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Abstract: Zero-valent iron (ZVI) is widely used for groundwater remediation, but suffers from
high electron consumption because of its free contact with non-target substrates such as O2. Here,
ZVI-ALOX particles were prepared via in situ NaBH4 aqueous-phase reduction of ferrous ions (Fe2+)
preabsorbed into Al2O3 microspheres. The electron efficiency (EE) and long-term performance of the
material were improved by sequestering ZVI in the interspace of the Al2O3 microspheres (ZVI-ALOX).
During long-term (350 days) continuous flow, Cr(VI) was removed to below the detection limit for
over 23 days. Based on the high reactivity of ZVI towards Cr(VI), the EE of ZVI-ALOX was evaluated
by measuring its Cr(VI) removal efficiency at neutral pH and comparing it with that of ZVI. The
results showed that the EE of ZVI-ALOX during long-term continuous flow could reach 39.1%, which
was much higher than that of ZVI (8.68%). The long-term continuous flow results also demonstrated
that treatment of the influent solution achieved higher EE values than in the batch mode, where the
presence of dissolved oxygen reduced EE values. At lower pollutant concentrations, the sequestering
of ZVI was beneficial to its performance and long-term utility. In addition, measurement of the
acute toxicity of treated column effluent using the indicator organism Photobacterium phosphoreum
T3 showed that ZVI-ALOX could reduce the toxicity of 5 mg/L Cr(VI) solution by ~70% in 350 d.
The results from this study provide a basis for the development of permeable reactive barriers for
groundwater remediation based on sequestered ZVI.

Keywords: electron efficiency; zero-valent iron; ZVI sequestered Al2O3 composite

1. Introduction

Zero-valent iron (ZVI) has been successfully used in recent years for the remediation
of groundwater contaminated with a wide range of organic and inorganic pollutants [1–3].
The standard redox potential (E0) for ZVI (Fe2+/Fe0) of −0.44 V is much lower than
that of many contaminants [4]. A great deal of research has focused on the removal of
contaminants by ZVI, because of its low toxicity, abundance, ease of production, and simple
use [5]. However, due to high surface reactivity and magnetic properties, ZVI particles
are susceptible to agglomeration and oxidation (surface passivation) following contact
with air or water, leading to the loss of reactivity. The usual practice has been to use
excess ZVI materials to compensate for the waste of electrons, or to improve the activity
of ZVI materials to increase the rate of pollutant removal, while ignoring the economic
importance of chemical consumption efficiency [6]. Therefore, it is necessary to investigate
the electron efficiency (EE) of ZVI materials for evaluating their practical engineering
application potential.
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One of the practical limitations of ZVI is its undesired electron consumption, due to
contact with non-target substrates [7,8]. For example, the autocatalytic anaerobic corrosion
of ZVI occurs in deep groundwater systems according to Equation (1):

Fe + H2O→ Fe2+ + 2OH− + H2 (1)

Similarly, low concentrations of dissolved O2 present in shallow groundwater can
accelerate the electron consumption of ZVI via Equation (2):

Fe + O2 + 2H2O→ 4OH− + 2Fe2+ (2)

Furthermore, these issues are compounded by the excess quantities of non-target
oxidants (especially water) relative to the dilute concentrations of target pollutants [9,10].
To compensate for this undesired electron consumption, the practical application of ZVI
requires overdosing, which can result in residual material following groundwater remedia-
tion [7,8]. One method to reduce undesired electron consumption and improve electron
transfer to target substrates is selectively to prevent contact between non-target substrates
and ZVI. While various coatings have been applied to ZVI to prevent aggregation and
increase mobility [11–13], their effectiveness towards the inhibition of corrosion reactions
has not yet been documented.

Chromium (Cr), one of the alarming metallic pollutants, can exist in soil and ground-
water [14]. Although Cr(III) is an essential micronutrient in metabolic activity, Cr(VI) poses
a greater threat due to its mobility, bioavailability, carcinogenicity, and mutagenicity [15,16].
Therefore, toxic water soluble contaminants Cr(VI) (electron acceptor) can be reduced by
ZVI (electron donor) to less-toxic species such as Cr(III) [17].

Cr2O2−
4 + Fe0 + 4H2O→ Cr3+ + Fe3+ + 8OH− (3)

2Cr2O2−
4 + 3 Fe0 + 16H+ → 2Cr3+ + 3Fe2+ + 8H2O (4)

Cr2O2−
4 + 3Fe2+ + 8H+ → Cr3+ + 3Fe3+ + 4H2O (5)

Certain ZVI based composites have been used to remove Cr(VI) from wastewater, such
as biochar-supported ZVI [18,19], clay ZVI composites [20], silica-supported bimetallic
ZVI [21,22], as well as combined effects of metal doping and polymer coating on ZVI
materials [23]. However, these studies mainly examined the removal kinetics of chromium,
its migration properties, etc., and rarely studied the EE of these materials. However,
quantification of the EE provides a basis to improve the economic efficiency of materials.
Thus, the EE factor should be intelligently balanced against the reaction rate to assess
ZVI-based groundwater remediation and wastewater treatment [6].

The aim of this study was to increase the selective electron transfer of ZVI and hence
reduce electron wastage by sequestering it from water and oxygen in Al2O3 microspheres.
Al2O3 microspheres have been used extensively as support materials [24] because of their
porosity, large specific surface area, high compressive strength, and resistance to acid and
alkali. Fe2+ ions, preabsorbed into Al2O3 microspheres, were reduced in situ with NaBH4 to
form sequestered ZVI (ZVI-ALOX). The performance of ZVI-ALOX towards the reduction
of Cr(VI) was evaluated at neutral pH, and its electron efficiency was evaluated in batch
and long-term column flow removal experiments. The findings in this study are expected
to lay a foundation for the development of a novel reactive material employing permeable
reactive barrier (PRB) technology for the remediation of polluted groundwater.

2. Materials and Methods
2.1. Materials and Chemicals

Al2O3 microspheres were obtained from Pingxiang Global Chemical Packing Co., Ltd.,
(Pingxiang, China). Ferrous sulfate hepta-hydrate (FeSO4·7H2O), sodium borohydride
(NaBH4) and potassium dichromate (K2Cr2O7) were purchased from Kelong Chemical
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Reagent Co., Ltd., (Chengdu, China). All other chemicals were commercially available
analytical grade reagents, used without further purification. Deionized water (18.2 MΩ·cm)
was used in all experiments.

2.2. Preparation of ZVI and ZVI-ALOX

FeSO4·7H2O (5.56 g) was dissolved in oxygen-free deionized (100 mL) water at pH 2
under N2 atmosphere. Al2O3 microspheres were calcined at 400 ◦C for 2 h, then added to
the FeSO4 solution and stirred for 6 h under N2 atmosphere (to prevent the oxidization
of Fe2+). Subsequently, NaBH4 (1.0 g) was added to the mixture over a period of 8 h. The
resultant suspension was filtered to remove the microspheres, which were washed three
times with oxygen-free deionized water, 1:1 ethanol, and pure ethanol, respectively. The
final product was dried overnight at 60 ◦C under vacuum.

Control material (ZVI, without Al2O3 microspheres) was prepared in the same way by
adding NaBH4 to the aqueous FeSO4·7H2O solution.

2.3. Characterizations and Measurements

Scanning electron microscopy (SEM) was performed using a JSM-7800F (JEOL, Japan);
images were obtained at an operating voltage of 5.0 kV. Specific surface areas were obtained
by the Brunauer–Emmett–Teller (BET) method from the corresponding N2 adsorption
isotherms using a Belsorp-max surface area and porosity analyzer (MicrotracBEL, Japan).
The phase structures were determined by X-ray diffraction (XRD, PANalytical-PW3040/60,
The Netherlands). The XPS spectra were recorded on an ESCALAB 250 photoelectron
spectrometer (ThermoVG Scientific, USA) with Al Kα (1486.6 eV) as the X-ray source.
Cr(VI) was determined colorimetrically by the 1,5-diphenylcarbazide method; absorbance
at 540 nm was monitored with a TU-1901 UV–Vis spectrophotometer (Persee Analytics,
Inc., Beijing, China).

2.4. Batch Experiments

Batch experiments were performed in a 150 mL stoppered conical flask. The initial con-
centrations of Cr(VI) were 5.0, 2.0, 1.0, and 0.5 mg/L. Aliquots of Cr(VI) solution (100 mL)
were treated with ZVI or ZVI-ALOX at a Fe0/Cr(VI) ratio of 100 w/w. H2SO4 (0.1 M) and
NaOH (0.1 M) were used to adjust the pH to 7. The removal efficiencies of each ZVI were
calculated from measurements of the Cr(VI) concentrations, before and after the addition
of ZVI/ZVI-ALOX. When the concentration of Cr(VI) in the supernatant decreased to
below the limit of detection, the Cr(VI) solution was discarded (one sequence) and a further
100 mL Cr(VI) solution at the same initial concentration was added to start the next cycle.
This sequence was repeated at each of the four concentration levels until the performance
of the ZVI deteriorated significantly. All experiments were performed in duplicate and the
results were recorded as mean values.

2.5. Column Flow Experiments

Plexiglass tubes (45.00 cm long × 2.35 cm i.d.) were packed with ZVI-ALOX (53 g)
or ZVI (mixed with quartz sand and glass wool to the same iron content as ZVI-ALOX)
to give a bed depth of 11.50 cm; a 20-mesh stainless steel frit was placed at the bottom of
the column to support the packing material. The flow of Cr(VI) solution (5 mg/L, pH 7)
through the fixed-bed of ZVI/ZVI-ALOX under gravity was controlled by a valve at the
top of the column; the supply of Cr(VI) solution was maintained by pumping the solution
from a reservoir at 0.18 mL/min. The concentration of Cr(VI) measured in the effluent was
used to determine the removal efficiencies of Cr(VI) by ZVI/ZVI-ALOX.

2.6. Luminous Bacteria Toxicity Assay

Changes in the toxicity of the Cr(VI) solution during the reaction with ZVI/ZVI-ALOX
were assessed by measuring the reduction in light emission by Photobacterium phosphoreum
T3 under toxic stress. All bioassays were carried out in triplicate and light output was



Int. J. Environ. Res. Public Health 2022, 19, 8367 4 of 10

measured using a DXY-2 portable luminometer; P. phosphoreum T3 and the luminometer
were obtained from the Institute of Soil Science, Chinese Academy of Sciences (Nanjing,
China). The inhibition ratio was calculated by Equation (6):

Inhibition ratio =
I0 − I

I0
× 100% (6)

where I0 is the luminescent intensity of the control experiment, and I is the luminescent
intensity of the sample.

2.7. Electron Efficiency Measurements

The electron efficiency (EE) can be defined as the percentage of electrons utilized
via substrate reduction (Ne) over an entire consumption (Nt) within a specific time inter-
val [25]. Hence, EE can be used to quantify efficiency of the target reduction, according to
Equation (7):

EE =
Ne

Nt
× 100% (7)

Equations (3)–(5) show that Fe0 can oxidize Cr(VI) to give Cr(III), and that the FeII

formed can also reduce Cr(VI) to Cr(III) as it transforms into FeIII. Therefore, one mole of
Fe0 consumes three mole of electrons, while Nt is related the amount of Fe3+. Values of Ne
and Nt can be calculated from Equations (8) and (9):

Ne = 3MCr(III) (8)

Nt = 3MFe(III) (9)

where MCr(III) and MFe(III) are the amounts of Cr(III) and Fe(III) (mol).
EE measurements were made in the batch and column experiments using ZVI and

ZVI-ALOX. The concentrations of Cr(VI) in solution with ZVI, and those of Cr(VI), Fe0

and total Fe using ZVI-ALOX, were measured before and after the reaction. The decrease
of Cr(VI) in solution was related to the production of Cr(III) and the adsorption of Cr(VI)
by ZVI-ALOX. Hence, the amount of Cr(III) product could be obtained by the differences
between the initial Cr(VI) concentration and those in the solution containing ZVI-ALOX.
Because Fe0 transforms into Fe(II) in an acid condition, ZVI-ALOX was ground and dis-
solved in 1 M HCl to quantify the amounts of Fe0 and unreacted Fe0 via the measurement
of Fe(II). This could then be used to determine the amount of Fe(III) formed.

3. Results and Discussion
3.1. Characterization

Morphologies of the Al2O3 microspheres and ZVI-ALOX are shown in Figure 1. The
internal structure of the Al2O3 microspheres was porous and rough, which was beneficial
for sequestering the ZVI (Figure 1a). The ZVI particles were spherical or near-spherical in
shape (80–100 nm), and located in the pores or channels of the microspheres (Figure 1b).
The elemental composition and calculated mass ratio of Fe (5.92 wt%) obtained by EDS
indicated that ZVI was successfully incorporated within the Al2O3 microspheres. At the
same time, diffraction peaks corresponding to Al2O3 and the ZVI were observed in the
XRD spectra of ZVI-ALOX (Figure 2).

The specific surface areas and pore volumes of the Al2O3 microspheres and ZVI-ALOX,
before and after Cr(VI) reduction, are given in Table 1. The largest and smallest specific
surface areas were observed in the Al2O3 microspheres and ZVI-ALOX, respectively. The
decrease of both features in ZVI-ALOX was due to the restriction of the pores and channels
of Al2O3 by the ZVI particles, which agreed with the SEM results. The increase in the
surface area and pore volume after Cr(VI) reduction suggests that some ZVI was lost by
dissolution of the iron products.
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Figure 1. SEM images of the Al2O3 and ZVI-ALOX particles: (a) Al2O3 microspheres; (b) ZVI-ALOX
microspheres.
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Figure 2. XRD spectra of ZVI-ALOX.

Table 1. Specific surface areas and total pore volumes (BET method).

Sample Specific Surface Area (m2/g) V(cm3/g)

Al2O3 microspheres 287.20 0.42
ZVI-ALOX 165.16 0.33

ZVI-ALOX after Cr(VI) reduction
(used in continuous tests) 225.47 0.37

3.2. Batch Experiments

The sequential batch experiments comparing the removal efficiencies of Cr(VI) using
ZVI-ALOX and ZVI over the initial concentration range 0.5–5.0 mg/L are shown in Figure 3.
Notably, ZVI-ALOX maintained better continuous Cr(VI) removal performance compared
with ZVI: at 5.0 mg/L Cr(VI) solution, the removal efficiency of ZVI-ALOX was 100% after
7 d, and this performance was maintained for further three cycles (i.e., a total of 28 d). In
comparison, the first cycle with ZVI at 5.0 mg/L Cr(VI) achieved 100% removal in 4 d,
the second cycle required 14 d to achieve 100% removal, and removal ability decreased
greatly thereafter. Similar trends were observed at lower initial concentrations of Cr(VI).
Compared with ZVI, which was in direct contact with the Cr(VI) solution, the Al2O3
microspheres may increase the mass transfer resistance of Cr(VI), thereby delaying its
contact with the sequestered ZVI. Hence, the initial removal of Cr(VI) by ZVI was relatively
rapid. However, subsequent oxidation when exposed to air or water rapidly reduced its
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efficiency (Figure 3b). On the other hand, the Al2O3 matrix surrounding ZVI may reduce
contact with the non-target substrates such as dissolve oxygen (DO) and water, enabling
optimum removal performance over a greater time period.
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3.3. Column Flow Experiments and Toxicity Studies

Column studies were used to evaluate the long-term Cr(VI) removal performance of
ZVI-ALOX;the results obtained at neutral pH, and the comparison with ZVI, are given in
Figure 4a. For ZVI-ALOX, the concentration of Cr (VI) in the effluent remained below the
detection limit (i.e., 100% removal) during the first 23 days, decreasing thereafter until loss
of performance at 350 days. A total of 92 L Cr(VI) solution passed through the fixed-bed
column, from which 306.36 mg of Cr(VI) was removed. The equivalent experiment using
ZVI showed that complete removal of Cr(VI) from the influent was maintained for 2 d, and
thereafter the concentration of Cr(VI) in the effluent increased quickly, approaching the
initial influent Cr(VI) concentration from day 30 onwards. The volume of feed solution
was 27 L and the total removal amount of Cr(VI) was 33.48 mg. The long-term reactivity
of ZVI-ALOX could also be attributed to the Al2O3 microsphere matrix, which may have
shielded the ZVI from non-target oxidants.

The toxicity of the effluent from column experiments using ZVI and ZVI-ALOX was
evaluated using the luminescent bacteria (P. phosphoreum T3) test [25]. Bioluminescence
intensity was inversely proportional to the toxicity of the solution, and the inhibition rates
were calculated from Equation (6). As shown in Figure 4b, inhibition of P. phosphoreum
by Cr(VI) in the effluents from the ZVI and ZVI-ALOX treatments of Cr(VI) solution
(5 mg/L) decreased rapidly over the first 12 d, reaching minimum values of ~8% and ~30%
respectively. Beyond this period, the toxicity of effluent from ZVI-ALOX remained relatively
low (inhibition rate < 20%) while that of ZVI increased rapidly.
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3.4. Transformation of Cr and Fe Species in Reactions of Cr(VI) with ZVI-ALOX

The XPS spectra of ZVI-ALOX before the Cr(VI) removal reaction is shown in Figure 5.
Transformation of Cr(VI) into Cr(III) in the column experiments using ZVI-ALOX was
demonstrated by XPS analysis of the solid material recovered after the removal reaction (Fig-
ure 6). The XPS wide scan survey spectrum of ZVI-ALOX after Cr(VI) removal (Figure 6a)
revealed new peaks at 580.0 eV, indicating the absorption of chromium species on the
ZVI-ALOX particle surface [26]. The high resolution XPS spectrum of the Cr 2p region
(Figure 6b) showed Cr 2p1/2 and Cr 2p3/2 peaks at 586.9 and 577.2 eV, respectively. The
broad peak of Cr 2p3/2 could be fitted to two peaks at binding energies of 578.1 and
576.3 eV, which were characteristic of Cr(VI) and Cr(III), respectively [27]. This suggested
that both Cr(VI) and Cr(III) coexisted on the surface of Cr(VI)-adsorbed ZVI-ALOX. Hence,
ZVI-ALOX favored the reduction of Cr(VI) to Cr(III). The high resolution Fe2p spectra
(Figure 6c) of Fe 2p1/2 (725.0 eV) and Fe 2p3/2 (711.0 eV) corresponded to oxidized iron
species. Deconvolution of Fe 2p3/2 into two peaks at 710.7 eV and 713.5 eV indicated that
Fe3+ was the major component of the iron oxides, in the form of Fe2O3 and a mixed phase
of CrxFe1−x(OH)3 [17]. The small peak at 706.0 eV due to Fe0 species [28] agreed with the
exposure of fresh ZVI-ALOX. As shown in Figure 6d, the O1s binding energies at 530.5 eV
and 531.7 eV corresponded to the presence of O2– and OH– groups, respectively. The shift
of each oxygen peak by ~0.5 eV suggested that oxygen active groups were involved in the
redox reaction between Fe and Cr [29].
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3.5. EE Measurements

EE is a quantitative measure of electron utilization during the ZVI target reduction
process, which provides a basis to improve economic efficiency. The physical structures of
ZVI, initial concentration of the target solution, mode of reaction and the substrate system
all affected EE values (Figure 7). Figure 7a shows that the EE of ZVI-ALOX and ZVI both
increased with increasing initial Cr(VI) concentration. Compared with ZVI, the values of
EE obtained with ZVI-ALOX were higher at all concentrations, especially at 5 mg/L Cr(VI).
This suggested that the interface between Al2O3 and ZVI in the microspheres played an
important role in the utilization of ZVI. Both ZVI-ALOX and ZVI gave higher EE values in
the column removal mode. Obviously, compared with the batch removal of Cr (VI), the EE
values of isolated ZVI were significantly higher (39.1% vs. 5.12%) (Figure 7b).
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4. Conclusions

In order to reduce unnecessary electronic consumption of ZVI materials and to im-
prove material utilization, this study prepared ZVI-ALOX for the removal of chromium
from groundwater or wastewater. ZVI-ALOX was prepared by using ferrous ions pre-
adsorbed in Al2O3 microspheres with NaBH4 in situ reduction, and ZVI particles were
dispersed inside the Al2O3 microspheres. Compared with ZVI, the sequestered ZVI demon-
strated significant long-term activity towards Cr(VI) reduction. The EE of ZVI-ALOX was
higher than that of ZVI, while DO in the influent significantly reduced efficiency due to
electron transfer to the non-target substrate. In addition, the treatment of Cr(VI) using
the continuous column flow mode gave higher EE values compared with the batch mode.
The results from this study provide a basis for the development of ZVI-ALOX in PRB for
long-term groundwater remediation. For the practical application of ZVI technology, the
EE value should be used as the basis for material selection. Further research may focus on
testing in a continuous manner in more realistic systems (e.g., using actual bodies of water,
considering ion effects, etc.).

Author Contributions: C.W.: Conceptualization, Methodology, Writing—Review & Editing; S.W.:
Writing—Original Draft Preparation; C.S.: Data Curation, Visualization; J.Y.: Validation, Supervision;
H.L.: Supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China
(Nos. 51978181 and 42077159).

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

References
1. Tratnyek, P. Permeable Reactive Barriers of Iron and Other Zero- Valent Metals. In Chemical Degradation Methods for Wastes and

Pollutants: Environmental and Industrial Applications; Marcel Dekker: New York, NY, USA, 2003.
2. Mondal, A.; Dubey, B.K.; Arora, M.; Mumford, K. Porous media transport of iron nanoparticles for site remediation application: A

review of lab scale column study, transport modelling and field-scale application. J. Hazard. Mater. 2021, 403, 123443. [CrossRef]
[PubMed]

3. Zhang, H.; Ji, Q.Q.; Lai, L.D.; Yao, G.; Lai, B. Degradation of p-nitrophenol (PNP) in aqueous solution by mFe/Cu-air-PS system.
Chin. Chem. Lett. 2019, 30, 1129–1132. [CrossRef]

4. Xu, J.; Wang, Y.; Weng, C.; Bai, W.; Jiao, Y.; Kaegi, R.; Lowry, G.V. Reactivity, Selectivity, and Long-Term Performance of Sulfidized
Nanoscale Zerovalent Iron with Different Properties. Environ. Sci. Technol. 2019, 53, 5936–5945. [CrossRef]

5. Alowitz, M.J.; Scherer, M.M. Kinetics of Nitrate, Nitrite, and Cr(VI) Reduction by Iron Metal. Environ. Sci. Technol. 2002, 36,
299–306. [CrossRef] [PubMed]

6. Liu, H.; Wang, Q.; Wang, C.; Li, X.-z. Electron efficiency of zero-valent iron for groundwater remediation and wastewater
treatment. Chem. Eng. J. 2013, 215-216, 90–95. [CrossRef]

7. Latif, A.; Sheng, D.; Sun, K.; Si, Y.; Azeem, M.; Abbas, A.; Bilal, M. Remediation of heavy metals polluted environment using
Fe-based nanoparticles: Mechanisms, influencing factors, and environmental implications. Environ. Pollut. 2020, 264, 114728.
[CrossRef]

8. Chen, R.; Yin, H.; Peng, H.; Wei, X.; Yu, X.; Xie, D.; Lu, G.; Dang, Z. Removal of triphenyl phosphate by nanoscale zerovalent iron
(nZVI) activated bisulfite: Performance, surface reaction mechanism and sulfate radical-mediated degradation pathway. Environ.
Pollut. 2020, 260, 113983. [CrossRef]

9. Noubactep, C. A critical review on the process of contaminant removal in Fe0-H2O systems. Environ. Technol. 2008, 29, 909–920.
[CrossRef]

10. Guan, X.; Sun, Y.; Qin, H.; Li, J.; Lo, I.M.; He, D.; Dong, H. The limitations of applying zero-valent iron technology in contaminants
sequestration and the corresponding countermeasures: The development in zero-valent iron technology in the last two decades
(1994-2014). Water Res. 2015, 75, 224–248. [CrossRef]

11. Ji, H.; Zhu, Y.; Duan, J.; Liu, W.; Zhao, D. Reductive immobilization and long-term remobilization of radioactive pertechnetate
using bio-macromolecules stabilized zero valent iron nanoparticles. Chin. Chem. Lett. 2019, 30, 2163–2168. [CrossRef]

12. Xu, W.; Li, Z.; Shi, S.; Qi, J.; Cai, S.; Yu, Y.; O’Carroll, D.M.; He, F. Carboxymethyl cellulose stabilized and sulfidated nanoscale
zero-valent iron: Characterization and trichloroethene dechlorination. Appl. Catal. B Environ. 2020, 262, 118303. [CrossRef]

13. Xu, J.; Liu, X.; Cao, Z.; Bai, W.; Shi, Q.; Yang, Y. Fast degradation, large capacity, and high electron efficiency of chloramphenicol
removal by different carbon-supported nanoscale zerovalent iron. J. Hazard. Mater. 2020, 384, 121253. [CrossRef] [PubMed]

14. Perraki, M.; Vasileiou, E.; Bartzas, G. Tracing the origin of chromium in groundwater: Current and new perspectives. Curr. Opin.
Environ. Sci. Health. 2021, 22, 100267. [CrossRef]

http://doi.org/10.1016/j.jhazmat.2020.123443
http://www.ncbi.nlm.nih.gov/pubmed/32798796
http://doi.org/10.1016/j.cclet.2019.01.025
http://doi.org/10.1021/acs.est.9b00511
http://doi.org/10.1021/es011000h
http://www.ncbi.nlm.nih.gov/pubmed/11871541
http://doi.org/10.1016/j.cej.2012.11.010
http://doi.org/10.1016/j.envpol.2020.114728
http://doi.org/10.1016/j.envpol.2020.113983
http://doi.org/10.1080/09593330802131602
http://doi.org/10.1016/j.watres.2015.02.034
http://doi.org/10.1016/j.cclet.2019.06.004
http://doi.org/10.1016/j.apcatb.2019.118303
http://doi.org/10.1016/j.jhazmat.2019.121253
http://www.ncbi.nlm.nih.gov/pubmed/31568957
http://doi.org/10.1016/j.coesh.2021.100267


Int. J. Environ. Res. Public Health 2022, 19, 8367 10 of 10

15. Costa, M.; Klein, C.B. Toxicity and carcinogenicity of chromium compounds in humans. Crit. Rev. Toxicol. 2006, 36, 155–163.
[CrossRef]

16. Galdames, A.; Ruiz-Rubio, L.; Orueta, M.; Sanchez-Arzalluz, M.; Vilas-Vilela, J.L. Zero-Valent Iron Nanoparticles for Soil and
Groundwater Remediation. Int. J. Environ. Res. Public Health. 2020, 17, 5817. [CrossRef]

17. Wang, W.; Hu, B.; Wang, C.; Liang, Z.; Cui, F.; Zhao, Z.; Yang, C. Cr(VI) removal by micron-scale iron-carbon composite induced
by ball milling: The role of activated carbon. Chem. Eng. J. 2020, 389, 122633. [CrossRef]

18. He, R.; Yuan, X.; Huang, Z.; Wang, H.; Jiang, L.; Huang, J.; Tan, M.; Li, H. Activated biochar with iron-loading and its application
in removing Cr (VI) from aqueous solution. Colloids Surf. A. 2019, 579, 123642. [CrossRef]

19. Yi, Y.; Wang, X.; Ma, J.; Ning, P. An efficient Egeria najas-derived biochar supported nZVI composite for Cr(VI) removal:
Characterization and mechanism investigation based on visual MINTEQ model. Environ. Res. 2020, 189, 109912. [CrossRef]

20. Yin, Y.; Shen, C.; Bi, X.; Li, T. Removal of hexavalent chromium from aqueous solution by fabricating novel heteroaggregates of
montmorillonite microparticles with nanoscale zero-valent iron. Sci. Rep. 2020, 10, 12137. [CrossRef]

21. Silva-Calpa, L.; Correia, T.; Netto-Ferreira, J.C.; Kuriyama, S.N.; Letichevsky, S.; de Avillez, R.R. Stable and highly active
zero-valent iron-nickel nanofilaments/silica for the hexavalent chromium reduction. Environ. Nanotechnol. Monit. Manag. 2020,
14, 100332. [CrossRef]

22. Guo, Y.; Zhao, Y.; Yang, T.; Gong, B.; Chen, B. Highly efficient nano-Fe/Cu bimetal-loaded mesoporous silica Fe/Cu-MCM-41 for
the removal of Cr(VI): Kinetics, mechanism and performance. J. Hazard. Mater. 2021, 418, 126344. [CrossRef] [PubMed]

23. Mondal, A.; Arora, M.; Kumar Dubey, B.; Mumford, K. Comparative assessment of the characteristics and Cr(VI) removal
activity of the bimetallic Fe/Cu nanoparticles pre- and post-coated with carboxymethyl cellulose. Chem. Eng. J. 2022, 444, 136343.
[CrossRef]

24. Seynnaeve, B.; Lauwaert, J.; Vermeir, P.; Van Der Voort, P.; Verberckmoes, A. Model-based control of iron- and copper oxide
particle distributions in porous γ-Al2O3 microspheres through careful tuning of the interactions during impregnation. Mater.
Chem. Phys. 2022, 276, 125428. [CrossRef]

25. Deryabin, D.G.; Aleshina, E.S. Natural and recombinant luminescent microorganisms in biotoxicity testing of mineral waters.
Appl. Biochem. Microbiol. 2008, 44, 378–381. [CrossRef]

26. Wang, Z.; Chen, G.; Wang, X.; Li, S.; Liu, Y.; Yang, G. Removal of hexavalent chromium by bentonite supported organosolv
lignin-stabilized zero-valent iron nanoparticles from wastewater. J. Clean. Prod. 2020, 267, 1–11. [CrossRef]

27. Fu, F.; Cheng, Z.; Dionysiou, D.D.; Tang, B. Fe/Al bimetallic particles for the fast and highly efficient removal of Cr(VI) over a
wide pH range: Performance and mechanism. J. Hazard. Mater. 2015, 298, 261–269. [CrossRef] [PubMed]

28. Biesinger, M.C.; Payne, B.P.; Grosvenor, A.P.; Lau, L.W.M.; Gerson, A.R.; Smart, R.S.C. Resolving surface chemical states in XPS
analysis of first row transition metals, oxides and hydroxides: Cr, Mn, Fe, Co and Ni. Appl. Surf. Sci. 2011, 257, 2717–2730.
[CrossRef]

29. Fu, R.; Zhang, X.; Xu, Z.; Guo, X.; Bi, D.; Zhang, W. Fast and highly efficient removal of chromium (VI) using humus-supported
nanoscale zero-valent iron: Influencing factors, kinetics and mechanism. Sep. Purif. Technol. 2017, 174, 362–371. [CrossRef]

http://doi.org/10.1080/10408440500534032
http://doi.org/10.3390/ijerph17165817
http://doi.org/10.1016/j.cej.2019.122633
http://doi.org/10.1016/j.colsurfa.2019.123642
http://doi.org/10.1016/j.envres.2020.109912
http://doi.org/10.1038/s41598-020-69244-z
http://doi.org/10.1016/j.enmm.2020.100332
http://doi.org/10.1016/j.jhazmat.2021.126344
http://www.ncbi.nlm.nih.gov/pubmed/34130165
http://doi.org/10.1016/j.cej.2022.136343
http://doi.org/10.1016/j.matchemphys.2021.125428
http://doi.org/10.1134/S0003683808040078
http://doi.org/10.1016/j.jclepro.2020.122009
http://doi.org/10.1016/j.jhazmat.2015.05.047
http://www.ncbi.nlm.nih.gov/pubmed/26073381
http://doi.org/10.1016/j.apsusc.2010.10.051
http://doi.org/10.1016/j.seppur.2016.10.058

	Introduction 
	Materials and Methods 
	Materials and Chemicals 
	Preparation of ZVI and ZVI-ALOX 
	Characterizations and Measurements 
	Batch Experiments 
	Column Flow Experiments 
	Luminous Bacteria Toxicity Assay 
	Electron Efficiency Measurements 

	Results and Discussion 
	Characterization 
	Batch Experiments 
	Column Flow Experiments and Toxicity Studies 
	Transformation of Cr and Fe Species in Reactions of Cr(VI) with ZVI-ALOX 
	EE Measurements 

	Conclusions 
	References

