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Abstract: The formation of bromate (BrO3
−)in groundwater treatment is still a severe environmental

problem. Catalytic hydrogenation by nanoscale heterogeneous catalysts with gaseous H2 or solid-
state H2 has emerged as a promising approach, which relies on reducing BrO3

− to innocuous Br−

via the process of direct electron transfer or reduction with atomic hydrogen. Several nanocatalysts
have demonstrated high efficiency with a 100% effective BrO3

− reduction with greater than 95%
of Br− generation in the batch and continuous reactors. However, this technology has not been
widely adopted in water treatment systems. Indeed, this research article summarizes the advantages
and disadvantages of these technologies by highlighting the factors of nanomaterials reduction
efficiency, long-term durability, and stability, as well as addressing the essential challenges limiting
the implementation of the use of H2 for BrO3

− reduction. In this work, we provide an economic
evaluation of catalytic BrO3

− removal, safe hydrogen supply, storage, and transportation.

Keywords: hydrogen use; solid-state H2; bromate reduction; nanocatalysts

1. Introduction

Bromate (BrO3
−) is the most common disinfection byproduct in drinking water treat-

ment systems, and its contamination has become a significant barrier to its use in the
disinfection process. BrO3

− is a category I and group B2 carcinogen; therefore, its maxi-
mum permissible concentration has been set to 10 µg/L by World Health Organization
(WHO) [1–3]. It is primarily originated from the ozonation process where the bromate
precursor, bromide (Br−), derived from natural and anthropogenic sources, leads to the
formation of hypobromous acid (HBrO) and hypobromite (BrO−). These can be subse-
quently oxidized to bromate by ozone radicals [4]. Due to the well-developed process of
sodium hypochlorite manufacturing, BrO− can also be formed from the frequent presence
of aqueous bromide in the chlorine disinfection process [5]. In recent years, the catalytic
hydrogenation of BrO3

− reduction by nanoscale heterogeneous catalysts has emerged
as a promising solution to the need to control bromate in disinfected groundwater and
drinking water.

Catalytic BrO3
− reduction technology has a series of distinct advantages. Due to

its fast reaction kinetics towards contaminants, high efficiency, and extended durability,
bromate reduction by nanoscale heterogeneous catalysts could be potentially applied to
current groundwater and surface water treatment systems [6]. Based on the evaluation of
significant environmental factors, these technologies exhibited reliable stability and cost-
effectiveness [7]. Moreover, the catalysts with potential applications were able to reduce
BrO3

− efficiently using H2-releasing chemical agents, while the catalytic bromate reduction
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has been widely reported in the presence of H2 gas [7,8]. This has been considered a
significant hurdle to applying the catalyst process to the natural water and groundwater
treatment plant due to safety issues [9]. Numerous studies have evaluated and assessed
overall the catalytic reduction technologies available; however, a review on the use of H2
for the catalytic hydrogenation of BrO3

− has not been conducted yet. The current prospects
of catalytic technology for the successful reduction of BrO3

− need to be updated in light of
recent studies.

The main objectives of this review are to provide a summary of the relevant reaction
mechanisms and implications of catalytic technology with and without H2 gas and with
H2-releasing chemical agents for the enhanced reduction of BrO3

− in the water and ground-
water treatment process focused on the following aspects: (1) nanoscale heterogeneous
materials’ catalytic performance for BrO3

− hydrogenation, (2) the safe and efficient use
of H2 sources, (3) the effect of H2 use on the long-term durability of nanomaterials. An
economic evaluation of the technologies is given, followed by a discussion on the safe
and efficient use of H2. The review paper concludes by suggesting the future research
needed for removing bromate and prioritizing H2 use in order to achieve full-scale potential
application in water and groundwater treatment.

2. Reaction Mechanism of Catalytic BrO3
− Removal

The reduction of BrO3
− by nanoscale heterogeneous catalysts is a multi-step redox reaction

requiring noble and/or promoter metals in their reduced forms and an additional reducing
agent (H2 or borohydrides). The primary reaction mechanism of catalytic BrO3

− reduction can
be described through sequential reactions commonly shown in most of the oxyhalide contami-
nants, i.e., (1) BrO−3 + 2H+ + 2e− → BrO−2 + H2O; (2) BrO−2 + 2H+ + 2e− → BrO− + H2O;
(3) BrO− + 2H+ + 2e− → Br− + H2O [10,11]. Before the initiation of catalytic BrO3

− hydro-
genation, the nanoscale heterogeneous catalysts need to be in a reduced form, i.e., zerovalent
metals, to reduce the BrO3

−. Process 1: the reaction is able to start with the adsorption of
BrO3

− on the catalysts’ surface where BrO3
− is reduced to Br−. Hamid et al. reported that

the activation of H2 to reactive Hads (Pd0 + H2 → Pd-2Hads) plays a vital role in catalytic
hydrogenation by nanoscale heterogeneous catalysts [12]. The reactive Hads is responsible not
only for the reduction of BrO3

− but also for the reduction of the metal. Process 2: the adsorbed
BrO3

− on the surface of catalysts is able to be reduced to Br− by direct electron transfer from the
active catalytic sites [13]. Process 3: H2 gas from an external source or hydrolysis of reductants
(e.g., NaBH4) further reacts with bromate in the bulk phase of suspension [14]. Hydrogen could
also be formed via the water-splitting reaction of nanoscale heterogeneous catalysts in a bulk
aqueous solution.

3. Nanoscale Heterogeneous Catalysts for BrO3
− Reduction

3.1. Direct Bromate Reduction by Nanoscale Heterogeneous Catalysts without H2

Several nanocatalysts, e.g., zerovalent metals with different supporting materials, have
been extensively studied in order to efficiently reduce BrO3

− via direct electron transfer
without H2. Various noble and trace metals such as Pd, Pt, and Ru on an activated carbon
support, nanoscale-zero-valent iron on modified activated carbon (NZVI/MAC), and Green
Nanoscale-Zero-Valent Iron (G-NZVI) catalysts showed an excellent level of performance
in eliminating BrO3

− when no hydrogen was present in their reactions [15,16]. The G-NZVI
and NZVI/MAC catalysts showed an enhanced reduction of BrO3

− at 2 and 5 min with
negligible adsorption on the surface by generating ~100% and ~83% of Br−, respectively
(Table 1). These catalysts are low-cost materials with high reductive capacity, and their
application in water and groundwater treatment has the potential to attract intense interest.
At the same time, Pd, Pt, and Ru supported on the activated carbon demonstrated much
slower kinetics, with a complete conversion of BrO3

− to Br−. The possible advantages
of a nanoscale heterogeneous catalyst system without gaseous H2 are a safe and easy
operation process, cost-effectiveness, and remarkable efficiency in the removal of bromate.
However, the catalyst system might have distinct disadvantages in terms of the catalyst’s
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degree of durability and sustainability. The catalytic reactivity of Pd/C and Pt/C gradually
decreased over multiple cycles of catalyst usage; however, Ru/C showed durability for five
consecutive cycles with a moderate loss of reduction activity [13]. Moreover, the present
environmental remediation technologies require more stable and reactive catalytic materials
for a long-term operation. Therefore, using gaseous H2 or alternative H2 sources could
enhance reactivity and prolong longevity during the successful process of BrO3

− removal
designed to be implemented in actual water and groundwater treatment systems.

Table 1. The reactivity of different nanoscale heterogeneous catalysts for the reduction of aque-
ous BrO3

−.

Catalyst
Bromate

Concentration
(mg·L−1)

Catalyst Dose
(mg·L−1)

Source of
Hydrogen,

Hydrogen Flow
(mL (STP) min−1)

Reduction
Efficiency (Time)

Bromide
Generation

(%)

Effective
pH Range References

Ru/C, Pt/C and Pd/C 10 500 No 100% (120 min) ~100 3–5 [13]
G-NZVI 50 200 No 100% (2 min) 100 7 [16]

NZVI/MAC 0.2 5 No 100% (5 min) 83.1 3–8 [15]
NZVI (Cu-Pd) 25 50 H2 gas, 40 >99%, (11 h) 100 - [12]
Metal (Pd, Ru)
CNF/monolith

catalysts
50 200 H2 gas, 250 ~70% (<25 min) ~95 - [17]

Pd, Rh, Ru and Pt
supported on

activated carbon
10 400 H2 gas, 100 100%, (<30 min) 100 - [18]

Pd/Cu-Y (metals over
faujasite zeolite) 10 150 H2 gas, 50 100% (2 min) ~100 - [19]

Pd/mesoporous
carbon nitride 100 30 H2 gas, 40 100% (50 min) ~100 2–5.6 [20]

Mono and bimetallic
(Cu-Pd) ZSM5 10 500 H2 gas, 50 100% (10 min) 100 - [21]

Ni(4,4′-bipy)(1,3,5-BTC) 25 500 NaBH4 100% (15 min) >95 3–7 [22]
ZIF-67 (carbonized) 100 500 NaBH4 100% (60 min) 100 3–10 [23]

MIL-88A 100 500 NaBH4 100% (60 min) 100 3–5 [24]
ZIF-67 100 500 NaBH4 100% (60 min) 100 3–5 [24]

3.2. Catalytic Bromate Reduction by Nanoscale Heterogeneous Catalysts with H2

To enhance the reactivity of the nanoscale catalysts during the direct reduction of
bromate, the H2 induced-catalytic approach using various materials has been studied
in batch and continuous reaction systems [19,25]. The H2, a reducing agent, needs to
be provided for the hydrogenation of BrO3

− and the reduction of metals. Compared
to heterogeneous catalysts without an H2 source, the primary advantages of those with
gaseous H2 are the faster reaction kinetics and the complete removal of BrO3

− to Br−. For
instance, a successful and efficient BrO3

− reduction was achieved by Pd/Cu-Y (metals
over faujasite zeolite) and mono and bimetallic on Zeolite Socony Mobile-5 (Cu-Pd)-ZSM5
in 2 and 10 min, respectively, while only 70% of BrO3

− was removed with only H2 in
120 min (Table 1) [19,21]. Various metals, including Pd, Pt, Rh, and Ru, were deposited
on the surface of activated carbon, also resulting in the complete conversion of BrO3

− to
innocuous Br− within 30 min [18].

The presence of gaseous H2 facilitated the reduction process by accelerating and simul-
taneously decreasing the surface passivation of catalysts. It is a well-known fact that the
bromate reduction mechanism by metals involves H2 chemisorption on the metal surface,
and the most active catalysts usually form medium-strength bonds with hydrogen [26]. It
has been found that Pd metal adsorbs H2 on its surface and subsequently activates it for
the process of bromate removal (Pd + H2 → 3Hads–Pd). Therefore, a continuous, constant
supply of H2 gas (20 mL/min) prolongs the catalyst’s lifetime, ensuring its long-term
durability. When compared to control experiments, the bimetallic catalyst supported by
NZVI (Cu/Pd-NZVI) in continuous operation mode showed a sustainable reduction of
BrO3

− for 11 h with >99% removal [12]. At optimized conditions, the complete removal
of BrO3

− to Br− was conserved for 24 h with a slight catalyst surface passivation over
the next 100 h (Table 2). In addition, (Pd, Ru)-CNF Carbon Nanofiber/monolith catalysts
demonstrated only a 10% loss in reactivity after 7 h of continuous BrO3

− reduction [17].
The superior catalytic performance and longevity depends primarily on the hydrogen



Nanomaterials 2022, 12, 1212 4 of 8

chemisorption ability of metals and nanomaterials. Thus, the higher adsorption capacity of
H2 led to a higher degree of catalytic activity.

Table 2. A summary of durability test results by nanoscale heterogeneous catalysts for repeated
cycles of BrO3

− reduction.

Catalyst Number of Cycles Removal Efficiency Metal Leaching Reference

Ru/C, Pt/C and Pd/C >70% after 5th cycle 80% - [13]
nZVI/MAC - 100% No metal leaching [15]

NZVI (Cu-Pd) 24 h continuous >99% Negligible amounts of
leaching for Fe, Cu, Pd [12]

Metal (Pd, Ru) CNF/monolith catalysts 10% loss, 7 h continuous ~70% No metal leaching [17]
Pd, Rh, Ru and Pt supported on

activated carbon 5 100% - [18]

Pd/Cu-Y (metals over faujasite zeolite) 2 100% No metal leaching [19]
Pd/mesoporous carbon nitride - 100% - [20]

Mono and bimetallic (Cu-Pd) ZSM5 3 100% Cu, less than 1% of the
initial amount; negligible [21]

(Ni(4,4′-bipy)(1,3,5-BTC) 6 100% Negligible, 0.002 µg·L−1 [22]
ZIF-67 (carbonized) 4 100% - [23]

MIL-88A 5 (with minor loss) 100% No metal leaching [24]
ZIF-67 5 100% No metal leaching [24]

Several studies reported a decrease in the catalytic reactivity of nanoscale hetero-
geneous catalysts during BrO3

− reduction without H2, which was due to the formation
of OH− ions hindering the contact of BrO3

− on active catalyst sites, while the constant
purging with H2 resulted in a decline of suspension pH, maintaining their catalytic reactiv-
ity [12,15,27]. However, there are certain limitations involved in using gaseous H2 from an
economic and/or a technical perspective. The limited solubility of gaseous H2 could lead
to an inevitable waste of resources. An adequate supply of H2 is also needed for reducing
and regenerating nanocatalysts before BrO3

− reduction; a significantly high concentration
of H2 and preparation and equilibration times are required for a successful operation. For
example, such as when Pd/Cu-Y and Pd-mesoporous carbon nitride catalysts were reduced
for 3 to 4 h under hydrogen flow [20]. Another disadvantage may be that due to the stirring
or mechanical shaking during BrO3

− reduction, the pre-purged H2 is still able to escape
from the reaction solution.

3.3. Catalytic Bromate Reduction by Nanoscale Heterogeneous Catalysts with Solid-State H2

Solid-state H2 producing chemical compounds have attracted considerable attention
in removing water contaminants because they release highly pure H2 gas [24,27,28]. The
primary advantage of solid H2 releasing compounds (e.g., borohydrides) is that they offer
a more practical and feasible approach as compared to gaseous H2 [23]. The H2 produced
from the catalytic water and groundwater treatment system with solid-state H2 is able to be
much more controllable than gaseous H2 and is directly and instantly managed. However,
borohydrides do not possess effective catalytic reductant properties; therefore, they do
not efficiently remove BrO3

− in water and groundwater because of their slow kinetics of
self-hydrolysis. The hydrolysis of borohydrides can be accelerated using heterogeneous
catalysts. For instance, the catalytic reduction efficiency of BrO3

− by the Zeolite-Imidazole
Framework (ZIF-67), Material Institute Lavoisier (MIL-88A), as well as 4,4′-bipyridine and
1,3,5-benzenetricarboxylic acid ligands (Ni(4,4′-bipy)(1,3,5-BTC)) in the presence of NaBH4
showed an effective reduction in 60 min with >95% formation of Br− (Table 1) [22–24].
Furthermore, hydrogen evolution during BrO3

− reduction is able to be controlled by the
concentration of borohydrides and different catalyst loadings. Compared to the process
of BrO3

− removal by nanomaterial catalysts with gaseous H2, a more efficient BrO3
−

reduction integrated with solid borohydride hydrolysis is achievable using non-noble
metals [29]. The durable and sustainable catalytic reactivity for several cycles of BrO3

−

reduction can be considered another advantage of using solid borohydrides, e.g., ZIF-67
and Ni(4,4′-bipy)(1,3,5-BTC) which continuously showed a complete removal in the 5th and
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6th cycles (Table 2) [22,23]. A disadvantage of using solid-state H2 chemical compounds is
the need for secondary treatment to treat NaBH4 byproducts (boron species, i.e., NaBO2)
formed after their hydrolysis, which often impedes their industrial application [30].

4. An Economic Evaluation of Catalytic BrO3
− Reduction

The apparent advantages of the catalytic reduction system with H2 in water and
groundwater treatment raises the question, “Why has the drinking water industry still not
adopted this technology to reduce and remove the inevitable contaminants?” The primary
reasons given are related to the cost-and-safety-associated uncertainties involved. Noble
metals are expensive, and the amounts required for the process of BrO3

− reduction depend
significantly on their level of catalytic reactivity and durability during the treatment of
contaminated water and groundwater. The optimal ranges of these significant factors
vary from one study to the other because of the reactor design, catalyst material type, and
operating conditions. Moreover, the H2 required for BrO3

− reduction is also costly and
potentially dangerous to store and transport [31]. These potential concerns can hinder the
implementation of this emerging and promising catalyst technology in potable water and
groundwater purification.

The transportation and storage of gaseous H2 for use in the treatment technology
raises potential safety concerns [32]. Several H2 storage techniques have been proposed
to date, including compressed hydrogen, metal hydrides, borohydrides, cryogenic liquid
hydrogen, and carbon nanotube and metal–organic framework H2 storage systems [33–37].
Among them, compressed H2 gas storage appears to be a suitable strategy because of
its cost-effectiveness, operation simplicity, and high efficiency that is based on time and
technological feasibility factors [38]. One review questioned why the catalytic bromate
removal system using H2 still has not been implemented in the existing water treatment
plants, while compressed H2 has already been popularly used in commercial fuel cell
vehicles and the environmental catalyst technology for this has been so extensively de-
veloped [38–41]. Compressed H2 storage tanks can be used for the molecular hydrogen
supply; however, this approach might require proper gas handling technology in the water
and groundwater treatment.

To efficiently use hydrogen during the process of BrO3
− reduction, the continuously

supplied H2 needs to be adequately consumed within the retention time of the reactor. This
indicates that the BrO3

− consumption rate in the reactor is managed by the H2 flow rate, or
the hydrogen releasing rate is equivalent to the BrO3

− interaction time on the active catalyst
sites. All the gaseous H2 released to the reactor needs to be adsorbed on the nanocatalysts
and be further used for the BrO3

− reduction before leaving as an off-gas. In the case of solid-
state H2, its amount with the flow rate can be calculated easily with the borohydride dosage
and catalyst concentrations [24]. Another approach for obtaining a potential near-future
H2 supply might be the introduction of water-splitting catalysts and/or their combinations
with the nanoscale heterogeneous catalysts in order to simultaneously produce H2 during
the reduction of BrO3

− [42–44].
The high cost of the hydrogen required for the BrO3

− reduction is another factor
that significantly impacts its implementation in actual water and groundwater treatment.
However, to address this concern, less expensive alternative techniques for producing H2
need to be investigated that are specifically designed for the treatment, e.g., coal (1.89 $/kg),
nuclear-assisted electrolysis (2.24 $/kg), natural gas (3.50 $/kg), geothermal (4.38 $/kg),
biomass (6.98 $/kg), wind-driven (8.01 $/kg), and solar-based (16.01 $/kg) hydrogen
production [45]. Although fossil fuel-based hydrogen production is more economical than
environmentally friendly hydrogen production, most unsustainable technologies heavily
emit CO2, causing potential global warming problems. Hence, renewable hydrogen sources
such as solar, wind, geothermal, biomass, and nuclear-assisted electrolysis could prove to
be promising and comparative alternatives, offering a sustainable means of catalytic BrO3

−

removal [46–48]. It is possible for the transition to clean hydrogen to replace the use of
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conventional environmental technologies with novel catalytic systems in order to meet the
most recent sustainable environmental standard goals in water and wastewater treatment.

Catalyst durability is also a vital factor and essential to consider for its actual imple-
mentation. The catalytic performance of the nanoscale heterogeneous catalysts used for
BrO3

− reduction has been widely demonstrated to decline continuously over repeated
cycles of the contaminated water and groundwater treatment in batch and continuous
reactors. However, the longevity of the nanocatalysts is significantly improved during the
constant supply of H2, preventing the decrease in catalytic stability and reactivity mainly
attributed to the oxidation of the support materials and/or active catalyst sites [12]. An
enhancement of catalyst durability has the potential to significantly reduce the cost-related
limitations of the technology.

5. Concluding Remarks and Perspectives

The process of catalytic BrO3
− reduction by nanoscale heterogeneous catalysts with H2

is a reliable and practical environmental technology for water and groundwater treatment.
The catalytic behavior of nanoscale heterogenous catalysts in different environmental
system configurations with and without gaseous H2 and solid-state H2 sources has been
comparatively evaluated and assessed. The implementation of H2 gas use in the catalytic
system still has disadvantages and concerns in its application to the actual large-scale
treatment processes that need to be overcome. Through the proper acquisition of H2 sources,
the limitations in storing, transportation, cost-effectiveness, and sustainable production
can be managed and overcome to successfully implement catalytic BrO3

−
reduction in

actual water and wastewater treatment. Future research needs to focus on an in-depth
investigation of the usable storage and transportation of H2 specifically designed for water
and groundwater treatment. Novel environmental materials with suitable properties
that provide for the complete and efficient consumption of H2 during BrO3

−
reduction

and minimize safety issues also need to be developed and examined in order to attract
investments in pilot-scale studies.

Author Contributions: Conceptualization, W.L.; writing-original draft preparation, N.N. and A.A.;
writing-review and editing, N.N., A.A. and W.L.; supervision and funding acquisition, W.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This work has been supported by the Research Grants of Nazarbayev University (091019CRP2106
and 021220FD1051) and the Ministry of Education and Science of the Republic of Kazakhstan (APO9260229).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article as no new data were
created or analysed in this study.

Acknowledgments: The authors would like to thank the anonymous reviewers who helped to
significantly improve the quality of the research paper.

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

References
1. World Health Organization. Guidelines for Drinking-Water Quality; World Health Organization: Geneva, Switzerland, 2011;

ISBN 9789241548151.
2. Huber, M.M.; Canonica, S.; Park, G.Y.; von Gunten, U. Oxidation of Pharmaceuticals during Ozonation and Advanced Oxidation

Processes. Environ. Sci. Technol. 2003, 37, 1016–1024. [CrossRef] [PubMed]
3. Butler, R.; Godley, A.; Lytton, L.; Cartmell, E. Bromate Environmental Contamination: Review of Impact and Possible Treatment.

Crit. Rev. Environ. Sci. Technol. 2005, 35, 193–217. [CrossRef]
4. Fang, J.Y.; Shang, C. Bromate Formation from Bromide Oxidation by the UV/Persulfate Process. Environ. Sci. Technol. 2012, 46,

8976–8983. [CrossRef] [PubMed]

http://doi.org/10.1021/es025896h
http://www.ncbi.nlm.nih.gov/pubmed/12666935
http://doi.org/10.1080/10643380590917888
http://doi.org/10.1021/es300658u
http://www.ncbi.nlm.nih.gov/pubmed/22831804


Nanomaterials 2022, 12, 1212 7 of 8

5. Garcia-Villanova, R.J.; Leite, O.D.M.V.; Hierro, H.J.M.; de Castro Alfageme, S.; Hernández, G.C. Occurrence of Bromate, Chlorite
and Chlorate in Drinking Waters Disinfected with Hypochlorite Reagents. Tracing Their Origins. Sci. Total Environ. 2010, 408,
2616–2620. [CrossRef] [PubMed]

6. Cerrillo, J.L.; Palomares, A.E. A Review on the Catalytic Hydrogenation of Bromate in Water Phase. Catalysts 2021, 11, 365.
[CrossRef]

7. Li, B.C.; Yang, H.; Kwon, E.; Tuan, D.D.; Khiem, C.T.; Lisak, G.; Thanh, X.B.; Ghanbari, F.; Lin, K.Y.A. Catalytic Reduction of
Bromate by Co-Embedded N-Doped Carbon as a Magnetic Non-Noble Metal Hydrogenation Catalyst. Sep. Purif. Technol. 2021,
277, 119320. [CrossRef]

8. Restivo, J.; Soares, O.S.G.P.; Órfão, J.J.M.; Pereira, M.F.R. Bimetallic Activated Carbon Supported Catalysts for the Hydrogen
Reduction of Bromate in Water. Catal. Today 2015, 249, 213–219. [CrossRef]

9. Abohamzeh, E.; Salehi, F.; Sheikholeslami, M.; Abbassi, R.; Khan, F. Review of Hydrogen Safety during Storage, Transmission,
and Applications Processes. J. Loss Prev. Process Ind. 2021, 72, 104569. [CrossRef]

10. Hurley, K.D.; Shapley, J.R. Efficient Heterogeneous Catalytic Reduction of Perchlorate in Water. Environ. Sci. Technol. 2007, 41,
2044–2049. [CrossRef]

11. Nurlan, N.; Akmanova, A.; Hamid, S.; Lee, W. Competitive Inhibition of Catalytic Nitrate Reduction over Cu–Pd-Hematite by
Groundwater Oxyanions. Chemosphere 2022, 290, 133331. [CrossRef]

12. Hamid, S.; Abudanash, D.; Han, S.; Kim, J.R.; Lee, W. Strategies to Enhance the Stability of Nanoscale Zero-Valent Iron (NZVI) in
Continuous BrO3− Reduction. J. Environ. Manag. 2019, 231, 714–725. [CrossRef] [PubMed]

13. Tuan, D.D.; Yang, H.; Huy, N.N.; Kwon, E.; Khiem, T.C.; You, S.; Lee, J.; Lin, K.Y.A. Enhanced Reduction of Bromate in Water by
2-Dimensional Porous Co3O4 via Catalytic Hydrogenation. J. Environ. Chem. Eng. 2021, 9, 105809. [CrossRef]

14. Chiu, Y.T.; Wang, H.; Lee, J.; Lin, K.Y.A. Reductive and Adsorptive Elimination of Bromate from Water Using Ru/C, Pt/C and
Pd/C in the Absence of H2: A Comparative Study. Process Saf. Environ. Prot. 2019, 127, 36–44. [CrossRef]

15. Wu, X.; Yang, Q.; Xu, D.; Zhong, Y.; Luo, K.; Li, X.; Chen, H.; Zeng, G. Simultaneous Adsorption/Reduction of Bromate by
Nanoscale Zerovalent Iron Supported on Modified Activated Carbon. Ind. Eng. Chem. Res. 2013, 52, 12574–12581. [CrossRef]

16. Lem, O.; Yoon, S.; Bae, S.; Lee, W. The Enhanced Reduction of Bromate by Highly Reactive and Dispersive Green Nano-Zerovalent
Iron (G-NZVI) Synthesized with Onion Peel Extract. RSC Adv. 2021, 11, 5008–5018. [CrossRef]

17. Marco, Y.; García-Bordejé, E.; Franch, C.; Palomares, A.E.; Yuranova, T.; Kiwi-Minsker, L. Bromate Catalytic Reduction in
Continuous Mode Using Metal Catalysts Supported on Monoliths Coated with Carbon Nanofibers. Chem. Eng. J. 2013, 230,
605–611. [CrossRef]

18. Restivo, J.; Soares, O.S.G.P.; Órfão, J.J.M.; Pereira, M.F.R. Metal Assessment for the Catalytic Reduction of Bromate in Water under
Hydrogen. Chem. Eng. J. 2015, 263, 119–126. [CrossRef]

19. Soares, O.S.G.P.; Freitas, C.M.A.S.; Fonseca, A.M.; Órfão, J.J.M.; Pereira, M.F.R.; Neves, I.C. Bromate Reduction in Water Promoted
by Metal Catalysts Prepared over Faujasite Zeolite. Chem. Eng. J. 2016, 291, 199–205. [CrossRef]

20. Zhang, P.; Jiang, F.; Chen, H. Enhanced Catalytic Hydrogenation of Aqueous Bromate over Pd/Mesoporous Carbon Nitride.
Chem. Eng. J. 2013, 234, 195–202. [CrossRef]

21. Freitas, C.M.A.S.; Soares, O.S.G.P.; Órfão, J.J.M.; Fonseca, A.M.; Pereira, M.F.R.; Neves, I.C. Highly Efficient Reduction of Bromate
to Bromide over Mono and Bimetallic ZSM5 Catalysts. Green Chem. 2015, 17, 4247–4254. [CrossRef]

22. Nurlan, N.; Akmanova, A.; Han, S.; Lee, W. Enhanced Reduction of Aqueous Bromate by Catalytic Hydrogenation Using the
Ni-Based Metal-Organic Framework Ni(4,4′-Bipy)(1,3,5-BTC) with NaBH4. Chem. Eng. J. 2021, 414, 128860. [CrossRef]

23. Lin, K.Y.A.; Chen, S.Y. Catalytic Reduction of Bromate Using ZIF-Derived Nanoscale Cobalt/Carbon Cages in the Presence of
Sodium Borohydride. ACS Sustain. Chem. Eng. 2015, 3, 3096–3103. [CrossRef]

24. Lin, K.Y.A.; Chen, S.Y. Bromate Reduction in Water by Catalytic Hydrogenation Using Metal-Organic Frameworks and Sodium
Borohydride. RSC Adv. 2015, 5, 43885–43896. [CrossRef]

25. Han, D.; Zhao, Z.; Xu, Z.; Li, Y.; Zhang, P.; Guo, X. β-FeOOH-Coupled Activated Carbon Prepared by the High Temperature
Impregnation Method for Bromate Removal from Water. J. Chem. Eng. Data 2018, 63, 2243–2251. [CrossRef]

26. Soares, O.S.G.P.; Órfão, J.J.M.; Pereira, M.F.R. Activated Carbon Supported Metal Catalysts for Nitrate and Nitrite Reduction in
Water. Catal. Lett. 2008, 126, 253–260. [CrossRef]

27. Lin, K.Y.A.; Lin, C.H.; Lin, J.Y. Efficient Reductive Elimination of Bromate in Water Using Zero-Valent Zinc Prepared by
Acid-Washing Treatments. J. Colloid Interface Sci. 2017, 504, 397–403. [CrossRef]

28. Hua, D.; Hanxi, Y.; Xinping, A.; Chuansin, C. Hydrogen Production from Catalytic Hydrolysis of Sodium Borohydride Solution
Using Nickel Boride Catalyst. Int. J. Hydrog. Energy 2003, 28, 1095–1100. [CrossRef]

29. Muir, S.S.; Yao, X. Progress in Sodium Borohydride as a Hydrogen Storage Material: Development of Hydrolysis Catalysts and
Reaction Systems. Int. J. Hydrog. Energy 2011, 36, 5983–5997. [CrossRef]

30. Marrero-Alfonso, E.Y.; Gray, J.R.; Davis, T.A.; Matthews, M.A. Minimizing Water Utilization in Hydrolysis of Sodium Borohydride:
The Role of Sodium Metaborate Hydrates. Int. J. Hydrog. Energy 2007, 32, 4723–4730. [CrossRef]

31. Abdalla, A.M.; Hossain, S.; Nisfindy, O.B.; Azad, A.T.; Dawood, M.; Azad, A.K. Hydrogen Production, Storage, Transportation
and Key Challenges with Applications: A Review. Energy Convers. Manag. 2018, 165, 602–627. [CrossRef]

32. Kurtz, J.; Sprik, S.; Bradley, T.H. Review of Transportation Hydrogen Infrastructure Performance and Reliability. Int. J. Hydrog.
Energy 2019, 44, 12010–12023. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2010.03.011
http://www.ncbi.nlm.nih.gov/pubmed/20347118
http://doi.org/10.3390/catal11030365
http://doi.org/10.1016/j.seppur.2021.119320
http://doi.org/10.1016/j.cattod.2014.10.048
http://doi.org/10.1016/j.jlp.2021.104569
http://doi.org/10.1021/es0624218
http://doi.org/10.1016/j.chemosphere.2021.133331
http://doi.org/10.1016/j.jenvman.2018.10.026
http://www.ncbi.nlm.nih.gov/pubmed/30399548
http://doi.org/10.1016/j.jece.2021.105809
http://doi.org/10.1016/j.psep.2019.04.030
http://doi.org/10.1021/ie4009524
http://doi.org/10.1039/D0RA09897C
http://doi.org/10.1016/j.cej.2013.06.040
http://doi.org/10.1016/j.cej.2014.11.052
http://doi.org/10.1016/j.cej.2016.01.093
http://doi.org/10.1016/j.cej.2013.08.111
http://doi.org/10.1039/C5GC00777A
http://doi.org/10.1016/j.cej.2021.128860
http://doi.org/10.1021/acssuschemeng.5b00570
http://doi.org/10.1039/c5ra05705a
http://doi.org/10.1021/acs.jced.8b00191
http://doi.org/10.1007/s10562-008-9612-4
http://doi.org/10.1016/j.jcis.2017.05.084
http://doi.org/10.1016/S0360-3199(02)00235-5
http://doi.org/10.1016/j.ijhydene.2011.02.032
http://doi.org/10.1016/j.ijhydene.2007.08.014
http://doi.org/10.1016/j.enconman.2018.03.088
http://doi.org/10.1016/j.ijhydene.2019.03.027


Nanomaterials 2022, 12, 1212 8 of 8

33. Hwang, H.T.; Varma, A. Hydrogen Storage for Fuel Cell Vehicles. Curr. Opin. Chem. Eng. 2014, 5, 42–48. [CrossRef]
34. Li, G.; Kobayashi, H.; Taylor, J.M.; Ikeda, R.; Kubota, Y.; Kato, K.; Takata, M.; Yamamoto, T.; Toh, S.; Matsumura, S.; et al.

Hydrogen Storage in Pd Nanocrystals Covered with a Metal-Organic Framework. Nat. Mater. 2014, 13, 802–806. [CrossRef]
[PubMed]

35. Yanxing, Z.; Maoqiong, G.; Yuan, Z.; Xueqiang, D.; Jun, S. Thermodynamics Analysis of Hydrogen Storage Based on Compressed
Gaseous Hydrogen, Liquid Hydrogen and Cryo-Compressed Hydrogen. Int. J. Hydrog. Energy 2019, 44, 16833–16840. [CrossRef]

36. Qiu, S.; Chu, H.; Zou, Y.; Xiang, C.; Xu, F.; Sun, L. Light Metal Borohydrides/Amides Combined Hydrogen Storage Systems:
Composition, Structure and Properties. J. Mater. Chem. A 2017, 5, 25112–25130. [CrossRef]

37. Schneemann, A.; White, J.L.; Kang, S.; Jeong, S.; Wan, L.F.; Cho, E.S.; Heo, T.W.; Prendergast, D.; Urban, J.J.; Wood, B.C.; et al.
Nanostructured Metal Hydrides for Hydrogen Storage. Chem. Rev. 2018, 118, 10775–10839. [CrossRef]

38. Rivard, E.; Trudeau, M.; Zaghib, K. Hydrogen Storage for Mobility: A Review. Materials 2019, 12, 1973. [CrossRef]
39. Li, M.; Bai, Y.; Zhang, C.; Song, Y.; Jiang, S.; Grouset, D.; Zhang, M. Review on the Research of Hydrogen Storage System Fast

Refueling in Fuel Cell Vehicle. Int. J. Hydrog. Energy 2019, 44, 10677–10693. [CrossRef]
40. Veziroglu, A.; MacArio, R. Fuel Cell Vehicles: State of the Art with Economic and Environmental Concerns. Int. J. Hydrog. Energy

2011, 36, 25–43. [CrossRef]
41. Ajanovic, A.; Haas, R. Prospects and Impediments for Hydrogen and Fuel Cell Vehicles in the Transport Sector. Int. J. Hydrog.

Energy 2021, 46, 10049–10058. [CrossRef]
42. Yu, F.; Zhou, H.; Huang, Y.; Sun, J.; Qin, F.; Bao, J.; Goddard, W.A.; Chen, S.; Ren, Z. High-Performance Bifunctional Porous

Non-Noble Metal Phosphide Catalyst for Overall Water Splitting. Nat. Commun. 2018, 9, 1–9. [CrossRef] [PubMed]
43. Wu, D.; Kusada, K.; Yoshioka, S.; Yamamoto, T.; Toriyama, T.; Matsumura, S.; Chen, Y.; Seo, O.; Kim, J.; Song, C.; et al. Efficient

Overall Water Splitting in Acid with Anisotropic Metal Nanosheets. Nat. Commun. 2021, 12, 1–9. [CrossRef] [PubMed]
44. Han, A.; Zhang, H.; Yuan, R.; Ji, H.; Du, P. Crystalline Copper Phosphide Nanosheets as an Efficient Janus Catalyst for Overall

Water Splitting. ACS Appl. Mater. Interfaces 2017, 9, 2240–2248. [CrossRef] [PubMed]
45. Bartels, J.R.; Pate, M.B.; Olson, N.K. An Economic Survey of Hydrogen Production from Conventional and Alternative Energy

Sources. Int. J. Hydrog. Energy 2010, 35, 8371–8384. [CrossRef]
46. El-Emam, R.S.; Özcan, H. Comprehensive Review on the Techno-Economics of Sustainable Large-Scale Clean Hydrogen

Production. J. Clean. Prod. 2019, 220, 593–609. [CrossRef]
47. Dincer, I.; Zamfirescu, C. Sustainable Hydrogen Production Options and the Role of IAHE. Int. J. Hydrog. Energy 2012, 37,

16266–16286. [CrossRef]
48. Orhan, M.F.; Dincer, I.; Rosen, M.A.; Kanoglu, M. Integrated Hydrogen Production Options Based on Renewable and Nuclear

Energy Sources. Renew. Sustain. Energy Rev. 2012, 16, 6059–6082. [CrossRef]

http://doi.org/10.1016/j.coche.2014.04.004
http://doi.org/10.1038/nmat4030
http://www.ncbi.nlm.nih.gov/pubmed/25017188
http://doi.org/10.1016/j.ijhydene.2019.04.207
http://doi.org/10.1039/C7TA09113C
http://doi.org/10.1021/acs.chemrev.8b00313
http://doi.org/10.3390/ma12121973
http://doi.org/10.1016/j.ijhydene.2019.02.208
http://doi.org/10.1016/j.ijhydene.2010.08.145
http://doi.org/10.1016/j.ijhydene.2020.03.122
http://doi.org/10.1038/s41467-018-04746-z
http://www.ncbi.nlm.nih.gov/pubmed/29959325
http://doi.org/10.1038/s41467-021-20956-4
http://www.ncbi.nlm.nih.gov/pubmed/33594054
http://doi.org/10.1021/acsami.6b10983
http://www.ncbi.nlm.nih.gov/pubmed/28008761
http://doi.org/10.1016/j.ijhydene.2010.04.035
http://doi.org/10.1016/j.jclepro.2019.01.309
http://doi.org/10.1016/j.ijhydene.2012.02.133
http://doi.org/10.1016/j.rser.2012.06.008

	Introduction 
	Reaction Mechanism of Catalytic BrO3- Removal 
	Nanoscale Heterogeneous Catalysts for BrO3- Reduction 
	Direct Bromate Reduction by Nanoscale Heterogeneous Catalysts without H2 
	Catalytic Bromate Reduction by Nanoscale Heterogeneous Catalysts with H2 
	Catalytic Bromate Reduction by Nanoscale Heterogeneous Catalysts with Solid-State H2 

	An Economic Evaluation of Catalytic BrO3- Reduction 
	Concluding Remarks and Perspectives 
	References

