co, Ltd. (Tianjin, China). Nonahydrate sulfide Sodium
(Na2S·9H2O) was obtained from Aladdin Reagent (Shanghai, China). Sodium hydroxide
(NaOH) was purchased from Xilong Chemical (Guangdong, China). Chromium standard
solution was supplied by the National Nonferrous Metals and Electronic Materials Analysis
and Testing Center (Beijing, China).

The equipment used in this article mainly includes: TAS-990 atomic absorption course-
ware spectrophotometer from Beijing Jinko Company (Beijing, China); 772G visible light
spectrophotometer of Shanghai Jinko Company (Shanghai, China); the model of Orion
Instrument Company (Zhejiang, China) is a PHS-3C pH meter.

2.2. Preparation of Fe-Al LDH and FeS/LDH Composite Materials

Fe-Al LDH was synthesized according to an ultrasound-assisted co-precipitation
method reported previously [35]. In brief, a suspension was prepared first by adding 4 M
NaOH into 100 mL FeCl2/AlCl3 solution with a molar ratio of 2:1 until the pH reaches 10.
Then, an appropriate amount of reduced iron was introduced to minimize the oxidation
of Fe2+. Next, the mixture was sonicated at 65 ◦C for 30 min, filtered and washed with
ultrapure water 3 times and dried. According to various Fe to Al ratios, the products were
labeled as LDH2 (2:1) and LDH3 (3:1), respectively.

The precipitation method was used to synthesize FeS in situ on LDH [36]. First, a
certain amount of the above prepared LDH was dissolved in 100 mL of water. Under
magnetic stirring, 0.5 M FeCl2 and 0.5 M Na2S were added. The solution was stirred for
30 min and ultrasound for 2 h. Then, the mixture was filtered and washed with ultrapure
water 3 times and dried. The resulting composite material was labeled as FeS/LDH. Both
as-prepared LDH2 and LDH3 were modified by FeS using the same procedure, named as
FeS/LDH2 and FeS/LDH3.
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2.3. Characterizations

Fourier transform infrared spectra (FTIR, Thermo Nicolet IR200, Waltham, Mas-
sachusetts, USA) were recorded in the range of 4000–500 cm−1 to measure LDH, FeS/LDH
and FeS materials after adsorption of Cr to study the interaction between LDH and
FeS/LDH; the crystal structure which adopts X-rays diffraction (XRD, D8ADVANCE,
Madison, USA) was used to study the XRD spectra obtained with JADE 6.0. X-ray photo-
electron spectroscopy (XPS) measurement was performed to identify the functional groups
on the surface of materials (XPS, Escalab 250 xi, Thermo Fisher Science, Waltham, MA,
USA) with binding energy between 0 and 1200 eV to analyze the elemental composition
of sample surfaces. The morphological characteristics of the samples were obtained using
scanning electron microscopy (SEM) combined with an X-ray spectrometer (EDS) (SEM
and EDS, FEI Company QUANTA Q400, Hillsboro, OR, USA). The point of zero charges of
samples was determined for judging the charged condition of the material surface.

2.4. Batch Adsorption Experiment

The Cr solution used in the experiment was prepared by dissolving K2Cr2O7 in dis-
tilled water. To prepare a removing agent with lower cost and better performance, the effect
of FeS/LDH on Cr removal was studied from the aspects of pH, Cr concentration, and
coexisting anions. During the experiment, FeS/LDH powder was added to the simulated
Cr-polluted water, and the pH of the Cr solution was adjusted with 0.1 M HCl and 0.1 M
NaOH. The mixture was placed on a magnetic stirrer for 24 h, followed by centrifuge. The
supernatant was collected to determine the content of Cr(T) by flame atomic absorption
spectrophotometry, as well as the content of Cr(VI) using diphenyl carbazide spectropho-
tometry. Cr removal efficiency was calculated based on the equation: η = ((C1 − C2)/C1)
× 100% (where η is the removal efficiency of Cr(T) or Cr(VI), C1 is the concentration of
Cr(T) or Cr(VI) in the simulated polluted wastewater before removal (mg/L), C2 is the
concentration of Cr(T) or Cr(VI) in the solution after removal (mg/L)). All the experiments
were repeated three times to confirm the results.

3. Results and Discussion
3.1. Characterizations

The Fourier Infrared Spectroscopy (FTIR) diagrams of LDH and FeS/LDH are shown
in Figure 1a. Both of the two substances have peaks of Fe-O bond and Al-O bond at
560 cm−1, 800 cm−1, and 3380 cm−1. There is one OH bond. These are the characteristic
peaks of LDH; in addition, there is a peak of SO bond at 1060 cm−1 and a peak at 2950 cm−1

caused by SH-stretching vibration on FeS/LDH3 [31,35,37]. The XRD pattern (Figure 1b)
also showed similar spectral characteristics, and the original peaks No. 003, 006, and 009
were added with the characteristic peak No. 101. These characteristics all indicate that FeS
was successfully precipitated in the layer of LDH [36–38].
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Figure 1. FTIR spectrum (a) and XRD patterns (b) of LDH3, FeS/LDH3, and FeS. 
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pristine LDH3 has a monolayer sheet structure with an average size of 230 nm [28]. After 
FeS modification, the flake-like structure of LDH3 (Figure 2b) is not clear. The surface of 
the material is relatively rough due to the formation of FeS nanoparticles. The morphology 
change can be attributed to sulfidation and agglomeration of FeS precipitates [36]. It can 
also be concluded from the X-ray energy spectrum (EDS) image of the material (Figure 2c) 
that according to the fluorescence phenomenon, Fe, Al and S are uniformly distributed in 
the material. 
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The LDH3 and FeS/LDH3 used in this study were characterized by SEM. LDH3
and FeS/LDH3 were selected for characterization because of their better performance in
removal efficiency, which is discussed in Section 3.2.1 below. As shown in Figure 2a, the
pristine LDH3 has a monolayer sheet structure with an average size of 230 nm [28]. After
FeS modification, the flake-like structure of LDH3 (Figure 2b) is not clear. The surface of
the material is relatively rough due to the formation of FeS nanoparticles. The morphology
change can be attributed to sulfidation and agglomeration of FeS precipitates [36]. It can
also be concluded from the X-ray energy spectrum (EDS) image of the material (Figure 2c)
that according to the fluorescence phenomenon, Fe, Al and S are uniformly distributed in
the material.
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In Figure 3, XPS was applied to analyze the elements in FeS/LDH3. The results
showed that the energy spectrum of Fe 2p had two peaks at 711.3 eV (FeS, 76.08%) and
724.6 eV (FeOOH, 23.91%) according to Figure 3b, indicating the successful synthesis of
FeS in the composite [32,37]. The peak area of FeS is larger than FeOOH, suggesting a
majority of FeS in the composite. There were three peaks in the energy spectrum of S 2p
(Figure 3c), which were at 161.8 eV, 164.0 eV, and 167.7 eV. The peaks can be attributed
to S2− (69.33%), SO3

2− (0.94%), and SO4
2− (29.73%), respectively [39,40]. Comparing the

peak areas, FeS was the main form of S in the material. In addition, the peaks of SO4
2− and

FeOOH appeared because air was not eliminated during the synthesis process, which led
to the oxidation of S2− and Fe2+.
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Therefore, according to all the characterization results, FeS was successfully precip-
itated on the single-layer LDH. In this way, the layered structure of LDH can be used to
deposit FeS smoothly, and the agglomeration of FeS can be effectively avoided.

3.2. Batch Adsorption Experiment
3.2.1. Ratio of Fe and Al in LDH

To evaluate the effect of Fe/Al molar ratio in LDHs on the performance of Cr removal,
a series of experiments was carried out with an initial Cr concentration of 100.0 mg/L, a
solid-to-solution ratio of 2.0 g/L, and an initial pH value of 9.0. Both pristine and modified
LDHs with an Fe/Al molar ratio of 2 or 3 were applied in this study (Figure 4a,b). For
all materials, the progress reached 90% within 2 h of the reaction, but to ensure that the
reaction is fully completed, the subsequent measurement time is set to 24 h. Comparing the
pure LDHs, LDH3 has higher removal efficiency of Cr(VI) (50.36%) and Cr(T) (65.23%) than
LDH2 (Cr(T): 34.85%; Cr(VI): 46.76%). For modified composites, FeS/LDH3 synthesized by
LDH3 shows Cr(VI) and Cr(T) removal efficiency of 99.58% and 100%, which are 99.15%%
and 92.28% higher than FeS/LDH2. The ratio of Fe2+ in LDH2 is lower than in LDH3. Fe2+

can reduce Cr(VI) to Cr(III), which tends to co-precipitate with Fe3+ to achieve effective
capture of Cr(VI) [41,42]. Thus, FeS/LDH3 with a higher proportion of Fe2+ exhibited the
fastest Cr removal. This is because the content of Fe2+ in LDH3 is greater than that of Fe2+

in LDH, LDH3 has a stronger reducing ability and a stronger removal efficiency of Cr(VI).
Therefore, compared with LDH, FeS/LDH is better. When analyzing the specific

content of FeS/LDH, it is found that Fe: Al = 3 (FeS/LDH3) has a better effect. Among all
materials, FeS/LDH3 is the most effective. To optimize the absorbent performance, the
ratio of 3 for Fe and Al in the LDH was used in the following experiments.
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Figure 4. Effect of Fe: Al ratio (a,b) and pH (c) on removal efficiency of LDH3 and FeS/LDH3. Figure 4. Effect of Fe: Al ratio (a,b) and pH (c) on removal efficiency of LDH3 and FeS/LDH3.

3.2.2. Influence of Initial pH

The effect of pH was explored by adjusting the solution pH from 2.0 to 10.0 using 0.1 M
HCl and 0.1 M NaOH under an initial Cr concentration of 100.0 mg/L, a solid-to-solution
ratio of 1.0 g/L, and a reaction time of 24 h. The pH range selection in this chapter is
appropriately expanded based on the pH range of the polluted water. This ensures that the
material can achieve better results within the maximum range. The results are presented in
Figure 4c. At a pH value of 2.0, the removal efficiency of Cr(VI) reaches 98%. Meanwhile,
the removal efficiency of Cr(T) is only 20%, indicating Cr(T) content in the solution is still
high. The difference can be attributed to the increase in Cr3+ by the reduction of Cr(VI).
At low pH, Cr3+ can neither precipitate nor co-precipitate with Fe3+, resulting in a large
amount of Cr3+ in the solution [11,43]. This is evident by the decreasing removal efficiency
with increasing pH from 3 to 7 [44]. This is because the deprotonation effect of hydrotalcite
gradually increases, resulting in a decrease in H+ on the surface of hydrotalcite, thereby
reducing anion exchange capacity and adsorption site saturation. At a pH ranging from
7 to 10, the removal efficiency of Cr(T) and Cr(VI) slightly increased. The adsorption
of anions by LDHs materials is related to the valence of the anions. This is because as
pH increases, Cr(VI) in the solution changes from HCrO4

− to CrO4
2−. CrO4

2− is more
negatively charged and can enter the ion exchange layer more easily [45,46]. Therefore, the
Cr removal efficiency is improved.

3.2.3. The Modification with FeS

The Cr adsorption efficiencies for LDHs before and after FeS modification are studied
in Cr polluted system with the initial Cr concentration of 200.0 mg/L, a solid-to-solution
ratio of 1.0 g/L, and an initial pH value of 3.0. The Cr removal performance of pure FeS
is also included, as shown in Figure 5a. It is clear that FeS/LDH has superior Cr removal
performance (Cr(VI): 54.7%; Cr(T): 53.4%) over unmodified LDH (Cr(VI): 21.4%; Cr(T):
18.4%) and FeS (Cr(VI): 28.7%; Cr(T): 15.5%). Incorporating FeS on the surface of LDH
can not only avoid the agglomeration of FeS through the large specific surface area of
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LDH, but also take advantage of the reduction properties of FeS to enhance Cr(VI) removal
performance of the FeS/LDH composite [40].
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3.2.4. Coexisting Anions

In natural wastewater, there are other soluble ions such as Cl−, SO4
2−, and PO4

3−,
that could competitively affect the Cr removal by absorbents. Therefore, we choose to
carry out repair experiments in the presence of these ions. To explore the impact of various
coexisting ions on Cr removal, 200 mg/L Cr solutions with each of Cl−, SO4

2−, and PO4
3−

at a certain concentration (200 mg/L) were prepared. The solid solution ratio was 1.0 g/L,
and the initial pH was 3 [31]. The results are shown in Figure 5b. According to the
plot, the performance of LDH was largely affected by the examined coexisting anions,
especially PO4

3− and SO4
2−. For comparison, the removal efficiency of FeS/LDH was

well maintained. This is because the Cr removal mechanism of LDH and FeS/LDH is
based on the synergetic effect of interlayered ion exchange and reduction. In the presence
of PO4

3−, the Cr(T) and Cr(VI) removal efficiency of LDH was depressed by 70.44%
and 63.16%, respectively, and the Cr(T) and Cr(VI) removal efficiency of FeS/LDH was
depressed by 31.99% and 20.97%, respectively. The high-valent anions PO4

3− and SO4
2−

are more favorable for interlayer anion exchange than low-valent anions such as Cl−.
Compared with the two ions of CrO4

2− and Cr2O7
2−, PO4

3- and SO4
2− had a higher

valence and was less likely to be exchanged with Cr(VI), so Cr(VI) had fewer reaction
sites and lower reaction efficiency. Thus, PO4

3− and SO4
2− competed with Cr(VI) more

significantly in the adsorption process and the subsequent reduction [5]. After modification,
the Cr(VI) reduction was promoted by FeS/LDH, where both Fe(II) and S(-II) species act as
reducing agents. The buffer effect leads to a smaller decrease in Cr removal efficiency by
coexisting anions.

3.2.5. Cr Concentration

The maximum unit Cr adsorption capacity of FeS/LDH was explored under an initial
pH of 3.0, a solid-to-solution ratio of 1.0 g/L, and a reaction time of 24 h. The results are
presented in Figure 6. As the Cr concentration increased, the unit adsorption capacity
increased. The Langmuir adsorption equation was imitated for simulating the adsorption of
Cr(VI) and Cr(T): C/Qe = 1/Qm × C + 1/(Qm × b), where C is the concentration of Cr(T)
or Cr(VI), Qe is the adsorption capacity, and Qm is the saturated adsorption amount [4].
The linear diagram obtained according to the calculation is shown in Figure 6b. According
to the calculation, the maximum adsorption capacity of FeS/LDH for Cr(T) and Cr(VI)
was 102.9 mg/g and 147.7 mg/g, respectively. Compared with other, similar materials
reported in the literature (Table 1), the removal efficiency of FeS/LDH outperforms other
modified/unmodified LDH materials. In analogy to hydrotalcite materials, Cr removal
could be facilitated after modification by improving the redox properties of its chelating
ability. The same explanation can be applied to FeS/LDH in this study.
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Table 1. Performance comparison of different adsorbents for Cr(T) and Cr(VI) removal from aqueous
solution.

Adsorbents Qm (Cr(T), mg/g) Qm (Cr(VI), mg/g) References

Sand/MgAl LDH 29.9 Chengguang Gao [27]
S-Mg LDH 47.9 Shuang Xu [28]
S-Ca LDH 56.2 Shuang Xu [28]

Fe3O4-ZnAl LDH 47.3 Yanting Yang [29]
EDTA@MgAl LDH 38.0 Danlian Huang [47]
MgAl-MoS4 LDH 130.0 Lijiao Ma [30]

MgAlFe-MoS4 LDH 135.6 Gebremedhin G. Aregay [48]
LDHNSs 126.0 Bo Zhang [49]

FeS/LDH3 102.9 147.7 This article

3.3. Removal Mechanisms

To further explore the detailed adsorption mechanism of FeS/LDH on Cr, FeS/LDH3
before and after adsorption was analyzed by XPS as shown in Figure 7. After Cr(VI)
adsorption, new peaks are observed for Cr 2p in Figure 7a. The Fe 2p spectrum (Figure 7b)
showed that the relative peak area ratio of Fe2+ decreased while the peak area ratio of Fe3+

increased [4]. In the energy spectrum of S 2p (Figure 7c), the original characteristic peak
area ratio changed, where the peak area of S2− (69.33%), SO3

2− (0.94%) and SO4
2− (29.73%)

became S2− (1.05%) and SO3
2− (53.07%) and SO4

2− (45.87%) after adsorption of Cr [40].
This observation confirmed that the oxidation reaction occurred during Cr adsorption,
where FeS acted as reducing agent. In the Cr 2p spectrum of FeS/LDH3 after adsorption
(Figure 7d), there were peaks at 576.1 eV, 577.2 eV, and 586.6 eV that can be assigned to
Cr(III), which were not consistent with the characteristic peaks of the raw material K2Cr2O7
in the file [29]. This indicated that the main form of Cr in the reacted material is Cr(III) [40].
Obviously, the main Cr removal from the solution mechanism of FeS/LDH involves (1)
anion exchange allowing Cr(VI) to enter the interlayered structure of LDH, (2) reduction
of Cr(VI) to Cr(III) utilizing reductive properties of Fe2+ and S2−, and (3) Fe3+ and Cr3+

co-precipitation to remove Cr(T) [34,49]. The schematic diagram of the removal mechanism
is shown in Figure 8. The method of adsorption–reduction adopted in this study reduced
the toxicity and content of the Cr pollutant, achieving efficient treatment of Cr in aqueous
solution.
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4. Conclusions

This paper reports that FeS was successfully incorporated between the layers of Fe-Al
LDH by precipitation method to produce FeS/LDH composite material. It provides a new
type of reducing agent for removing Cr in water. The experimental results show that the
material exhibits superior Cr removal performance. A variety of factors that could affect
Cr adsorption, including the ratio of Fe and Al, initial pH, FeS, coexisting anions and Cr
concentration were tested. At the initial Cr concentration of 100.0 mg/L and initial pH
value of 3.0, a removal efficiency of 99.5% for Cr(T) and Cr(VI) was achieved. The maximum
adsorption capacity of Cr(T) was 102.9 mg/g, and the maximum adsorption capacity of
Cr(VI) was 147.7 mg/g. The good Cr removal performance was mainly attributed to the
triple synergistic effect of anion exchange, double reduction, and co-precipitation. The
composite material also showed improved resistance to influence by common coexisting
anions in the environment. Therefore, further research on the material in actual wastewater
or soil can be carried out in the future.



Sustainability 2022, 14, 21 10 of 12

Author Contributions: Conceptualization, S.Z. and Y.W.; methodology, W.Z.; software, S.Z.; valida-
tion, S.Z.; formal analysis, S.Z.; investigation, W.Z.; resources, W.Z.; data curation, S.Z.; writing—
original draft preparation, S.Z.; writing—review and editing, Y.W.; visualization, Y.W.; supervision,
W.Z.; project administration, Y.W.; funding acquisition, Y.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by the Key Science and Technology Innovation
Program of Zhengzhou (2019CXZX0077).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The current study was supported by the School of Chemical Engineering of
Zhengzhou University. All authors have consented to the published version of the manuscript.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Cui, N.; Qu, L.; Wu, G. Heavy metal accumulation characteristics and physiological response of Sabina chinensis and Platycladus

orientalis to atmospheric pollution. J. Environ. Sci. 2022, 112, 192–201. [CrossRef]
2. Gong, K.; Hu, Q.; Yao, L.; Li, M.; Sun, D.; Shao, Q.; Qiu, B.; Guo, Z. Ultrasonic Pretreated Sludge Derived Stable Magnetic Active

Carbon for Cr(VI) Removal from Wastewater. ACS Sustain. Chem. Eng. 2018, 6, 7283–7291. [CrossRef]
3. Wen, J.; Fang, Y.; Zeng, G. Progress and prospect of adsorptive removal of heavy metal ions from aqueous solution using

metal-organic frameworks: A review of studies from the last decade. Chemosphere 2018, 201, 627–643. [CrossRef]
4. López Zavala, M.Á.; Romero-Santana, H.; Monárrez-Cordero, B.E. Removal of Cr(VI) from water by adsorption using low cost

clay-perlite-iron membranes. J. Water Process. Eng. 2020, 38, 101672. [CrossRef]
5. Elabbas, S.; Mandi, L.; Berrekhis, F.; Pons, M.N.; Leclerc, J.P.; Ouazzani, N. Removal of Cr(III) from chrome tanning wastewater

by adsorption using two natural carbonaceous materials: Eggshell and powdered marble. J. Environ. Manag. 2016, 166, 589–595.
[CrossRef] [PubMed]

6. Kaya, A.; Onac, C.; Alpoguz, H.K.; Yilmaz, A.; Atar, N. Removal of Cr(VI) through calixarene based polymer inclusion membrane
from chrome plating bath water. Chem. Eng. J. 2016, 283, 141–149. [CrossRef]

7. Wang, Y.; Zhang, J.; Wang, W.; Wu, T.; Sun, Y.; Wu, H.; Chen, D.; Liu, H. Enhancement of Cr(VI) reduction by polyaniline
nanorod-modified cathode in flow-through electrode system. Chem. Eng. J. 2022, 429, 132553. [CrossRef]

8. Ma, L.; Xu, J.; Chen, N.; Li, M.; Feng, C. Microbial reduction fate of chromium (Cr) in aqueous solution by mixed bacterial
consortium. Ecotoxicol. Env. Saf. 2019, 170, 763–770. [CrossRef]

9. Unceta, N.; Séby, F.; Malherbe, J.; Donard, O.F.X. Chromium speciation in solid matrices and regulation: A review. Anal. Bioanal.
Chem. 2010, 397, 1097–1111. [CrossRef]

10. Yang, X.; Zhao, Z.; Zhang, G.; Hirayama, S.; Nguyen, B.V.; Lei, Z.; Shimizu, K.; Zhang, Z. Insight into Cr(VI) biosorption onto
algal-bacterial granular sludge: Cr(VI) bioreduction and its intracellular accumulation in addition to the effects of environmental
factors. J. Hazard. Mater. 2021, 414, 125479. [CrossRef] [PubMed]

11. Kong, F.; Zhang, Y.; Wang, H.; Tang, J.; Li, Y.; Wang, S. Removal of Cr(VI) from wastewater by artificial zeolite spheres loaded
with nano Fe-Al bimetallic oxide in constructed wetland. Chemosphere 2020, 257, 127224. [CrossRef]

12. Yang, Y.; Liu, J.; Zhang, B.; Liu, F. Mechanistic studies of mercury adsorption and oxidation by oxygen over spinel-type MnFe2O4.
J. Hazard. Mater. 2017, 321, 154–161. [CrossRef]

13. Kodispathi, T.; Jacinth Mispa, K. Fabrication, Characterization, Ion-Exchange studies and binary separation of Polyaniline/Ti(IV)
iodotungstate composite Ion-Exchanger for the treatment of water pollutants. Environ. Nanotechnol. Monit. Manag. 2021, 16,
100555. [CrossRef]

14. Xu, Z.; Gu, S.; Rana, D.; Matsuura, T.; Lan, C.Q. Chemical precipitation enabled UF and MF filtration for lead removal. J. Water
Process. Eng. 2021, 41, 101987. [CrossRef]

15. Sun, H.; Yang, J.; Wang, Y.; Liu, Y.; Cai, C.; Davarpanah, A. Study on the Removal Efficiency and Mechanism of Tetracycline in
Water Using Biochar and Magnetic Biochar. Coatings 2021, 11, 1354. [CrossRef]

16. Abbasi Pirouz, A.; Selamat, J.; Sukor, R.; Noorahya Jambari, N. Effective Detoxification of Aflatoxin B1 and Ochratoxin A Using
Magnetic Graphene Oxide Nanocomposite: Isotherm and Kinetic Study. Coatings 2021, 11, 1346. [CrossRef]

17. Al Ketife, A.M.D.; Almomani, F.; Znad, H. Sustainable removal of copper from wastewater using chemically treated bio-sorbent:
Characterization, mechanism and process kinetics. Environ. Technol. Innov. 2021, 23, 101555. [CrossRef]

18. Mulungulungu, G.A.; Mao, T.; Han, K. Efficient removal of high-concentration copper ions from wastewater via 2D g-C3N4
photocatalytic membrane filtration. Colloids Surf. A Physicochem. Eng. Asp. 2021, 623, 126714. [CrossRef]

http://doi.org/10.1016/j.jes.2021.05.013
http://doi.org/10.1021/acssuschemeng.7b04421
http://doi.org/10.1016/j.chemosphere.2018.03.047
http://doi.org/10.1016/j.jwpe.2020.101672
http://doi.org/10.1016/j.jenvman.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26598282
http://doi.org/10.1016/j.cej.2015.07.052
http://doi.org/10.1016/j.cej.2021.132553
http://doi.org/10.1016/j.ecoenv.2018.12.041
http://doi.org/10.1007/s00216-009-3417-1
http://doi.org/10.1016/j.jhazmat.2021.125479
http://www.ncbi.nlm.nih.gov/pubmed/33677316
http://doi.org/10.1016/j.chemosphere.2020.127224
http://doi.org/10.1016/j.jhazmat.2016.09.007
http://doi.org/10.1016/j.enmm.2021.100555
http://doi.org/10.1016/j.jwpe.2021.101987
http://doi.org/10.3390/coatings11111354
http://doi.org/10.3390/coatings11111346
http://doi.org/10.1016/j.eti.2021.101555
http://doi.org/10.1016/j.colsurfa.2021.126714


Sustainability 2022, 14, 21 11 of 12

19. Karthikeyan, P.; Meenakshi, S. Development of sodium alginate@ZnFe-LDHs functionalized beads: Adsorption properties and
mechanistic behaviour of phosphate and nitrate ions from the aqueous environment. Environ. Chem. Ecotoxicol. 2021, 3, 42–50.
[CrossRef]

20. Bencherif, S.D.; Gallardo, J.J.; Carrillo-Berdugo, I.; Bahmani, A.; Navas, J. Synthesis, Characterization and Photocatalytic
Performance of Calcined ZnCr-Layered Double Hydroxides. Nanomaterials 2021, 11, 3051. [CrossRef]

21. Rybka, K.; Matusik, J.; Kuligiewicz, A.; Leiviskä, T.; Cempura, G. Surface chemistry and structure evaluation of Mg/Al and
Mg/Fe LDH derived from magnesite and dolomite in comparison to LDH obtained from chemicals. Appl. Surf. Sci. 2021, 538,
147923. [CrossRef]

22. Sakr, A.A.E.; Zaki, T.; Elgabry, O.; Ebiad, M.A.; El-Sabagh, S.M.; Emara, M.M. Enhanced CO2 capture from methane-stream using
MII-Al LDH prepared by microwave-assisted urea hydrolysis. Adv. Powder Technol. 2021, 32, 4096–4109. [CrossRef]

23. Behbahani, E.S.; Dashtian, K.; Ghaedi, M. Fe3O4-FeMoS4: Promise magnetite LDH-based adsorbent for simultaneous removal of
Pb (II), Cd (II), and Cu (II) heavy metal ions. J. Hazard. Mater. 2021, 410, 124560. [CrossRef] [PubMed]

24. Tabana, L.; Tichapondwa, S.; Labuschagne, F.; Chirwa, E. Adsorption of Phenol from Wastewater Using Calcined Magnesium-
Zinc-Aluminium Layered Double Hydroxide Clay. Sustainability 2020, 12, 4273. [CrossRef]

25. Dutt, M.A.; Hanif, M.A.; Nadeem, F.; Bhatti, H.N. A review of advances in engineered composite materials popular for wastewater
treatment. J. Environ. Chem. Eng. 2020, 8, 104073. [CrossRef]

26. Long, F.-L.; Niu, C.-G.; Tang, N.; Guo, H.; Li, Z.-W.; Yang, Y.-Y.; Lin, L.-S. Highly efficient removal of hexavalent chromium
from aqueous solution by calcined Mg/Al-layered double hydroxides/polyaniline composites. Chem. Eng. J. 2021, 404, 127084.
[CrossRef]

27. Gao, C.; Zhang, X.; Yuan, Y.; Lei, Y.; Gao, J.; Zhao, S.; He, C.; Deng, L. Removal of hexavalent chromium ions by core-shell
sand/Mg-layer double hydroxides (LDHs) in constructed rapid infiltration system. Ecotoxicol. Env. Saf. 2018, 166, 285–293.
[CrossRef]

28. Xu, S.; Zhang, L.; Zhao, J.; Cheng, J.; Yu, Q.; Zhang, S.; Zhao, J.; Qiu, X. Remediation of chromium-contaminated soil using
delaminated layered double hydroxides with different divalent metals. Chemosphere 2020, 254, 126879. [CrossRef]

29. Yang, Y.; Li, J.; Yan, T.; Zhu, R.; Yan, L.; Pei, Z. Adsorption and photocatalytic reduction of aqueous Cr(VI) by Fe3O4-ZnAl-layered
double hydroxide/TiO2 composites. J. Colloid. Interface Sci. 2020, 562, 493–501. [CrossRef] [PubMed]

30. Ma, L.; Islam, S.M.; Liu, H.; Zhao, J.; Sun, G.; Li, H.; Ma, S.; Kanatzidis, M.G. Selective and Efficient Removal of Toxic Oxoanions of
As(III), As(V), and Cr(VI) by Layered Double Hydroxide Intercalated with MoS4

2−. Chem. Mater. 2017, 29, 3274–3284. [CrossRef]
31. He, X.; Qiu, X.; Chen, J. Preparation of Fe(II)–Al layered double hydroxides: Application to the adsorption/reduction of chromium.

Colloids Surf. A Physicochem. Eng. Asp. 2017, 516, 362–374. [CrossRef]
32. Wang, L.; Wang, M.; Li, Z.; Gong, Y. Enhanced removal of trace mercury from surface water using a novel Mg2Al layered double

hydroxide supported iron sulfide composite. Chem. Eng. J. 2020, 393, 124635. [CrossRef]
33. Ye, Q.; Wu, J.; Wu, P.; Wang, J.; Niu, W.; Yang, S.; Chen, M.; Rehman, S.; Zhu, N. Enhancing peroxymonosulfate activation of Fe-Al

layered double hydroxide by dissolved organic matter: Performance and mechanism. Water Res. 2020, 185, 116246. [CrossRef]
34. Laskaridis, A.; Sarakatsianos, I.; Tzollas, N.; Katsoyiannis, I.A. Simultaneous Removal of Arsenate and Chromate from Ground-

and Surface- Waters by Iron-Based Redox Assisted Coagulation. Sustainability 2020, 12, 5349. [CrossRef]
35. Zhong, Y.; Yang, Q.; Luo, K.; Wu, X.; Li, X.; Liu, Y.; Tang, W.; Zeng, G.; Peng, B. Fe(II)-Al(III) layered double hydroxides prepared

by ultrasound-assisted co-precipitation method for the reduction of bromate. J. Hazard. Mater. 2013, 250–251, 345–353. [CrossRef]
[PubMed]

36. Sun, Y.; Lou, Z.; Yu, J.; Zhou, X.; Lv, D.; Zhou, J.; Baig, S.A.; Xu, X. Immobilization of mercury (II) from aqueous solution using
Al2O3—Supported nanoscale FeS. Chem. Eng. J. 2017, 323, 483–491. [CrossRef]

37. Gao, R.; Wang, S.; Xu, Z.; Li, H.; Chen, S.; Hou, H.; Wang, J. Octahedral Fe3O4/FeS composite synthesized by one-pot hydrothermal
method as a high-performance anode material for lithium-ion batteries. J. Alloy. Compd. 2021, 864, 158796. [CrossRef]

38. Iqbal, M.A.; Secchi, M.; Iqbal, M.A.; Montagna, M.; Zanella, C.; Fedel, M. MgAl-LDH/graphene protective film: Insight into
LDH-graphene interaction. Surf. Coat. Technol. 2020, 401, 126253. [CrossRef]

39. Yamashita, T.; Hayes, P. Analysis of XPS spectra of Fe2+ and Fe3+ ions in oxide materials. Appl. Surf. Sci. 2008, 254, 2441–2449.
[CrossRef]

40. Lyu, H.; Tang, J.; Huang, Y.; Gai, L.; Zeng, E.Y.; Liber, K.; Gong, Y. Removal of hexavalent chromium from aqueous solutions by a
novel biochar supported nanoscale iron sulfide composite. Chem. Eng. J. 2017, 322, 516–524. [CrossRef]

41. Nakagaki, S.; Machado, G.S.; Stival, J.F.; dos Santos, E.H.; Silva, G.M.; Wypych, F. Natural and synthetic layered hydroxide salts
(LHS): Recent advances and application perspectives emphasizing catalysis. Prog. Solid State Chem. 2021, 64, 100335. [CrossRef]

42. Chrysochoou, M.; Johnston, C.P.; Dahal, G. A comparative evaluation of hexavalent chromium treatment in contaminated soil by
calcium polysulfide and green-tea nanoscale zero-valent iron. J. Hazard. Mater. 2012, 201–202, 33–42. [CrossRef]

43. Jiang, B.; Niu, Q.; Li, C.; Oturan, N.; Oturan, M.A. Outstanding performance of electro-Fenton process for efficient decontamina-
tion of Cr(III) complexes via alkaline precipitation with no accumulation of Cr(VI): Important roles of iron species. Appl. Catal. B
Environ. 2020, 272, 119002. [CrossRef]

44. Cao, Y.; Guo, Q.; Liang, M.; Sun, W. Sb(III) and Sb(V) removal from water by a hydroxyl-intercalated, mechanochemically
synthesized Mg-Fe-LDH. Appl. Clay Sci. 2020, 196, 105766. [CrossRef]

http://doi.org/10.1016/j.enceco.2020.11.003
http://doi.org/10.3390/nano11113051
http://doi.org/10.1016/j.apsusc.2020.147923
http://doi.org/10.1016/j.apt.2021.09.016
http://doi.org/10.1016/j.jhazmat.2020.124560
http://www.ncbi.nlm.nih.gov/pubmed/33243639
http://doi.org/10.3390/su12104273
http://doi.org/10.1016/j.jece.2020.104073
http://doi.org/10.1016/j.cej.2020.127084
http://doi.org/10.1016/j.ecoenv.2018.09.083
http://doi.org/10.1016/j.chemosphere.2020.126879
http://doi.org/10.1016/j.jcis.2019.11.088
http://www.ncbi.nlm.nih.gov/pubmed/31783998
http://doi.org/10.1021/acs.chemmater.7b00618
http://doi.org/10.1016/j.colsurfa.2016.12.053
http://doi.org/10.1016/j.cej.2020.124635
http://doi.org/10.1016/j.watres.2020.116246
http://doi.org/10.3390/su12135394
http://doi.org/10.1016/j.jhazmat.2013.01.081
http://www.ncbi.nlm.nih.gov/pubmed/23474408
http://doi.org/10.1016/j.cej.2017.04.095
http://doi.org/10.1016/j.jallcom.2021.158796
http://doi.org/10.1016/j.surfcoat.2020.126253
http://doi.org/10.1016/j.apsusc.2007.09.063
http://doi.org/10.1016/j.cej.2017.04.058
http://doi.org/10.1016/j.progsolidstchem.2021.100335
http://doi.org/10.1016/j.jhazmat.2011.11.003
http://doi.org/10.1016/j.apcatb.2020.119002
http://doi.org/10.1016/j.clay.2020.105766


Sustainability 2022, 14, 21 12 of 12

45. Wang, T.; Li, C.; Wang, C.; Wang, H. Biochar/MnAl-LDH composites for Cu (II) removal from aqueous solution. Colloids Surf. A
Physicochem. Eng. Asp. 2018, 538, 443–450. [CrossRef]

46. Wang, R.Z.; Huang, D.L.; Liu, Y.G.; Zhang, C.; Lai, C.; Zeng, G.M.; Cheng, M.; Gong, X.M.; Wan, J.; Luo, H. Investigating the
adsorption behavior and the relative distribution of Cd2+ sorption mechanisms on biochars by different feedstock. Bioresour.
Technol. 2018, 261, 265–271. [CrossRef]

47. Huang, D.; Liu, C.; Zhang, C.; Deng, R.; Wang, R.; Xue, W.; Luo, H.; Zeng, G.; Zhang, Q.; Guo, X. Cr(VI) removal from
aqueous solution using biochar modified with Mg/Al-layered double hydroxide intercalated with ethylenediaminetetraacetic
acid. Bioresour. Technol. 2019, 276, 127–132. [CrossRef]

48. Aregay, G.G.; Jawad, A.; Du, Y.; Shahzad, A.; Chen, Z. Efficient and selective removal of chromium (VI) by sulfide assembled
hydrotalcite compounds through concurrent reduction and adsorption processes. J. Mol. Liq. 2019, 294, 111532. [CrossRef]

49. Zhang, B.; Luan, L.; Gao, R.; Li, F.; Li, Y.; Wu, T. Rapid and effective removal of Cr(VI) from aqueous solution using exfoliated
LDH nanosheets. Colloids Surf. A Physicochem. Eng. Asp. 2017, 520, 399–408. [CrossRef]

http://doi.org/10.1016/j.colsurfa.2017.11.034
http://doi.org/10.1016/j.biortech.2018.04.032
http://doi.org/10.1016/j.biortech.2018.12.114
http://doi.org/10.1016/j.molliq.2019.111532
http://doi.org/10.1016/j.colsurfa.2017.01.074

	Introduction 
	Materials and Methods 
	Materials and Equipment 
	Preparation of Fe-Al LDH and FeS/LDH Composite Materials 
	Characterizations 
	Batch Adsorption Experiment 

	Results and Discussion 
	Characterizations 
	Batch Adsorption Experiment 
	Ratio of Fe and Al in LDH 
	Influence of Initial pH 
	The Modification with FeS 
	Coexisting Anions 
	Cr Concentration 

	Removal Mechanisms 

	Conclusions 
	References

