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The environment is affected by agricultural, domestic, and industrial activities that lead to drastic
problems such as global warming and wastewater generation. Wastewater pollution is of public concern,
making the treatment of persistent pollutants in water and wastewater highly imperative. Several
conventional treatment technologies (physicochemical processes, biological degradation, and oxidative
processes) have been applied to water and wastewater remediation, but each has numerous limitations.
To address this issue, treatment using bimetallic systems has been extensively studied. This study re-
views existing research on various synthesis methods for the preparation of bimetallic catalysts and their
catalytic application to the treatment of organic (dyes, phenol and its derivatives, and chlorinated organic
compounds) and inorganic pollutants (nitrate and hexavalent chromium) from water and wastewater.
The reaction mechanisms, removal efficiencies, operating conditions, and research progress are also
presented. The results reveal that Fe-based bimetallic catalysts are one of the most efficient heteroge-
neous catalysts for the treatment of organic and inorganic contamination. Furthermore, the roles and
performances of bimetallic catalysts in the removal of these environmental contaminants are different.
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1. Introduction

Environmental pollution is becoming increasingly severe. Many
regions are heading towards a water crisis. According to the World
Health Organization (WHO), water resource scarcity affects over
40% of the world’s population, with 2 billion people having little to
no access to clean water. The process of industrialization and ur-
banization has doubled global water utilization every 15 years. At
present, water availability is a pressing concern. Additionally, water
pollution caused by industrial and urban activities has led to
increasing concentrations of various pollutants in natural waters,
affecting human health and well-being (Fu et al., 2015, 2014).

Natural waters are usually the final destinations for wastewater
containing various kinds of pollutant. The discharge of untreated
wastewater results in the accumulation of persistent contaminants,
including heavy metals and organic and inorganic compounds
(Rodrigues et al., 2019). Thus, water remediation and wastewater
treatment are of utmost importance.

In recent years, various physicochemical processes have been
proposed for treating wastewaters, including those based on
adsorption, chemical precipitation, coagulation/flocculation, filtra-
tion, ion exchange, and sedimentation. Biological degradation and
conventional oxidative processes that involve the degradation of
the pollutant in the presence of oxygen or other oxidants, such as
hydrogen peroxide, ozone, and permanganate, have also been
developed. However, physicochemical processes concentrate pol-
lutants at another phase, which requires further treatment (or post-
treatment). Similarly, although biological degradation is relatively
inexpensive, the generated by-products are often highly toxic and
non-biodegradable (Al-Khalid and El-Naas, 2012; Lavanya et al.,
2014; Pandya et al., 2018). Conventional oxidative processes
cannot completely oxidize refractory compounds with high
chemical stability. Thus, intermediate products, which can be even
more toxic than the original pollutants, are most likely to be formed
during oxidation (Rodrigues et al., 2019).

To overcome the drawbacks of these processes, bimetallic cat-
alysts have been extensively studied for the removal of awide range
of contaminants in wastewater remediation. The limitations of
monometallic catalysts include slow contaminant removal effi-
ciency, easy deactivation, and the sensitivity of removal efficiency
to pH. To enhance the reactivity of catalysts, bimetallic catalysts
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were developed by coating small amounts of a transition or noble
metal onto a freshly prepared metal surface.

There has been a lot of interest in the synthesis and utilization of
bimetallic catalysts for the removal of contaminants, especially
from wastewater. Fig. 1 shows that the number of journal publi-
cations has increased in the period 2000e2018 for the keywords
“bimetallic catalyst synthesis” and “bimetallic catalyst for waste-
water remediation”.

Several studies reported on the remediation of different organic
and inorganic contaminants in water and wastewater. However,
there are hardly any papers reviewing their removal using bime-
tallic catalysts. In addition, no comprehensive study on the reaction
mechanisms in the removal of these environmental pollutants us-
ing the said catalysts exists to date. Thus, the synthesis and use of
bimetallic catalysts in the removal of environmental contaminants
fromwater and wastewater are reviewed in this paper. This review
focuses on synthesis methods for the preparation of bimetallic
catalysts, the removal efficiency of pollutants, operating conditions,
and reaction mechanisms of bimetallic catalysts for certain organic
and inorganic pollutants.

This perspective hopes to give an overview of the past and
recent research developed in this field, and steer future research to
acquire optimal catalytic systems for environmental pollutant
removal.

2. Unique properties of bimetallic catalysts

Catalysis on bimetallic alloys advanced over the past few de-
cades. In the 1940s, bimetallic catalysts were studied due to their
enhanced activity, selectivity, and stability resulting from the
ensemble, electronic, and bifunctional effects between the two
different metal components. When one of the surface components
is catalytically inactive, ensemble effects usually take place. This
surface component only acts to dilute the active metal component
into discrete aggregates or ensembles of atoms. Moreover, smaller
ensemble size is preferable because it permits only the desired
reaction and prevents unwanted and non-selective reactions (Yuan
et al., 2007).

The incorporation of a secondmetal into the catalyst may lead to
modifications or changes in the geometric as well as the electronic
characteristics of the catalyst. This results in the modification of the



Fig. 1. Number of journals published from 2000 to 2018 with the keywords (a)
“bimetallic catalyst synthesis” from three academic search engines and (b) “bimetallic
catalyst for. wastewater remediation” from Google Scholar.
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adsorption characteristics of the bimetallic catalyst’s surface and in
some cases alters its reduction and deactivation behavior. Ali et al.
revealed that bimetallic catalysts exhibit different physicochemical
properties than those of monometallic catalysts (Ali et al., 2012).

Heterogeneous catalysis occurs on the catalyst surface. There-
fore, the surface structure and chemistry of bimetallic catalysts in
terms of the geometric and electronic structures of metal atoms on
the surface are the most significant parameters. Similar to other
chemical processes performed at the interface of two phases, het-
erogeneous catalysis is always performed at an interface of a solid
catalyst and gaseous or liquid reactants around it (Tao et al., 2012).

The electronic and geometric effects result from the differences
in catalytic behavior between different catalysts (including bime-
tallic catalysts, monometallic catalysts, and two bimetallic catalysts
with different compositions and structures). The electronic effect
(accompanying the formation of a geometrically favorable binding
site) is also called the ligand effect (Liao et al., 2015).

3. Synthesis methods

There is a wide range of synthesis techniques for preparing
supported bimetallic catalysts. This section provides a summary of
some of the most common methods used for bimetallic catalyst
3

synthesis and the potential advantages and disadvantages of each
method (Table 1).

The composition and catalytic performance of bimetallic cata-
lysts are usually related to the catalyst preparation method. These
factors include metal salt precursor and reaction environments
(affected by temperature, pH, and pressure), active phase cost,
catalyst surface area, and specific catalytic characteristics
(Duvenhage and Coville, 2005). A slight change in these factors can
alter the properties and performance of the catalysts. Only a few
methods are used in the chemical industry due to the cost of the
raw materials and limitations in terms of storage, transportation,
and potential for large-scale production.
3.1. Co-precipitation

Precipitation may be caused by a change in certain parameters
such as temperature, pH, evaporation, and/or concentration of
metal salts. It has been extensively used to synthesize single-
component catalysts or supported and mixed catalysts. Controlled
precipitation from precursor solutions is governed by the principles
of nucleation, in which the smallest stable elementary particles of
the new phase form under specific precipitation conditions, and
growth or the agglomeration of the particles (Deraz, 2018; Munnik
et al., 2015). In co-precipitation, the solutions containing the active
metal salt and a salt of a compound to be converted as the support
are mixed with a base (NaOH, Na2CO3, etc.) to precipitate as hy-
droxides and/or carbonates for the single-step nucleation and
growth of the combined solid precursor of the active metal and the
catalyst support (Munnik et al., 2015; Pinna, 1998). It is one of the
most convenient ways to produce bimetallic catalysts with a high
metal weight-to-volume ratio, achieving a 70 wt% metal loading or
even higher while maintaining small particle sizes (Munnik et al.,
2015). In the precipitation method, the following reaction occurs:

Metal salt solution
þ support/metal hydroxide or carbonate on the support

(1)

Powders or particles are slurred with an amount of salt to suf-
ficiently obtain the required loading. Hydroxides and carbonates
are the preferred intermediates for the precipitationmethod for the
following reasons (Perego and Villa, 1997):

(a) The solubility of the salts of transitionmetals is very low. This
leads to very high supersaturations, resulting in very small
precipitate particle sizes.

(b) Hydroxides and carbonates are easily decomposed via heat
into oxides with relatively high areas without leaving po-
tential catalyst poisons.

(c) The calcination of hydroxides and/or carbonates causes
minimal safety and environmental problems.

In the co-precipitation method, utmost care must be taken to
avoid independent or consecutive precipitations. In this case, the
pH should be adjusted and kept constant during the operation by
mixing the starting solution continuously instead of the addition of
one solution to another. Fig. 2(a) shows the synthesis of supported
bimetallic catalysts via the co-precipitation technique. A mixture of
metal precursors is dissolved in a specific amount of ethanol and
precipitated using Na2CO3 solution, or any hydroxide or carbonate.
Then, the support precursor is added and mixed thoroughly until a
homogeneous mixture is obtained. Consequently, the resulting
precipitate may be washed, dried, and/or calcined to obtain the
target metal components on the catalyst surface.



Table 1
Advantages and disadvantages of various synthesis methods for bimetallic catalysts.

Synthesis
method

Advantages Disadvantages Reference

Co-
precipitation

1. Homogeneity of component distribution
2. Relatively low reaction temperature
3. Particle size is fine and uniform with weakly
agglomerated particles

1. Insensitive
2. Semi-quantitative
3. Long reaction time
4. Consumes large quantities of chemicals

Deraz (2018)

Deposition
precipitation

1. Easy control of particle size and composition
2. Various possibilities to modify the particle surface state
and overall homogeneity

1. Trace impurities may precipitate with the product
2. Time-consuming
3. Does not work well if the reactants have very
different precipitation rates

Silas et al. (2018)

Plasma
technique

1. Shortened catalyst preparation time
2. Low energy requirements
3. Highly distributed active species are produced
4. Production of uniform metal particle size
5. Enhanced selectivity
6. Enhanced catalyst lifetime

1. Complex methods cannot be applied on industrial
scale
2. Catalyst deactivation problem

(Aluha et al., 2016; Aluha and
Abatzoglou, 2017)

Impregnation 1. Quick process
2. Inexpensive
3. Final properties and configuration can be easily
controlled in advance

1. Difficult to prepare catalyst with high concentration
2. Difficult to obtain even dispersion of catalyst
components on the support surface
3. Particles need calcination

Deraz (2018)

Sol-gel method 1. Superior homogeneity and purity
2. Good microstructural control of metallic particles
3. Large BET surface area
4. Good thermal stability of the supported metals
5. Additional elements can be added easily
6. Hydroxylation on the support is easy to control
7. Low crystallization temperature

1. Time-consuming
2. High maintenance and operation costs
3. Particles need calcination

(Gonzalez et al., 1997;
Taghavimoghaddam et al., 2012)

Reverse micelle
method

1. Narrow particle size distributions
2. Negligible contamination of the product during
homogenization of starting compounds
3. Low energy consumption
4. Low aging times
5. Use of simple equipment
6. Improved control of particle sizes, shapes, uniformity, and
dispersity

1. Difficult to separate particles from the constituents
(e.g., surfactants)
2. Colloidal formation is a complex process

Uskokovi�c and Drofenik (2005)

Fig. 2. Synthesis of supported bimetallic catalysts by (a) co-precipitation and (b) deposition precipitation.
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Fig. 3. Schematic diagram of the electrode configuration of. Discharge phenomena for
plasma spraying.
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3.2. Deposition precipitation

Deposition precipitation involves deposition from a precursor
solution by changing the pH, temperature, or evaporation, resulting
in metal compounds with relatively low solubility. Generally, an
existing support is needed in this technique, and the concentration
of the new compound is increased gradually to avoid the formation
of bulk phases in solution (Van Der Lee et al., 2005). Preferential
precipitation onto the support can be achieved by the introduction
of the support into the solution, which causes either a surface free
energy reduction of tiny nuclei or the stabilization of the precipi-
tate, which consequently decreases the energy barrier for nucle-
ation. The support surface must function as a seed for nucleation.
The nucleation of a metal species is usually brought about by a
change in pH, and thus compounds with a low solubility are pro-
duced. When this is done by injecting the precipitant, such as
alkaline solution, utmost care must be employed to avoid local
concentrations beyond the critical supersaturation, which would
lead to bulk precipitation. Homogeneous deposition precipitation
techniques are most often preferred, wherein precipitation is
induced homogeneously throughout the reaction vessel. This can
be done by the addition of urea, usually at room temperature,
which when heated to 90 �C will slowly decompose, forming OH�.
Consequently, slow enhancement of the pH upon decomposition
occurs (Munnik et al., 2015). This method was developed for the
synthesis of catalysts with metal loadings that exceed those pro-
duced by impregnation, which is limited by solubility (Van Der Lee
et al., 2005).

In Fig. 2(b), the deposition precipitation technique is shown. The
first metal precursor and urea are dissolved in distilled water with
constant stirring, and then the initial pH of the solution is adjusted
between 2.4 and 3.2 depending on the metal used. Subsequently,
the support material is added to this solution. Thereafter, the sus-
pension temperature is increased to 90 �C and kept constant for
16 h under continuous stirring. Urea decomposition usually leads to
gradual rise in the solution pH above neutral pH. After being dried
at 80 �C for a specified duration, the second metal is also deposited
by deposition precipitation with urea. Then, these samples are
washed, dried and stored for catalysis application (Munnik et al.,
2015; Sandoval et al., 2013, 2011).

3.3. Plasma spraying

Plasma use in catalysis has been extensively studied (Kim et al.,
2016; Mok and Kim, 2011; Neyts, 2016; Puliyalil et al., 2018; Wei
et al., 2013). A few unusual chemical activities occur when
plasma species are involved in catalyst surface reactions. This has
led to efforts to apply plasma directly in the preparation of effective
and efficient catalysts. There are three main trends in catalyst
synthesis using plasma, namely the (1) plasma chemical synthesis
of ultrafine particle catalysts, (2) plasma-assisted deposition of
catalytically active compounds (on various carriers, particularly
plasma spraying for the synthesis of supported catalysts using
thermal plasmas), and (3) plasma-enhanced synthesis (or plasma
modification of catalysts) (Liu et al., 2002).

Plasma comprises highly excited atomic, molecular, ionic, and
radical species. It is considered to be the fourth state of matter. The
plasma state is brought about by the ionization process that occurs
when an ample amount of energy is applied to a gas. When the
ingoing molecules collide with electrons and the absorption of
electromagnetic radiation occurs, gas ionization takes place. The
reactivity of the produced species depends on the type of plasma
source and the gas utilized (Kizling and J€arås, 1996). Generally,
plasma is described to be an ionized gas that can be generated by
electric discharges, plasma jet, radio frequency, etc. Plasmas are
5

classified as high- and low-temperature plasmas according to their
energy level, temperature, and ionic density. High-temperature
plasmas are usually used for nuclear applications. Low-
temperature plasmas can be classified as thermal and cold
plasmas. Thermal plasmas are generally used in the preparation of
supported catalysts, particularly in the plasma spraying technique
(Liu et al., 2002). The choice of plasma technique for a specific
application is dictated by the target result.

The application of plasma techniques, including spraying and
glow discharge plasma, for the synthesis of catalysts was first done
in the 1980s. Plasma has currently attracted a lot of attention due to
its potential in industrial applications in materials processing,
including the development of commercial catalysts.

Metal substrates as catalyst supports pose advantages in cata-
lytic application which make them more attractive than ceramic
supports. Some of the main advantages include high mechanical
strength and heat conductivity properties. The catalytic coatings
should be protected frommechanical shock and chemical exposure
to the reaction medium. In addition, the catalytic activity should be
conserved at high temperatures. Plasma spraying offers the possi-
bility of preparing solid surface coatings on metals exhibiting high
mechanical and thermal stabilities. The application of this tech-
nology leads to possible synthesis of inert washcoats and catalyti-
cally active coatings (Ismagilov et al., 1999).

The principal scheme of powder plasma spraying configuration
is presented in Fig. 3. In this study, alumina powders were sprayed
to form a washcoating layer on titanium plates and nickel foam
materials. Subsequently, the plasma sprayed layer was impreg-
nated with lanthanum and cobalt cations to form the active phase
leading to the synthesis of bimetallic LaeCo catalyst (Ismagilov
et al., 1999).

3.4. Impregnation

Impregnation is a process wherein a certain volume of solution
containing the precursor of the active phase is contacted with the
solid, either support or another active solid phase, which is then
dried to remove the absorbed solvent. This is usually followed by
the drying, calcination, and/or reduction of the impregnated sup-
port. One of the advantages of this method is its simplicity in
practical operation at both the laboratory and industrial scales
(Deraz, 2018).

3.4.1. Types of impregnation
Dry impregnation, generally called incipient wetness impreg-

nation, capillary impregnation, or pore volume impregnation, in-
fuses the desired support material with a solution that contains a
precursor of the desired metallic species (Yu et al., 2012). In this
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type of impregnation, the support is impregnated with a volume of
the precursor solution that is equal or slightly greater than the pore
volume of the support material. Once the catalyst is impregnated
into the support, it is then dried and calcined. The impregnated
material maintains is dry at a macroscopic scale. According to the
Young-Laplace equation, shown below, the uptake of the liquid into
the pores of the support is caused by the capillary pressure differ-
ence Dp across a hemispherical meniscus in a pore with radius rp.

Dp¼
�
2glv
rp

�
cos q (2)

where glv is the surface tension between the liquid and vapor
interface and q is the wetting angle between the solid and the
liquid. When q < 90�, the liquid is recognized to be wetting and
penetrates the support spontaneously. The liquid is non-wetting
when q > 90�, whereby the capillary pressure becomes negative
and external pressure is required to charge the liquid onto the pores
(Munnik et al., 2015).

Wet impregnation, or soaking impregnation, involves the utili-
zation of an excess solution with respect to the pore volume of the
catalyst support. The solid catalyst is left to age after a certain
length of time under stirring and is then filtered. The excess solvent
is removed through drying. This technique is most commonly used
when the precursor-support interaction can be anticipated. The
metal precursor concentration depends on the concentration of the
solution, support pore volume, and both the type and concentra-
tion of adsorbing active sites at the surface (Pinna, 1998).

3.4.2. Impregnation methods
Generally, impregnation is regarded as low-cost and easy to

scale up, but unsuitable for bimetallic catalyst synthesis. The
disadvantage of co-impregnation and sequential impregnation is
that both methods form bimetallic particles with variable compo-
sitions. Co-impregnation (CIP) is simultaneous impregnation,
wherein both metal precursor components in a single solution are
impregnated into the catalyst support as shown in Fig. 4(a). CoeFe/
CeO2 was synthesized with 10 wt% Co and 10 wt% Fe using CIP with
an aqueous solution of cobalt and ferric nitrates (Rida et al., 2014).
Subsequently, the solution was constantly stirred for 15 h at room
temperature. Afterwards, the samples were dried and calcined. The
synthesized catalyst was examined for its behavior toward CO
oxidation. In sequential or successive impregnation (SIP), onemetal
is impregnated first, and then the impregnated catalyst is dried and
Fig. 4. Methods of impregnation as (a) co-impr

6

calcined to render it insoluble for the second impregnation step.
After the calcination process, the second metal is impregnated to
complete the synthesis of the bimetallic catalyst illustrated in
Fig. 4(b) (Louis, 2016).
3.5. Sol-gel method

The sol-gel method is a promising technique for synthesizing
catalyst supports due to its capacity to produce supports with a
high surface area and high porosity. These properties facilitate the
high dispersion of metal particles during the later impregnation
step. This method also permits supported bimetallic catalyst syn-
thesis in one step, leading to the dispersion of metal precursors
during the catalyst support synthesis (Tran et al., 2007). Water can
be used without a co-solvent as a reaction medium in the prepa-
ration stages, which makes the sol-gel method environmentally
friendly (Sierra-Salazar et al., 2019).

Generally, the sol-gel method involves the polymerization of
monomeric alkoxide precursors; for instance, tetraethyl orthosili-
cate (TEOS) is used in Fig. 5.
3.6. Reverse micelle method

Reverse micelle synthesis uses microemulsions to produce
supported metallic particles with a relatively narrow size distri-
bution. These microemulsions are formed by dissolving a small
amount of metal precursors in an aqueous environment inside a
nonionic surfactant such as Triton X-100 or cyclohexane. In Fig. 6,
hydrazine (N2H4) is added as a reducing agent. The metal pre-
cursors are chemically reduced, which leads to the improvement of
the CoeFe particle formation in the core of the micelles (Mohd
Zabidi et al., 2012). Synthesis of the supported catalyst starts
when an aqueous solution is mixed with themetal precursors and a
surfactant with an oil-phase solution of the reducing agent. Under
vigorous stirring, the solution becomes clear, which indicates
reverse micelle formation (Yu et al., 2012). The catalyst support is
added as the solution is titrated with an emulsion destabilizing
agent such as acetone or tetrahydrofurane (THF) to disrupt the
micelles, which leads to the adsorption of the micelles onto the
support (Mohd Zabidi et al., 2012; Yu et al., 2012).
egnation and (b) successive impregnation.



Fig. 5. Sol-gel synthesis of bimetallic supported catalyst.

Fig. 6. Reverse micelle synthesis of bimetallic CoeFe supported catalyst.
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4. Catalytic application for contaminant remediation

Industrial wastewater may contain various recalcitrant organic
compounds with variable toxicity and carcinogenic and mutagenic
properties, which may lead to the pollution of the receiving water
bodies. These organic compounds are generally persistent in the
environment and may have adverse effects on human health and
the ecosystem. Inorganic pollution of drinkingwater and its sources
is caused by natural and anthropogenic factors. Management of
these inorganic pollutants in water and wastewater is of prime
importance due to their negative impacts.

4.1. Treatment of organic pollutants

Dye effluents cause serious environmental pollutionworldwide.
7

There is thus growing interest in dye removal fromwater reservoirs
for health and aesthetic reasons. Wastewater generated by the
textile industry is known to contain appreciable amounts of non-
fixed dyes, especially azo dyes, and a huge amount of inorganic
salts (Riaz et al., 2012; Wu and Wen, 2010).

Aromatic compounds (involving phenol, chlorophenol, nitro-
phenol, and their derivatives) are very prevalent toxic pollutants.
They have become great concerns due to their resistance to
biodegradation and toxicity to humans and animals even at very
low concentrations (Jiang et al., 2017). Phenols and their derivatives
are chief organic constituents found in the waste discharges of coal
tar, gasoline, plastic, rubber proofing, disinfectant, oil refining,
petrochemical, pesticide, pharmaceutical, and steel industries, do-
mestic wastewaters, agricultural run-off, and chemical spills (Jiang
et al., 2017; Rani and Shanker, 2018). Phenols start to create a
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characteristic odor at a very low concentration of about 5 mg L�1

and pose a threat to aquatic life at 9e25 mg L�1 (Villegas et al.,
2016). According to the WHO, the drinking water standard is
1mg L�1 phenol (Jadhav and Vanjara, 2004). Phenols are thusmajor
environmental pollutants in the range of 1e100mg L�1 due to their
toxicity and recalcitrance and bioaccumulation properties. In this
regard, phenols are categorized into specific priority pollutants
(Rani and Shanker, 2018). Because of the toxicity of phenols and
their derivatives in the environment, their effective and efficient
removal from water and wastewater using low-energy-based
techniques is mandatory.

Chlorinated organic compounds (COCs) are applied on a large
scale in the chemical, petrochemical, and electronic industries. The
environmental and health impacts of these contaminants have
been extensively studied (Wang et al., 2009). Various chlorinated
compounds, including CH2Cl2, CHCl3, and CHClF2, cause ozone
depletion, and other COCs have negative effects on the human
central nervous system and have been linked to diseases such as
cancer (Xu et al., 2005b). Almost all chlorinated aromatic com-
pounds have high toxicity and form a class of environmentally
undesirable compounds that are associated with a broad range of
industrial processes. Once released into the environment, they
accumulate in the surroundings and endanger humans as well as
the environment over a long period of time (Xu et al., 2005a).
4.1.1. Conventional treatment technologies
Various treatment technologies have been employed to remove

dyes, including biological, thermal, physical, and chemical treat-
ment methods. Some of these methods are not compatible with
large-scale treatment. Biological treatment is unsuitable for treat-
ing non-biodegradable wastewater (as in the case of several dyes),
and needs a relatively long retention time for the microorganisms
to degrade the contaminants (Duarte et al., 2009; Ezzatahmadi
et al., 2018; Ghuge and Saroha, 2018; Lee et al., 2004).

Conventional technologies such as adsorption, coagulation, and
enzyme oxidation result in partial degradation to secondary pol-
lutants. Biodegradation, physical separation, and advanced oxida-
tion processes (AOPs) have received a lot of attention in recent
studies for treating phenol- and phenolic-derivative-containing
wastewater (Li et al., 2016). Physical separation using steam
distillation, extraction, and membrane pervaporation has been
widely studied. It was found to effectively remove phenol from
wastewater and allow the recycling of phenol. These methods,
however, have several disadvantages, including high energy de-
mand for steam distillation, low efficiency for extraction, and high
technical requirements for biodegradation (Jiang et al., 2017; Liotta
et al., 2009).

In addition, COCs can also be eliminated by physical, biological,
and chemical treatments. Physical treatment (e.g., gas blowing
desorption, activated carbon (AC) adsorption, volatilization, and
extraction) merely separates COCs from water and wastewater in
terms of their physical properties (i.e., volatility and solubility)
(Dvorak et al., 1993; Tütem et al., 1998). Additional cost is needed to
treat the transferred COCs. Biological treatment can be applied for
the decomposition of COCs by means of a metabolic process by
microorganisms. However, it is inhibited by the toxicity of COCs
toward microorganisms, the selectivity of microorganisms to spe-
cific contaminants, and the slow degradation rate of COCs (Broholm
et al., 1993; Phelps et al., 1991; Strandberg et al., 1989; Trapido et al.,
1998). Chemical treatment includes the Fenton process, incinera-
tion, ozone oxidation, photocatalytic oxidation, and wet oxidation
(Kim et al., 2007). Oxidation processes degrade COCs into CO2, H2O,
and HCl (Wang et al., 2008).
8

4.1.2. Dye degradation
To overcome the drawbacks of conventional methods, bimetallic

catalysts have been extensively studied for the remediation of dye-
containing effluents. Different bimetallic catalysts have been
applied to treat dye-containing wastewater. FeeNi bimetallic
nanoparticles (BNPs) were synthesized to completely degrade Or-
ange G (OG) with an initial concentration of 150 mg L�1 (pH: 3,
catalyst dosage: 3 g L�1, T ¼ 28 ± 2 �C, reaction time: 10 min)
(Bokare et al., 2007). SBA-15 supported FeeNi was investigated
leading to 99.3% degradation of Acid Red 73 (AR73) by Fenton-like
reaction. Using monometallic catalysts, Fe/SBA-15 and Ni/SBA-15,
showed poor AR73 removal efficiency achieving 29.2% and 21.9%
degradation, respectively. It is obvious that the bimetallic catalyst
achieved high catalytic activity implying that synergistic effect
between Fe and Ni exists for AR73 removal (Li et al., 2015).

CueNi/TiO2 was synthesized via deposition precipitation and
wet impregnation to treat dye at a concentration of 50mg L�1 using
visible light via photocatalysis (Riaz et al., 2014). It was found that
bimetallic catalyst can efficiently and completely degrade dyes, in
this case, Orange II (OII). When treating the same contaminant with
CueNi/TiO2 synthesized by co-precipitation, complete degradation
was achieved within 60min at room temperature (Riaz et al., 2012).
Similarly, complete degradation was observed at the end of 90 min
for Rhodamine 6G treatment using CueFe supported on ZSM-15
zeolite. It was also found that the catalytic performance of this
bimetallic catalyst is far better than that of the monometallic Fe/
ZSM-15 catalyst (Dükkanci et al., 2010).

Complete photodegradation of Acid Violet 7 (AV7) was reached
with an initial concentration of 300 mg L�1 using UV light for
60 min using CdeAg/ZnO. 72% removal was achieved using Cd/ZnO
while 82% degradation was reached with Ag/ZnO. Acid Black 1
(AB1) was also targeted achieving 98% degradation within 45 min
using the same bimetallic catalyst. Using Cd/ZnO and Ag/ZnO cat-
alysts led to 84% and 82% AB1 removal, respectively. Results show
enhancement in both AV7 and AB1 degradation efficiency using the
bimetallic catalyst (Balachandran and Swaminathan, 2012). In
addition, complete degradation of Reactive Orange 4 was reported
using catalytic ozonation for 100mg L�1 initial dye concentration at
pH 9 (Ghuge and Saroha, 2018). In this work, catalytic ozonation
was also performed to treat an actual textile dye industry effluent
using RueCu/SBA-15 bimetallic catalyst containing a high concen-
tration of bicarbonate ions and chemical oxygen demand (COD) of
about 1360 and 1440 mg L�1, respectively. It was shown that the
presence of bicarbonate ions in the textile industry dye effluent
caused low COD removal efficiency (30.88%) in the system. These
bicarbonate ions are said to act as hydroxyl radical scavengers
(Zhao et al., 2011). Thus, they should be removed from the effluent
prior to its catalytic treatment.

OII was also completely degraded using diatomite-supported
FeeNi NPs at pH 3 (Ezzatahmadi et al., 2018). The use of FeeNi
supported on SiO2 as a heterogeneous photo-Fenton catalyst un-
der solar and visible light irradiation to treat methylene blue (MB)
was reported (Ahmed et al., 2016). In this study, both degradation
and total organic carbon (TOC) removal efficiencies were higher
using solar light than using visible light. The bimetallic catalyst
presented good catalytic activity and was observed to respond to
hydrogen peroxide to produce hydroxyl (�OH) radicals in the
degradation of MB dye molecules. A mechanism for the degrada-
tion of dyes is shown in Fig. 7 (Pradhan et al., 2016). In the photo-
Fenton system, dye degradation progresses in the presence of
CoeFe/Al2O3-MCM-41 catalyst, hydrogen peroxide (H2O2), and
visible light. The oxidation and reduction reactions occur from
Co2þ-Fe2þ/Al2O3-MCM-41 to Co3þ-Fe3þ/Al2O3-MCM-41 nano-
composite, stimulating �OH radical generation. The �OH radicals
react with dyemolecules and produce a degradation product. In the



Fig. 7. Mechanistic pathways of dye degradation using CoeFe/Al2O3-MCM-41 in visible
light.
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case of photocatalysis, electrons (e�) and holes (hþ) are generated
when the surface of the bimetallic catalyst is exposed to visible
light. hþ reacts with H2O and then forms the active species (�OH
radicals). The photogenerated electron reacts with dissolved O2.
Consequently, the generated �OH radicals react with dyes, pro-
ducing degradation products (Pradhan et al., 2016).

Different bimetallic catalysts supported on alumina-
mesoporous silica were studied in the photodegradation of MB,
Congo red (CR), and mixed dyes (MB þ CR). The photodegradation
order for all the dyes treated is CoeFe/Al2O3-MCM-41 > FeeMn/
Al2O3-MCM-41 > MneCo/Al2O3-MCM-41 > Fe/Al2O3-MCM-
41 > Co/Al2O3-MCM-41 > Mn/Al2O3-MCM-41. The results indicate
that adding a second metal improves the catalytic activity and
performance of the monometallic catalyst (Pradhan et al., 2016). CR
was also treated using hydrogen peroxide and CoeFe supported on
polyacrylamide hydrogel (PAM) as the oxidant and catalyst (with a
loading of 0.05 g L�1), respectively, at neutral pH, reaching about
96.45% efficiency within 60 min. In addition, Fe/PAM and Co/PAM
were used to determine the effect of second metal incorporation in
the CR removal leading to 85.19% and 84.76% degradation within
75 min, respectively (Aftab et al., 2019). Cobalt and iron supported
on mesoporous SBA-15 was utilized in OII degradation, achieving
93.4% at room temperature under acidic conditions (Cai et al.,
2015). CoeFe catalysts achieved different degradation efficiencies
depending on the support used, the synthesis method utilized, and
the target dye pollutant treated (Aftab et al., 2019; Cai et al., 2015;
Pradhan et al., 2016).

Recently, CueNi supported on ginger powder (GP) has been
used to treat three kinds of dye (Ismail et al., 2018). The 3.0 g L�1

CueNi (combined with sodium borohydride electrolyte) showed
good catalytic activity for the removal of various dyes, i.e., Rhoda-
mine B (RhB), Methyl Orange (MO), and CR, with 95e98% removal.
Moreover, the CueNi catalyst was compared with the CueAg
catalyst, showing similar degradation efficiencies for all the dyes
studied at a very short reaction time. The reusability of CueNi/GP
and CueAg/GP catalysts was found to be five cycles. The use of
CueAg/GP catalysts can completely degrade the dyes after a series
of five cycles for 4, 5, 7, 10, and 12 min for each respective cycle. The
use of CueNi/GP leads to longer reaction times to accomplish
complete degradation in its series of five cycles (i.e., 5, 7, 9, 14, and
19 min). Consequently, the stability of the synthesized GP-
supported catalysts was checked after 1, 18, and 36 h. Both cata-
lysts (CueAg and CueNi) were stable, demonstrating almost
complete degradation of MO dye (with 90% efficiency). However,
CueAg can degrade the dye in a shorter time (approximately half
the time relative to CueNi).

The recyclability results indicated that CueAg/GP has excellent
reusability and stability compared with those of CueNi/GP.
9

Therefore, CueAg/GP catalyst can be utilized many times as an
active catalyst in various chemical reactions. The exceptional cat-
alytic activity of CueAg/GP during reuse compared to that of
CueNi/GP might be due to the excellent absorption capability of GP
for copper and silver and due to the higher reduction potential of
silver compared to that of nickel. Furthermore, the CueNi/GP
catalyst may be oxidized during the reduction process (Ismail et al.,
2018).

Mesoporous SBA-15 supporting iron and nickel was utilized to
degrade 99.3% of 50 mg L�1 AR73. The optimal Ni-to-Fe ratio was
1:2. In this study, the catalyst showed high catalytic activity with
95% efficiency even after seven consecutive cycles (Li et al., 2015).
Similarly, this high catalytic activity was exhibited for the removal
of Direct Black G (DBG) (Liu et al., 2013). The reusability of this
catalyst was tested in treating actual wastewater from a textile
printing and dyeing company in Fuzhou, China. The degradation
rates were 99.01%, 94.57%, and 49.21% after the first, third, and fifth
cycles, respectively, demonstrating a drastic decrease in degrada-
tion rate with the number of cycles. Moreover, it was shown that
kaolin serves as an adsorbent for DBG and as a stabilizer for FeeNi
NPs. DBG was degraded by the synthesized catalyst via the
adsorption of kaolin and a redox reaction of FeeNi, with Ni acting as
a catalyst and Fe acting as a reductant. Furthermore, the FeeNi
catalyst was shown to be highly effective for treating MB via the
solar and visible photo-Fenton process (Ahmed et al., 2016).

The performance and catalytic activity of CueNi catalyst sup-
ported on titania synthesized by co-precipitation, deposition pre-
cipitation, and wet impregnation were compared accordingly (Riaz
et al., 2012). The catalyst prepared by wet impregnation gave the
highest degradation efficiency under the same operating condi-
tions; this was confirmed by another study (Hameed, 2016). The
authors used CueNi/TiO2 and CueNi/ZnO, achieving 97.74% and
76% Vat Red 1 dye degradation, respectively. Similarly, FeeCu/ZSM-
5 was synthesized using the ion-exchange (IE) and hydrothermal
(HT) methods. HT-Fe-Cu/ZSM-5 removed 99% of Rhodamine 6G
(100 mg L�1) at pH 3.5 after 120 min. IE-Fe-Cu/ZSM-5 achieved
complete degradation at a higher pH (pH 7.2) after 90 min of re-
action (Dükkanci et al., 2010).

FeeCu/HMS, Fe/HMS and Cu/HMS systems via heterogeneous
Fenton catalysis were compared in terms of OII abatement. Fe/HMS
and Cu/HMS as the catalysts reached 31.6% and 85.7% OII reduction
for 2 h of reaction, respectively, reflecting relative inert catalytic
activity of Fe/HMS compared to that of Cu/HMS. Significantly,
FeeCu/HMS achieved 94.3% degradation in 2 h, which clearly
shows the synergistic effect of iron and copper in the Fenton re-
action (Wang et al., 2015). It was found that the addition of Cu on
the Fe catalyst produced a catalyst that is less pH-dependent while
maintaining high activity. At pH 9.0, it still showed a high catalytic
degradation of 93.8%. This catalyst retained high catalytic activity
after five consecutive runs (78.9%) (Wang et al., 2015). FeeCu
catalyst was observed to exhibit good performance in treating OII
dye, reducing the concentration from 100 to 7.2 mg L�1 (92.8%)
with FeeCu/HMS catalyst (Wang et al., 2016). Fe/HMS and Cu/HMS
achieved 23.8% and 85% removal, respectively, indicating the su-
periority of the bimetallic catalyst in terms of performance and
activity. Furthermore, this catalyst was applied to treat a high initial
concentration (1000 mg L�1 OII), with 77.71% removal efficiency at
pH 7.0. The fabricated FeeCu/HMS had good stability and recycla-
bility performance (about 75.1% after 5 runs). The optimal Fe/Cu
ratio was 1:3 (Wang et al., 2016). It was found that the catalytic
activity of the bimetallic catalyst highly depends upon the Fe/Cu
ratio. Similarly, 94.3% OII removal was achieved at pH 7.0 using
FeeCu catalyst supported on carbon nanofibers (CNF) (Wang et al.,
2017). Obtained OII removal efficiencies using Fe/CNF and Cu/CNF
are 18.5% and 69.3%, respectively. The prime catalytic activity of
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FeeCu/CNF can be attributed to the synergistic effect between iron
and copper enhancing the performance and activity of this catalyst
in Fenton catalysis. After 5 cycles, 79.9% OII degradation was ach-
ieved, exhibiting good recyclability performance in the heteroge-
neous Fenton process (Wang et al., 2017). For these progressive
works, the support might have a significant effect on the degra-
dation efficiency despite treating the same dye contaminant (Wang
et al., 2017, 2016, 2015).

FeeCu bimetallic catalysts supported on bentonite and amo-
doximated polyacrylonitrile fiber complexes also showed high
catalytic performance for treating AB1 and RhB dyes, respectively
(Dong et al., 2011; Yip et al., 2007). FeeCu supported on acid-
activated bentonite reached 99%e100% degradation at all pH
values (pH 3 to 9), indicating high catalytic activity. In addition, TOC
removal efficiencies were found to be 90%, 85%, and 94% for pH 3, 7,
and 9, respectively (Yip et al., 2007).

The FeeMn catalyst can also be used to treat MB and CR dyes.
Specifically, FeeMn/Al2O3-MCM-41 exhibited 97% and 90% MB and
CR dye degradation, respectively (Pradhan et al., 2016). Wet
impregnation-synthesized FeeMn supported on granular activated
carbon (GAC) reduced 50 mg L�1 MO dye by 94% via catalytic
ozonation (Tang et al., 2016). In this work, the catalyst (5 g L�1 at
ambient temperature with pH 10.0) exhibited good catalytic ac-
tivity. Furthermore, the influence of �OH radical scavengers on MO
removal was examined. The study adopted sodium carbonate as the
free radical scavenger added into the MO simulated wastewater. It
was be observed that the MO removal decreased with increasing
Na2CO3 dose. Remarkably, 99% MO removal was achieved with
Na2CO3 added in the wastewater. Approximately 85%, 71%, and 65%
of MO could be degraded at Na2CO3 dosages of 5, 10, and 20 mL,
respectively, under the same conditions. As stated above, the main
reason is that carbonate (CO3

2�) and bicarbonate ions (HCO3
�) are

generally considered as �OH scavengers; both can react with �OH to
generate carbonate radical ions through the following reactions in
an appropriate pH range (Hao et al., 2012):

CO3
2� þ �OH / CO3

�� þ OH� k1 ¼ 3.9 � 108 M�1 s�1 (3)

HCO3
� þ �OH / CO3

2� þ H2O k2 ¼ 8.5 � 106 M�1 s�1 (4)

where k is the rate constant of CO3
2� and HCO3

�, correspondingly.
This shows that the addition of �OH scavengers decreases MO

degradation and proves that the main mechanism for MO degra-
dation is the generation of �OH by the catalytic ozonation of the
FeeMn catalyst supported on GAC.

Unsupported bimetallic NPs were also used as heterogeneous
catalysts for the treatment of dye-containing effluents. FeeNi NPs
were found to be effective catalysts for OG dye degradation. Bokare
et al. observed complete degradation with an initial concentration
of 1500 mg L�1 at pH 7 (Bokare et al., 2007). Similarly, in acidic
conditions (pH 2.0), OG was 100% degraded after 10 min of reaction
(Bokare et al., 2008). 98% removal was observed with a high initial
concentration of 1000 mg L�1 for 60 min of treatment (Foster et al.,
2019). Similarly, FeeCu unsupported catalysts can be used to treat
1000 mg L�1 Acid Orange 7 dye, reducing it by 94.3% with the aid of
sodium sulfate (Yuan et al., 2014). The authors suggested that this
bimetallic system is a promising process for the toxic and refractory
wastewater from the printing and dyeing industries, significantly
reducing the TOC and COD by 60.8% and 61.8%, respectively. An
iron-palladium catalyst was found to have high stability even after
28 days, maintaining 75.1% degradation.

Recently, FeeNi metal organic frameworks (MOFs) were found
to be efficient Fenton-like catalysts for the treatment of MB andMO
dyes under visible light. These bimetallic catalysts possessed
significantly enhanced adsorption and photo-Fenton performance
10
compared with monometallic catalysts, and simultaneous in situ
decontamination and adsorbent regeneration (Wu et al., 2021).
Activated carbon derived from waste lemon by-products was used
as a support material for FeeZn bimetallic nanoparticles. The ac-
tivity of the catalyst was studied on its catalytic action on Reactive
Red 2 dye (100 mg L�1) in the Fenton-like system leading to 96.01%
degradation (Oruç et al., 2019). Monometal- and bimetal-doped
MCM-41 (Fe/MCM-41, Co/MCM-41 and FeeCo/MCM-41) were uti-
lized to degrade synthetic MO dye wastewater via PMS activation.
Compared with its monometallic counterparts, the bimetallic
catalyst showed extremely higher catalytic activity and stability,
and remarkably lower metal leaching in the catalytic oxidative
degradation process. This excellent activity could be attributed to
the high metal dispersion and the synergistic effects of Co2þ/Co3þ

and Fe2þ/Fe3þ redox cycles (X. Sun et al., 2020). A porous biochar-
supported FeeMn composite was found to be an effective persul-
fate activator for Acid Red 88 degradation together with its high
stability and reusability (Chen et al., 2020). PdeAg supported on
macroporous silicon (macroPSi) was fabricated for MB degradation.
Photocatalytic activity of the monometallic and bimetallic catalysts
was tested under ultraviolet irradiation. PdeAg/Psi exhibited
higher activity than the as-prepared macroPSi, Ag/PSi and Pd/PSi
showing superior performance (Wali et al., 2019). Bimetallic AuePd
NPs were deposited on a hybrid of Na2Mn4O13 and MoO3 (NM) to
synthesize highly active and stable nano-hybrid bimetallic cata-
lysts. The performance of monometallic and bimetallic systems was
compared in the treatment of Safranine, Brilliant Green and
Methylene Blue dyes. The catalytic activity observed in this work is
as follows: AuePd/NM > Au/NM > Pd/NM. It was also found that
the highest catalytic activity for dye degradation is achieved using
Au/Pd mass ratio of 1:1 and calcination temperature of 400 �C (P.
Wang et al., 2020). Highly active CueBiOS bimetal oxysulfide cat-
alysts were efficient in the reduction of organic dyes (MB, MO and
RhB) in the presence of NaBH4 under dark conditionwithin 3min of
reaction time (Guo et al., 2020). MO catalytic reduction using
bimetallic AueAg catalyst and NaBH4 reductant reached complete
degradation showing higher catalytic reduction activity than the
monometallic Ag catalyst (55.25%) (Vinotha Alex et al., 2020).
Photodegradation of RhB under visible light illumination was done
using bimetallic AleFe MOF achieving almost complete degrada-
tion in 120 min. Improved photo-Fenton catalytic efficiency, recy-
clability, higher reliability and stability than its parent
MILe88 B(Fe) (MIL: Materials Institute Lavoisier) were achieved by
this catalyst. In addition, no significant metal leaching was
observed during the photodegradation process. These characteris-
tics notably justify its economic feasibility in real applications
(Nguyen et al., 2020). The Fenton catalytic performance of CueCo
MOF embedded on carbon nanocubes (CNC) were investigated in
the degradation of AOII. The Cu/Co ratio of 4:6 displayed the highest
catalytic activity with faster degradation rate than Co/CNC. The
catalytic performance of the bimetallic catalyst could be attributed
to the synergistic effects of the optimized ratio of Cu/Co, high sur-
face area and graphitized carbon framework. Furthermore, notable
reusability performance was observed after five successive runs
(90.6%) (J. Wang et al., 2020). Copper-based bimetallic oxysulfide
(CuVOS) coated on the surface of spherical porous SiO2 (CuVOS/
SiO2) was investigated for the catalytic reduction of MB, MO and
RhB showing complete degradation for all the studied dyes in less
than 5 min under similar conditions. It was also found that the
porosity of the SiO2 support and the active sites of CuVOS in the
bimetallic system enhanced the catalytic reduction under dark
conditions (H. Sun et al., 2020).

Dye degradation by bimetallic catalytic activity depends on the
metal ratio, choice of support, degradation process, catalyst
loading, temperature, pH, and initial dye degradation. Bimetallic



Fig. 8. Phenol degradation pathways by bimetallic catalyst.

K.G.N. Quiton, M.-C. Lu and Y.-H. Huang Chemosphere 262 (2021) 128371
catalysts are promising for the remediation of dye-containingwater
and wastewater and can be used in a wide range of pH values. They
have high reusability and stability, which are an advantage in
heterogeneous catalysis.

4.1.3. Degradation of phenol and its derivatives
Peroxymonosulfate (PMS) activated by CueCo/MnO2 is 100%

efficient in the degradation of phenol in the heterogeneous
decomposition system. Monometallic catalysts, Cu/MnO2 and Co/
MnO2, were compared to the bimetallic catalyst achieving 47.3%
and 61.6%, respectively, showing the significant effect of adding a
second metal. A remarkable synergistic effect from Co and Cu in
MnO2 was evidenced in this study (Khan et al., 2017). Similarly,
complete degradation of a high phenol concentration of
1000 mg L�1 was achieved by Jiang et al. via catalytic wet peroxide
oxidation (CWPO) catalyzed by FeeCu/ZSM-5 within 7 h (Jiang
et al., 2017). Sun et al. treated the same initial concentration at a
shorter period of 3 h (Sun et al., 2017). 500 mg L�1 phenol was
completely degraded using AuePd/TiO2 catalyst under UVevisible
irradiation, suggesting a high oxidative degradation capacity of
bimetallic catalysts toward phenol. Au/TiO2 and Pd/TiO2 both
reached below 60% phenol degradation efficiency showing lesser
catalytic activity from AuePd/TiO2 catalyst (Cybula et al., 2014). The
possible contribution of iron to the HDC activity of bimetallic
PdeFe/g-Al2O3 catalyst for chlorophenols was investigated using
monometallic Fe/g-Al2O3 catalyst showing no significant HDC ac-
tivity. CWPO was applied to the phenol formed from the hydro-
dechlorination (HDC) of 4-chlorophenol, achieving 100%
degradation within 1 h (Munoz et al., 2013). Almost complete
degradation was reached using CoeNi supported on a N-doped
carbon matrix (NC) for treating less than 500 mg L�1 phenol, with
�99.9% of it converted to cyclohexanol. Co/NC and Ni/NC both
revealed poor catalytic activity achieving 35.2% and 23.2% cyclo-
hexanol conversion (Li et al., 2017). Moreover, high degradation
efficiency (98%) was observed using FeeCu/allophane clays
achieving greater catalytic activity compared to that of Fe/allo-
phane and Cu/allophane catalyst under identical conditions
(Garrido-Ramírez et al., 2016). Various Fe-based bimetallic catalysts
were tsted for treating 1000 mg L�1 phenol solution, achieving
100%, 97%, and 70% degradation for FeeMn, FeeCo, and FeeNi
catalysts, respectively, under the same operating conditions (Sun
et al., 2017). The FeeMn catalyst was also tested for three runs; it
retained 100% degradation, indicating its great catalytic reusability
for phenol treatment. Similarly, NC-supported CueNi, CueCo, and
CoeNi were tested for phenol degradation in the presence of H2. It
was found that the degree of degradation followed the order
CoeNi [ CueCo > CueNi (Li et al., 2017).

Fe and FeeCu supported on hollow Silicate-1 (hol S-1) were also
investigated for phenol degradation. The bimetallic catalyst
showed superior catalytic activity (~100% degradation) compared
to the monometallic catalyst (~70% degradation). The Fe and Cu
leaching in the system are 0.28 and 0.35mg L�1, respectively, which
is an advantage in the heterogeneous catalysis system. After 5 cy-
cles, FeeCu/hol S-1 still degraded 80% of phenol while Fe/hol S-1
only reached 20% degradation indicating the enhancement of the
catalytic activity upon addition of Cu to the monometallic catalyst
(Dai et al., 2017). Similarly, FeeCu supported on aluminum-
containing MCM-41 Fenton catalyst was synthesized via co-
precipitation. 47% TOC reduction was achieved at pH 4, 0.049 M
of H2O2 dosage and temperature of 60 �C. Compared with the
monometallic catalysts, the synthesized bimetallic catalyst
exhibited a higher activity and greater stability in phenol miner-
alization (Xia et al., 2011).

Phenol degradation by CoeCu bimetallic catalyst is shown in
Fig. 8 (Khan et al., 2017). When PMS is activated in the presence of
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Cu2þ, the Cu2þe(HO)OSO3
� complex forms through one electron

transfer inside this complex. Consequently, SO4
�� is produced and

Cu3þeOH� is generated, which is then reduced to Cu2þeOH by
HSO5

�. Cu2þe(HO)OSO3
� is formed by the interaction between the

metal site and the peroxo-bond in PMS. This mechanism is
described by the following reactions:

Co2þ þ H2O 4 CoOHþ þ Hþ (5)

CoeOHþ þ HSO5
� / CoOþ þ SO4

�- þ H2O (6)

Co2þ þ HSO5
� / Co3þ þ SO4

�- þ OH� (7)

CoOþ þ 2Hþ 4 Co3þ þ H2O (8)

Co3þ þ HSO5
� / Co2þ þ SO5

�- þ H2O (9)

Cu2þeOH- þ HSO5
� / Cu2þe(HO)OSO3

� þ OH� (10)

Cu2þe(HO)OSO3
� / Cu3þeOH- þ SO4

�- (11)

Cu3þeOH- þ HSO5
� / Cu2þ e �HOOSO3

� þ H2O (12)

Cu2þe�HOOSO3
� þ 2H2O / Cu2þ e OH� þ O2 þ 2SO4

�- þ 2Hþ (13)

SO4
�- þ OH� / SO4

2� þ �OH (14)

The photocatalytic activity of AueCu/TiO2 have been studied for
phenol photodegradation in aqueous solutions under UVevisible
irradiation. Surprisingly, addition of Cu to Au/TiO2 led to better
enhancement in the photocatalytic properties of Au/TiO2. Using the
bimetallic catalyst, the phenol photodegradation reached 80% in
3 min and complete degradation in 6 min. The kinetic degradation
is in the order: AueCu/TiO2 > Cu/TiO2 > Au/TiO2 which indicates
improved photocatalytic activity utilizing the bimetallic catalyst
(Hai et al., 2013).

Bimetallic catalysts were also found to be viable catalysts for the
treatment of chlorophenols with a concentration of as high as
200 mg L�1200 mg L�1 of 4-chlorophenol (4-CP) was treated,
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reaching complete degradation with a PdeFe/g-Al2O3 catalyst dose
of 2 g L�1 and 10.15 mM H2O2 concentration within 1 h (Munoz
et al., 2013). Similarly, PdeFe and RheFe catalysts supported on
g-Al2O3 were observed to completely degrade the same concen-
tration of 4-CP, achieving 84.9% phenol selectivity and 99.9%
cyclohexanol selectivity, respectively (Munoz et al., 2014). 99.9% 4-
CP degradation, 51.0% COD removal and 40.2% TOC removal were
observed using the CueCo catalyst supported on alumina in an
H2O2/HCO3

� system. To determine the effect second metal incor-
poration, alumina-supported Co and Cu catalysts were also syn-
thesized and used achieving poor 4-CP degradation, TOC and COD
removal compared to the bimetallic catalyst (Li et al., 2016).
Furthermore, the treatment of 20 mg L�1 4-CP was catalyzed by
FeeNi supported on montmorillonite (MMT), reaching complete
degradation (Zhang et al., 2019).

2,4-dichlorophenol (2,4-DCP) and 2,4,6-trichlorophenol (2,4,6-
TCP) were treated using various bimetallic catalysts, with the
PdeFe catalyst exhibiting superior catalytic degradation capacity.
The PdeFe/g-Al2O3 catalyst exhibited total degradation with an
initial 2,4,6-TCP concentration of 100 mg L�1 in the H2O2 system
(Munoz et al., 2013). Almost complete degradation (99.9%) of
50 mg L�1 2,4,6-TCP in the H2O2/HCO3

� system was reported (Li
et al., 2016). With the same PdeFe/g-Al2O3 catalyst, 200 mg L�1

2,4-DCP was treated, with complete removal achieved within 1 h
(with a catalyst dose of 2 g L�1 and 10.15 mMH2O2 concentration at
room temperature) (Munoz et al., 2013). Moreover, the PdeFe
catalysts were further utilized to treat 2,4-DCP with concentra-
tions in the range of 10e200 mg L�1, with 90%e100% degradation
achieved (compared to FeeCu catalyst achieving 76.3% degradation
with 10 mg L�1 concentration) (Fang et al., 2018; Li et al., 2016; Wei
et al., 2006; Wito�nska et al., 2014; Zhang et al., 2010). For para-
chlorophenol treatment, PdeFe was found to be an efficient
bimetallic catalyst for treating a concentration range of
5e100 mg L�1 (Jovanovic et al., 2005; Su et al., 2011; Zhou et al.,
2013). In addition, 500 mg L�1 para-nitrophenol was 98%
degraded with a catalyst dose of 35 g L�1 in the presence of sodium
sulfate at pH 6.7 (Lai et al., 2014).

20 mg L�1 of 4-NP took only 2min to be completely degraded by
CuVOS/SiO2 bimetallic catalyst under dark condition (H. Sun et al.,
2020). Similarly, bimetal CuBiOS oxysulfide catalyst was used for
the complete reduction of 4-NP in the presence of NaBH4 within
2 min (Guo et al., 2020). Mesoporous silica modified with graphitic
carbon nitride was used as support for AuePd bimetallic NPs. This
synthesized photocatalyst showed superior photocatalytic activity
compared to the monometallic catalyst in the mixed Cr(VI)/phenol
solution ascribing to its enhanced visible light response and
bimetallic co-effect. In this study, simultaneous reduction of Cr(VI)
and oxidation of phenol occurred (Patnaik et al., 2020). FeeNi
nanocomposite supported on sepiolite (FeeNi/Sep) was used to
degrade 2,4-DCP from aqueous solution. The pollutant was
completely degraded using the bimetallic catalyst, whereas FeeNi
nanocomposite and sepiolite in isolation yielded 90.8% and 8.4%
removal efficiencies, respectively. TOC removal efficiencies were
92.9%, 84.7% and 9.2% for FeeNi/Sep, FeeNi nanocomposite and
sepiolite, respectively, indicating higher catalytic performance us-
ing the bimetallic catalyst (Ezzatahmadi et al., 2019a). In another
work, FeeNi bimetallic catalyst supported on palygorskite (FeeNi/
Pal) was used as a heterogeneous catalyst for 2,4-DCP dechlorina-
tion. Complete dechlorination and 2,4-DCP degradation was
observed together with high TOC removal efficiency. FeeNi/Pal
showed higher dechlorination performance and TOC removal effi-
ciency than FeeNi composite and Fe/Pal catalysts (Ezzatahmadi
et al., 2019b). FeeCu/zeolite Fenton-like catalyst was found to be
more efficient on phenol degradation at near neutral pH than Fe/
zeolite and Cu/zeolite. In the presence of H2O2, the supported
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bimetallic catalyst was able to remove 95.3% phenol after 4 h of
reaction time at pH 5, which was much higher than that of the
monometallic catalysts under identical conditions. The improved
catalytic activity of FeeCu/zeolite was brought about by the syn-
ergistic effect between the Fe/zeolite (core) and the two-
dimensional copper hydroxide nanosheets (shell). The Cu hydrox-
ide nanosheets with an open network structure on FeeCu/zeolite
surface enhanced the stability of the Fe(III) under acidic conditions
and avoided reduced catalytic efficiency of Fe(III) cause by
embedding effect (Huang et al., 2020).

FeeCu/zeolite was also utilized to treat bisphenol A (BPA)
achieving 87% degradation with catalyst dose of 3 g L�1, Cu/Fe ratio
of 1:2 and pH 5 within 120 min. The bimetallic catalyst used
possessed advantages such as easy preparation, relatively low
chemical cost, high production of reactive oxygen species and easy
operation for upscale applications (Xu et al., 2020). CoeBi bime-
tallic NPs were functionalized with nickel foam (NF) and were
employed as heterogeneous catalysts in the activation of PMS tar-
geting BPA as pollutant achieving 95.6% removal within 30 min. Co/
NF and Bi/NF were also investigated, and the results show that Bi/
NF was not capable in activating PMS with no BPA degradation
occurring while Co/NF-PMS system achieved 39.9% BPA degrada-
tion after 30 min. The synergistic effect of cobalt and bismuth
played a significant role in the heterogeneous catalysts as PMS
activators. CoeBi/NF showed superior catalytic activity on BPA
degradation, especially when the calcination temperature and time
were 300 �C and 2 h, respectively. In addition, this bimetallic
catalyst also exhibited outstanding reusability and stability (Hu
et al., 2019). Similarly, FeeCo bimetallic catalyst with Fe/Co ratio
of 1:1.12 was utilized to treat BPA pollutant reaching 96% removal in
2 min. Significantly, the stability test showed that the rich Fe on the
shell section could effectively inhibit cobalt ion leaching (Zhang
et al., 2020).

FeeCo catalyst as PMS activator treated 20 mg L�1 phenol so-
lution achieving complete degradation in 30 min at room tem-
perature. Different calcination temperatures were also investigated
showing that the bimetallic catalyst calcined at 300 �C exhibited
excellent catalytic stability owing to the minimal to negligible Co
leaching in the system. Adding to this, the excellent catalytic ac-
tivity exhibited by the catalyst can be ascribed to its hierarchically
porous structure, additional active sites and oxygen vacancies (Li
et al., 2020).

PdeCu, PdeNi, PdeAu and PdeAg supported on Mn3O4 were
used to treat 4-NP solution. PdeCu/Mn3O4 possessed superior
catalytic activity toward the reduction of 4-NP in comparison to the
other bimetallic catalysts investigated. This catalyst achieved stable
conversion efficiency of 90% after 10 consecutive runs. It was also
tested for its feasibility in industrial applications leading to rapid
catalysis of simulated wastewater containing 4-NP and good anti-
interference toward several inorganic and organic species (Ma
et al., 2019). PteRh bimetallic catalyst can also degrade 4-NP to
4-AP in a short period of time with good stability and recyclability
(Q. Yan et al., 2020). Bimetallic HgePd catalyst with 1:1 Hg/Pd ratio
completely degraded 4-NP to 4-AP in the presence of NaBH4
retaining its great catalytic performance after five successive cycles
(Harika et al., 2020). High stability and great catalytic reducibility
were observed in the degradation of p-NP to p-AP using PdePt
bimetallic catalyst. The PdePt catalyst achieved improved kinetic
apparent rate constants compared to the Pt catalyst (0.5 min�1 vs.
0.2 min�1) (Wang et al., 2019). MgeFe Fenton-like catalyst with
Mg/Fe of 32:1 exhibited the best performance for the 4-CP degra-
dation achieving complete 4-CP degradation and 91.8% TOC
removal (Yang et al., 2019).

Bimetallic iron-nickel sulfide as peroxydisulfate (PDS) activator
was investigated in the removal of 4-CP, 1.4-DCP and 2,4,6-TCP. Fe-



Fig. 9. Reaction mechanism of COC catalytic dechlorination by PdeFe bimetallic
catalyst in (a) acidic solution and (b) basic solution.
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PDS and Ni-PDS systems were employed in the removal of 2,4,6-
TCP achieving only 5% and 24%, respectively, indicating inferior
catalytic activity compared to FeeNi bimetallic catalyst (82%). The
results also show that this bimetallic catalyst can efficiently activate
PDS to produce sulfate radical (SO4

�-) playing a significant role in the
oxidative dechlorination and degradation owing to its strong
oxidizing property and the ability for �OH radical production in
basic conditions. This bimetallic catalyst exhibited great catalytic
oxidative dechlorination property, PDS activation performance and
durability (X. Yan et al., 2020). Various bimetallic catalysts were
found to be efficient and effective for the treatment of phenol and
its derivatives with a wide range of concentrations.

4.1.4. Chlorinated organic compounds (COCs)
p-dichlorobenzene was completely dechlorinated by PdeFe

bimetallic reductants with a low catalyst dose of 0.05 g L�1

within 3 h at room temperature (Xu et al., 2005a). Similarly, Xu
et al. achieved 100% dechlorination efficiency using PdeFe catalyst
to treat o-dichlorobenzene under similar experimental conditions
(Xu et al., 2005b). The PdeFe NPs dechlorinated carbon tetrachlo-
ride (CT), chloroform (CF), and dichloromethane (DCM) with 65.0%,
67.4%, and 7.0% efficiency, respectively (Wang et al., 2008).
Furthermore, Wang et al. used this catalyst to treat the same con-
taminants, achieving almost complete removal efficiency (90%
to > 99%), for CT, CF, and DCM (Wang et al., 2009). These catalysts
are also effective for the dechlorination of lindane, tetrachlorobi-
sphenol A, trichloroethene, and tetrachlorethene (Han et al., 2016;
Huang et al., 2013, 2009; Nutt et al., 2006).

Furthermore, PdeFe catalysts are the most widely used for the
dechlorination of various COCs, showing great catalytic efficiency.
The reactionmechanisms for the catalytic dechlorination of COCs in
acidic and basic media are shown in Fig. 9. The following steps have
been proposed: (i) H2 is generated by the corrosion of iron in water
(Eq. (15) and (16)), (ii) RCl, a generalized chlorinated hydrocarbon,
is transported to catalyst Pd, simultaneously forming the complex
Pd‧‧‧Cl‧‧‧R (Eq. (17)), and (iii) RCl is then transformed to the corre-
sponding hydrocarbon RH (Eq. (18)) (Wang et al., 2008).

Fe þ 2 Hþ / Fe2þ þ H2 (in acidic solution) (15)

Fe þ H2O / Fe2þ þ H2 þ 2 OH- (in basic solution) (16)

Pd þ RCl / Pd‧‧‧Cl‧‧‧R (17)

H2 þ Pd‧‧‧Cl‧‧‧R / RH þ Hþ þ Cl� þ Pd (18)

4.2. Inorganic pollutant treatment

Environmental pollution by nitrates originates mainly from
human activities involving excessive long-term use of chemical
fertilizers in agriculture, intensive animal husbandry, wastewater
and sewage discharge, and landfill leachate (Chiueh et al., 2011).
Excessive quantities of nitrate may enter the human body through
nitrate-contaminated drinking water or foodstuff. Once they enter
the body and are absorbed by it, nitrate can be reduced to nitrite,
which may combine with hemoglobin to form methemoglobin,
resulting in a serious reduction of the blood oxygen-carrying ca-
pacity, which is associated with diseases such as blue baby syn-
drome. The European Community nitrate limit for both drinking
water and wastewater discharge is 50 mg L�1 (Barrab�es and S�a,
2011).

Hexavalent chromium, Cr(VI), is a highly toxic, mutagenic, and
carcinogenic inorganic contaminant classified by the International
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Agency for Research on Cancer as a Class I Carcinogen (Chen et al.,
2014; Yao et al., 2018). Water contamination by Cr(VI) is mainly
caused by industrial activities including tanning, electroplating,
stainless steel manufacturing, wood preservation, and the pro-
duction of pigments, paints, paper, and pulp (Shi et al., 2019). The
WHO limits Cr(VI) in drinking water to 0.05 mg L�1 to safeguard
human health (Vilela et al., 2019). Moreover, the US EPA set a
maximum discharge limit of 0.1 mg L�1 to inland surface waters.
The Government of India through the Ministry of Environment and
Forest also set the minimal national standard to 01. mg L�1 for the
safe effluent discharge of Cr(VI) into surface waters (Singh et al.,
2011). Consequently, Cr(VI) removal from water and wastewater
is very crucial. Cr(III) is less hazardous and less mobile compared to
Cr(VI) due to its limited water solubility. It is considered as a
nutrient for humans and animals in trace quantities. Therefore, the
reduction of Cr(VI) to Cr(III) is a critical step to improve the total
chromium removal rate in water and wastewater.
4.2.1. Conventional treatment methods
The removal of nitrates is presently done using reverse osmosis,

ion exchange, and electrodialysis. The drawback of these systems is
that they remove nitrates and concentrate them in the reject water
or brine. The disposal of this rejected water is costly and considered
as an environmental issue. Biological denitrification and hetero-
geneous catalytic systems aim to convert nitrates into harmless
nitrogen gas. Biological treatment is proven to be highly effective
and efficient for the removal of most pollutants, but biodegradation
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processes are essentially slow and cannot achieve high degrees of
removal. Sludge produced by biological treatment increases
running costs because of its disposal by either landfilling or burning
and consequently causes further environmental issues (Barrab�es
and S�a, 2011; Fu et al., 2015).

Various conventional methods are used to treat Cr(VI), including
adsorption and filtration, chemical precipitation, electro-
coagulation, electrodialysis, ion exchange, and membrane separa-
tion (Quiton et al., 2018). However, these technologies have several
drawbacks, such as low efficiency, high operating and maintenance
cost, sludge generation, which causes disposal issues, and pro-
duction of secondary pollutants (Alemu et al., 2018). These limit
problems applicability in real situations.

4.2.2. Nitrate reduction
Catalytic processes such as denitrification by bimetallic catalysts

are promising technologies for converting nitrate (NO3
�) to harm-

less nitrogen gas (N2) in a natural and engineered environment in
the presence of a reducing agent (in this case hydrogen).

The catalytic nitrate removal from water has been proposed as
an efficient and economical technique for meeting nitrate and ni-
trite (NO2

�) standards with no further modifications (Pintar et al.,
1998). The nitrate/nitrite hydrogenation process can be described
by the following reactions:

NO3
� þ H2 / NO2

� þ H2O (19)

2NO2
� þ 3H2 / NO (N2O) /N2 þ 2H2O þ 2OH� (20)

NO2
� þ 3H2 / NH4

þ þ 2OH� (21)

NO3
� is converted to NO2

� (Eq. (19)), then via an intermediate NO/
N2O to N2 (Eq. (20)) and the undesired by-product NH4

þ (Eq. (21)), as
shown in Fig. 10(a). The catalytic reduction of NO3

� using bimetallic
catalysts requires a noble metal (MN) such as Pd, Pt, or Rh, and a
promoting transition metal (Mp) such as Cu, Ni, Fe, Sn, or In, as
shown in Fig.10(b). The role of the transitionmetal is to reduce NO3

�

to NO2
� according to a redox process, leading to its oxidation.
Fig. 10. Denitration process by (a) Pd-Mp bimetallic catalyst in stepwise mechanism
and (b) supported noble metal-promoting transition metal bimetallic catalyst.
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Moreover, the role of the noble metal is to stabilize the transition
metal in its lower oxidation states by hydrogen spillover
(Trawczy�nski et al., 2011).

NO3
� was proposed to be reduced to NO2

� on PdeCu centers, and
NO2

� to be reduced on Pd centers, as shown in Fig. 10(a) (Lemaignen
et al., 2002). However, not all Pd centers have the same reducing
capacity. Pd centers located at the edges and corners of the mi-
crocrystals of Pd have a high capacity for hydrogenation, which
consequently favors nitrite reduction. Furthermore, N2 was
observed to be mainly formed in the Pd centers located on the
terraces of the microcrystals of Pd, because these have a lower
hydrogenation capacity (Yoshinaga et al., 2002). The addition of Cu
to Pd microcrystals located at the edges and corners deactivates the
more reducing Pd and favors selectivity towards N2. However, as
the Cu content increases, the behavior is reversed and selectivity
towards ammonium increases. In this case, Cu is placed on the
entire surface of Pd microcrystals and Pd active centers are sepa-
rated from each other by Cu, and thus nitrite molecules adsorbed
on the active centers are also separated, which leads to the for-
mation of ammonia due to the difficulty of recombining the N
atoms to form N2. In addition, ammonium is formed in Pd centers,
thus explaining the increase in selectivity to ammonium as the Pd
loading increases (Palomares et al., 2011; Pintar et al., 1998).

In the catalytic reduction of NO3
�, diverse combinations of metal

catalysts and support materials can be utilized. Metallic and non-
metallic supports that are eco-friendly, non-toxic, economical,
and stable are used as support materials. Metallic support materials
include TiO2, Al2O3, NZVI, and iron oxide and non-metallic ones
include SiO2, AC, carbon nanotubes (CNTs), zeolite, and resin. Here,
PdeCu, PdeIn, PdeSn, PteCu, PteSn, PteIn, RheCu, and IreCu
bimetallic catalysts supported on various kinds of materials are
discussed and compared in terms of nitrate reduction efficiency
and selectivity to nitrogen. PdeCu/bentonite completely reduced
100 mg L�1 nitrate with 0.64 g L�1 catalyst loading at room tem-
perature (Pizarro et al., 2015). Similarly, AC-supported PdeCu
produced the same result while achieving 98% nitrogen selec-
tivity (Al Bahri et al., 2013). PdeCu/pumicewas used achieving total
nitrate reduction with 91.5% selectivity (Deganello et al., 2000).
Total reduction of nitrate and 79% selectivity was also achieved in
the presence of H2 and CO2 (S�a and Vinek, 2005).

NaY zeolite-supported PdeCu catalyst totally reduced
100 mg L�1 nitrate with a high N2 selectivity of 94% with an applied
catalyst dosage of 0.5 g L�1. Less than 10% of NO3

� reduction and less
than 80% N2 selectivity were achieved using Cu/NaY and Pd/NaY
showing poor catalytic performance comparing to that of PdeCu/
NaY catalyst (Soares et al., 2015). With the same amount of catalyst
loading, total reduction was achieved using a titania-supported
PdeCu catalyst. However, the nitrogen selectivity reached only
17%, which does not match that of other PdeCu catalysts supported
on different materials. Pd supported on CeO2, MnO2 and TiO2 cat-
alysts gave 47%, 2% and 42% NO3

� reduction, respectively, indicating
that the bimetallic catalyst has greater catalytic activity. The
selectivity of PdeCu/TiO2 was improved (reaching 66%) by adding
CNT to the support material (Soares et al., 2011). The catalytic
performances of bentonite-supported Pd, Ir, Rh and Pt were
compared with PdeCu/bentonite ad PdeSn/bentonite. Both bime-
tallic catalysts achieved complete reduction of NO3

� while the
monometallic catalysts reached below 63% reduction (Pizarro et al.,
2015).

PdeIn catalysts were also observed to be active in the reduction
of nitrate. Bentonite- and alumina-supported PdeIn catalysts ach-
ieved 100% nitrate reduction with 0.64 and 0.25 g L�1 catalyst
loading, respectively (Gao et al., 2015; Pizarro et al., 2015). PdeSn
supported on g-Al2O3, ZSM-5, and zeolite was found to be 100%
active for nitrate reduction while achieving 92.4%, 91%, and 88.1%
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N2 selectivity, respectively (Costa et al., 2012; Hamid et al., 2016;
Park et al., 2019). Using a different support, similar result for cat-
alytic activity was observed (Pizarro et al., 2015).

A much lower catalytic activity and nitrogen selectivity was
reported compared to the results obtained using PdeCu supported
on AC (Al Bahri et al., 2013; Soares et al., 2010). The choice of
support usually affects the activity and selectivity of bimetallic
catalysts. In this case, the former used commercial activated carbon
(CAC) whereas the latter utilized AC prepared by the chemical
activation of grape seeds with phosphoric acid (GS). The significant
difference could be caused by the BET surface area. The laboratory-
synthesized AC (from grape seeds) shows a higher BET surface area
and a significantly highmesoporosity compared to those of the CAC
used by Soares et al. (2009). In addition, the GS support was more
acidic, which resulted from the groups formed upon the activation
of grape seeds with phosphoric acid.

Most of the PdeCu based catalysts in the literature led to nitrite
formation during the reduction of nitrate. Thus, a support material
with a higher concentration of acidic sites such as GS may accel-
erate the disappearance of nitrite. This agrees with another study
showing that the formation of nitrite decreases with pH at pH
lower than 3.0 (Centi and Perathoner, 2003). In addition, this spe-
cies does not appear as a by-product.

The properties of the support material, including its surface
area, porosity, and morphology, usually influence the catalytic
performance of bimetallic catalysts for catalytic denitrification. The
significance of the reactive surface area and porosity of the support
has been highlighted (Hao and Zhang, 2017). In this work, PdeSn
catalysts were supported on various supports such as kaolin-
MnO2, diatomite-kaolin, diatomite-MnO2, g-Al2O3-kaolin, g-
Al2O3e MnO2, and g-Al2O3-diatomite. PdeSn/g-Al2O3-diatomite
was found to exhibit the best catalytic activity and N2 selectivity
among all the catalysts tested due to its high reactive surface area
and high porosity, which resulted in well-dispersed metal particles
on the catalyst surface.

The effect of support on the nitrate conversion was also studied
using Al2O3, AC, hydrotalcite, and graphite (Palomares et al., 2011).
For the PdeCu catalysts tested, the alumina-supported catalyst
gave the highest catalytic activity, reaching about 95% for 8 h.
Similarly, the hydrotalcite and graphite-supported catalysts
reached remarkably lower activity, with 45% and 35% conversion
for 7 h. Notable differences were also observed with five types of
support material. The degree of catalytic activity was found to
follow the order PdeCu/CeO2 > PdeCu/ZrO2 > PdeCu/
TiO2 > PdeCu/SiO2 and PdeCu/Al2O3 under the same experimental
conditions (Wada et al., 2012).

Moreover, 99.5%, 63%, and 43% nitrate reduction were achieved
using PdeCu supported on maghemite, hematite, and alumina,
respectively (Jung et al., 2012). TiO2-supported PdeCu catalyst was
found to have the highest catalytic activity among the support
materials studies (Soares et al., 2011). These include CeO2, CeO,
MnO2, Al2O3, SiO2, CAC, CNT, AC-cerium oxide composite, and AC-
manganese oxide composite. Although the same promoting tran-
sition metals and noble metals were used for the catalytic nitrate
reduction, different performances in terms of activity and selec-
tivity were achieved by various support materials, which shows
that the support greatly affects catalytic activity and selectivity for
the catalytic reduction of nitrate.

The loading of promoting transition metals and noble metals
also plays an important role in effective nitrate reduction, which
affects themetal ratio. The nitrate reduction efficiency was found to
follow a volcano shape with increased promotion transition metal
(Mp) loading (Gao et al., 2015; Jung et al., 2012). It was observed
that as the Pd:In ratio increased for a constant amount of Pd, the
reaction rate constant decreased by almost half due to the low In
15
content in the PdeIn/Al2O3 catalyst (Gao et al., 2015). The reduction
efficiency was observed by Jung et al. to increasewith an increase in
Mp loading because Mp usually reduces NO3

� to NO2
�, as discussed

above (Jung et al., 2012).
When Cuwas in excess, therewas a notable decrease in the NO3

�

reduction, going from 96.6% (1.6 wt%) to 93.6% and 86.1% for 2.2 wt
% and 2.8 wt%, respectively (Jung et al., 2014). It should be noted
that therewas an increase in reactivity due to the increased number
of available Mp sites for NO3

� reduction. However, excess Mp can
lower the number of reactive sites for a noble metal (MN).

MN loading greatly influences the reaction because MN reduces
NO2

� to N2 or NH4
þ when H2 is present and regenerates oxidized Mp.

The effect of MN loading is similar to have of Mp. The reduction of
nitrate follows a volcano shape with an increase in metal loading.

It was reported that reduction efficiency increased from 75% to
100% as the Pd concentrationwas increased from 1 to 5 wt% in 2.5%
PdeCu/AC catalyst (Al Bahri et al., 2013). Pd concentration can also
affect the production of N2 and NH4

þ as final products. It was re-
ported that NO2

� production dropped to 0% while NH4
þ production

increased from 30.4% to 38.7% as the Pd content was increased from
0.4 to 2.8 wt% in a PdeCu catalyst supported on hematite (Jung
et al., 2014). Optimal loading of noble metal should be deter-
mined for efficient catalytic NO3

� reduction.
The influence of metal loading also highly depends on experi-

mental conditions and the type of catalyst used. It was observed
that the choice of MN also affects the reduction efficiency. Soares
et al. used Pd, Pt, Rh, and Ir as noble metals together with Cu as the
promoter metal supported on AC (Soares et al., 2009). Their study
showed 63%, 56%, 98%, and 55% reduction for PdeCu, PteCu,
RheCu, and IreCu catalysts, respectively, for a noble metal to Cu
ratio of about 1.0. It should be noted that there is no linear rela-
tionship between reduction efficiency, reduction rate, and N2
selectivity and the metal loading on the surface of the catalyst.
Moreover, the effect of metal loading follows a volcano shape,
which indicates that a balance between Mp and MN sites should be
achieved for fast and selective NO3

� reduction.
PdeSn/zeolite achieved complete nitrate removal and 88.1%

nitrogen selectivity. This result can be ascribed to the high surface
area and stability of the zeolite phase (Park et al., 2019). Similarly,
kaolinite-supported PdeSn exhibited complete NO3

� removal with
fast reduction kinetics and 71% selectivity toward N2 during batch
reactions. During continuous tests, 100% NO3

� removal and 80% N2
selectivity were observed for 60 h. The PdeSn/kaolinite catalyst
had a superior reaction kinetics and operational durability
ascribing to the negligible metal leaching from catalyst surface and
the stability of the catalyst structure (Hamid et al., 2016). PdeIn
supported on polymer fibres showed better N2 selectivity and
catalyst stability in the NO3

� reduction compared with PdeIn cat-
alysts synthesized on inorganic supports (SiO2, Al2O3 and carbon
fibers) (Marchesini et al., 2020).

PdeCu catalyst was found to be the most active and selective in
the transformation of nitrate to nitrogen among the bimetallic
catalysts discussed in this review. It is thus widely studied for
catalytic nitrate reduction.

4.2.3. Hexavalent chromium reduction
Recently, Fe-based bimetallic catalysts have been applied for the

reduction of Cr(VI) to Cr(III). Few studies have been conducted on
their catalytic performance on Cr(VI) reduction. FeePd-immobi-
lized polyethyleneimine filter paper catalyst was synthesized for
the catalytic reduction of Cr(VI), showing high efficiency and
outstanding catalytic reusability (Shi et al., 2019). 97.4%, 98.6%, and
99.4% of Cr(VI) was reduced to Cr(III) within 28min of reaction time
for the first, second, and third cycles, respectively (Shi et al., 2019).
It is interesting that the catalytic reduction efficiency of the



Fig. 11. Mechanistic pathway of Cr(VI) reduction by NieFe bimetallic catalyst.
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bimetallic filter paper slightly increased when the catalytic cycle
number increased. This phenomenonmay be due to the production
of more dissociated hydrogen from the H2 in the lattice of the Pd
layer to support the powerful reduction process. Furthermore, the
stability of the catalyst was assessed during repeated catalytic
reduction. Similarly, FeeNi supported on montmorillonite (MMT)
clay was used, achieving almost complete (>99%) reduction within
10 min at pH of 1e3, suggesting high catalytic reduction efficiency.
The Cr(VI) reduction rate was observed to decrease with increasing
pH, indicating that optimal Cr(VI) reduction occurs under acidic
conditions. As pH decreases, Hþ concentration increases, resulting
in increased nickel hydride formation, hence increasing reduction
efficiency (Kadu et al., 2011).

A decrease in efficiency can result from the formation of hy-
droxide and oxide layers on the NP surface, hindering the electron
flow toward Cr(VI). Incorporating Fe and Ni NPs into the MMT clay
matrix ensured the proper dispersion of the NPs and the removal
capacity was enhanced, combining the reduction capacity of the
FeeNi NPs and the adsorption tendency of MMT. The FeeNi catalyst
prepared by in situ syntheses also showed great reusability (~100%)
after 3 cycles (Kadu et al., 2011).

Moreover, an ultrasound-assisted FeeNi bimetallic system
reached 94.7% reduction efficiency within 10 min (Zhou et al.,
2016). The FeeNi NPs showed good reusability and good catalytic
performance under ultrasound irradiation even after 26 d of aging
at pH 5 (Zhou et al., 2016). The synthesized FeeNi NPs demon-
strated good reduction performance for the removal of Cr(VI) at
acidic pH because the reactive H� species that are mediated by the
Ni catalyst increase as Hþ increases (Zhou et al., 2014). The presence
of Cl� and NO3

�, even as high as 400 mg L�1, did not affect Cr(VI)
reduction by FeeNi NPs, which maintained >98% efficiency.

An MOF, ZIF-8, was used as a support material for PdeCu
bimetallic alloy NPs for the photoreduction of Cr(VI). The as-
prepared catalyst possessed excellent photoreduction activity for
Cr(VI) reduction compared to that of its monometallic counterparts
and unsupported catalysts. The catalytic performances are as fol-
lows: PdeCu/ZIF-8 > Cu/ZIF-8 > Pd/ZIF-8 > PdeCu NPs > Pd
NPs > Cu NPs > ZIF-8 (Zhang and Park, 2019). Bimetallic SneZn
oxysulfide nanocatalyst achieved 100% photocatalytic reduction
efficiency under visible light at room temperature within 80 min
showing excellent efficiency compared to Zn monometallic catalyst
(<20%) (Zelekew et al., 2019). FeeAl BNP exhibited a high catalytic
activity and stability in the treatment of Cr(VI)-contaminated
groundwater remediation. The mechanisms for the removal of
Cr(VI) included reduction, precipitation and adsorption (Ou et al.,
2020). FeeCu/chitosan possessed dual functions including the
catalytic degradation of Cr(III)-organic complexes and efficient in-
hibition of Cr(VI) accumulation (Shen et al., 2020). Bimetallic FeeIn
catalyst achieved improved photocatalytic activity for the reduction
of Cr(VI) under visible light illumination which outperformed 3.4
times higher than that of the monometallic In catalyst under
identical conditions (S. Wang et al., 2020).

The proposed mechanism for the entire process of Cr(VI)
reduction on the FeeNi bimetallic catalyst surface is shown in
Fig. 11 (Zhou et al., 2014). It includes:

(a) Cr(VI) adsorption by iron oxide on the FeeNi catalyst surface

Cr(VI) (aq) þ Fe2O3 (Fe3O4) / Cr(VI) e Fe2O3 (Fe3O4) (22)

(b) Cr(VI) reduction to Cr(III) via reactive H� species catalyzed by
Ni

Fe e Ni þ Hþ / Feþe Ni þ H� (23)

Feþ e Ni þ Hþ / Fe2þ e Ni þ H� (24)
16
Fe2þ e Ni / Fe e Ni2þ (25)

3H� þ Cr(VI) / Cr(III) þ 3Hþ (26)

(c) Cr(III) adsorption on iron oxide surface together with the
formation of Cr(OH)3 and co-precipitation of CrxFe1-x (OH)3

Cr(III) (aq) þ Fe2O3 (Fe3O4) / Cr(III) e Fe2O3 (Fe3O4) (27)

Cr(III) þ 3H2O / Cr(OH)3 þ 3Hþ (28)

xCr3þ þ (1-x)Fe3þ þ 3H2O / CrxFe1-x(OH)3 þ 3Hþ (29)

Cr(VI) reduction and adsorption occur simultaneously on the
surface of the composite. The nickel catalyst in the FeeNi NPs not
only inhibits the passivation of iron but also facilitates the efficient
flow of electrons from iron (electron donor) to Cr(VI) (electron
acceptor) mediated by the nickel site acting as an electron shuttle
between the electron donor and acceptor (Zhou et al., 2014).
5. Remarks and conclusions

There has been great interest in the synthesis and use of diverse
bimetallic catalysts for the removal of various environmental con-
taminants. Improvements in removal efficiencies have been
extensively reported. This review gives an overview of existing
synthesis techniques and applications of bimetallic catalysts in
water and wastewater remediation.

The catalytic properties of bimetallic catalysts highly depend on
their shape, size, structure, composition, and surface properties,
which are greatly influenced by the synthesis method. Chemical
methods are the most widely used techniques for the synthesis of
these catalysts. However, chemical methods often have disadvan-
tages related to the presence of toxic solvents and reducing agents.
Co-precipitation is a widely used synthesis method. The addition of
dispersing agents and stabilizers can avoid the disadvantages of
agglomeration during preparation. Deposition precipitation pro-
vides easy control of particle size and composition. However, im-
purities may precipitate together with the target product. Plasma
technology is a single-step process for bimetallic catalyst synthesis.
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The sol-gel technique is a simple and inexpensive method with
excellent microstructural control, superior homogeneity and purity
at the molecular level, good thermal stability of supported metals,
and low crystallization temperature. This method requires calci-
nation as a post-treatment, similar to the impregnation technique.
Reverse micelle synthesis leads to narrow particle size distribu-
tions, negligible contamination of the product during homogeni-
zation of starting compounds, low energy consumption, low aging
times, use of simple equipment, and improved control of particle
size, shape, uniformity, and dispersity.

Summing up, present synthesis techniques for bimetallic sys-
tems are often complex and costly. Thus, future research should
attempt to decrease the preparation cost by searching for and
testing new low-cost raw materials and developing simpler and
more practical methods. Iron-based bimetallic catalysts are a great
addition to the more established noble and transition-metal-based
systems. They are an attractive system for further study and
development due to the easily interchangeable oxidation states of
Fe2þ to Fe3þ, high selectivity, relatively low toxicity, and low cost.

The application of bimetallic systems in the field of heteroge-
neous catalysis for the remediation of organic and inorganic con-
taminants has achieved remarkable success. However, the roles and
performances of these catalysts in the removal of these pollutants
are different. In bimetallic catalysts, a substrate metal and a second
metal are combined to serve as a feasible alternative dichlorination
and hydrogenation reagent that can also store active hydrogen
species. These catalysts have remarkable catalytic properties and
function, which makes them good catalysts for the removal of dyes,
degradation of phenol and its derivatives, and dechlorination of
COCs. Considering the high reducibility of these catalysts, they are
also utilized as reductants for the removal of NO3

� and Cr(VI).
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