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Preface

This Special Issue of “Current Advanced Technologies in Catalysts/Catalyzed Reactions” has

shown remarkable progress and diversity within the field of catalysis. The present research highlights

the crucial role that catalysts play in addressing some of the most pressing challenges of our time,

from sustainable development and resource utilization to environmental remediation. The collection

of articles within this Special Issue explores a wide range of advancements in catalyst design, reaction

optimization, and material science. Several articles have addressed the development of efficient

catalysts for clean energy production, biomass conversion, and CO2 utilization. This reflects the

growing recognition that catalysis is a key driver of the transition toward a more sustainable future.

Articles in this Special Issue represent significant contributions to the field of catalysis. We would like

to express our sincere gratitude to all authors for their valuable contributions to this Special Issue. We

also thank the reviewers for their dedication and expertise in ensuring high quality in the published

work.

Sagadevan Suresh and Is Fatimah

Editors
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Editorial

Current Advanced Technologies in Catalysts/Catalyzed
Reactions
Suresh Sagadevan 1,* and Is Fatimah 2

1 Nanotechnology & Catalysis Research Centre, University of Malaya, Kuala Lumpur 50603, Malaysia
2 Department of Chemistry, Faculty of Mathematics and Natural Sciences, Kampus Terpadu UII, Universitas

Islam Indonesia, Jl. Kaliurang Km 14, Sleman, Yogyakarta 55584, Indonesia; isfatimah@uii.ac.id
* Correspondence: drsureshsagadevan@um.edu.my

Currently, catalysis represents an exciting research area. Catalysis underpins a diverse
array of technologies that define our modern world from fuels that power our vehicles to
medicines that improve our lives. This Special Issue delves into the cutting edge of this
vibrant field, showcasing current advanced technologies that are revolutionizing the way
we design, prepare, and utilize catalysts. The articles present a range of advancements in
catalysis across diverse areas, including environmental remediation, energy production,
and organic synthesis. This Special Issue provides an important snapshot of the current
advancements in various areas of environmental and energy science.

Contribution 1. Wastewater Treatment:

The first contribution details the fabrication of FeCl3-NaBH4-modified mango seed
shell (MS)-based hybrid composite (FeCl3-NaBH4/MS) and sodium alginate-modified
mango seed shell (MS)-based composite (Na-Alginate/MS) beads for the adsorptive re-
moval of 2,4,6-trichlorophenol from aqueous media.

Contribution 2. Biofuel Production:

The second contribution analyzes the catalytic activity of a commercial catalyst by
treating it with oxalic acid, NaOH, and other essential acidic compounds. As the results
show, the treated commercial catalyst yielded a better 1,3-butadiene production than the
untreated catalyst. In addition, the presence of oxalic acid in combination with NaOH
provides a good desilication process and increases the catalyst’s acidic properties. This
opens the door for new biofuel production routes.

Contribution 3. Pest Control and Drug Discovery:

The third contribution describes the novel one-pot synthesis of benzopyrano-pyrimidine
derivatives with nematocidal properties, which was developed using P-toluene sulfonic
acid as a catalyst. Molecular docking studies provided insights into their mode of action,
potentially paving the way for new pest control strategies.

Contribution 4. Water Purification:

The fourth contribution discusses the preparation of magnetic sugarcane bagasse ash
(MBGA) via a simple co-precipitation route. The results indicated that nearly 100% of the
tetracycline (TC) concentration (or degradation of 40 mg of TC) could be achieved. This
value is far higher than those reported in many studies. Furthermore, the catalyst exhibited
a high degradation of TC, even after four cycles, with excellent magnetic properties being
retained.

Contribution 5. Bioenergy:

The fifth contribution presents the RSM that was utilized to study the correlation
between the power density output and the flow rate of the fuel feed to the anodic chamber,
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the initial concentration of acetate in the anodic chamber, and the initial concentration
of O2 in the cathodic chamber. This study provides valuable insights into maximizing
bioelectricity generation from organic waste.

Contribution 6. Fuel Synthesis:

The sixth contribution investigates cobalt–manganese bimetallic catalysts synthesized
using acid and thermally treated CNT substrates through the SEA process. The efficiency of
various percentage formulations of the Co-Mn catalyst supported on CNT was verified by
the FTS reaction. The 95Co5Mn/CNT catalyst exhibited high stability for more than 45 h.
It was concluded that the reaction variables had a high impact on the catalytic activities
and product selectivities during the FTS process.

Contribution 7. Ethanol Production:

The seventh contribution explores recent advancements in ethanol production tech-
nologies and catalytic processes, highlighting promising avenues for sustainable and effi-
cient biofuel production. The catalytic hydrogenation of CO2 is a development direction for
the production of ethanol that reduces environmental pollution problems. The limitations
of CO2, a fully oxidized, chemically inert, and thermodynamically stable molecule, should
be considered when designing research because its conversion into chemicals requires large
amounts of energy and H2.

Contribution 8. CO2 Utilization:

The eighth contribution highlights the progress made in the use of three-dimensional
(3D) nanomaterials and their compounds and methods for their synthesis in the hydro-
genation of CO2. The development of 3D nanomaterials and metal catalysts supported on
3D nanomaterials is important for CO2 conversion because of their stability and ability to
continuously support catalytic processes, in addition to their ability to reduce CO2 directly
and hydrogenate it into oxygenated hydrocarbons.

Contribution 9. Environmental Remediation:

The ninth contribution focuses on metal oxides used as photocatalysts for the degrada-
tion of various types of pollutants. The progress of research on metal oxide nanoparticles
and their application as photocatalysts in organic pollutant degradation is highlighted. The
application of nano-based materials can be a new horizon for the use of photocatalysts for
organic pollutant degradation.

Contribution 10. Plastic Waste Recycling:

The tenth contribution examines recent progress in developing low-cost catalysts for
the pyrolysis of plastic waste into fuels. This research contributes to closing the loop on
plastic waste management and promoting circular economy approaches. The development
of low-cost catalysts is revisited to design better and more effective materials for plastic
solid waste (PSW) conversion to oil/bio-oil products.

Overall, this Special Issue reflects a vibrant and diverse field of research that addresses
crucial challenges in sustainable development, environmental remediation, and resource
utilization. The development of new catalysts, reaction optimization, and material design
shows strong potential for future advancements in various sectors. This highlights the
potential of novel catalysts and catalytic processes to address pressing environmental and
energy challenges while also paving the way for new applications in organic synthesis
and other fields. Thus, we embark on this important exploration of current advanced
technologies for catalysts/catalyzed reactions. Prepare to be inspired, informed, and
empowered by the knowledge contained in these articles. The future of chemistry is
catalyzed, and this Special Issue is a guide to its possibilities.

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

List of Contributions:
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Recent Advances in the Technologies and Catalytic Processes of
Ethanol Production
Mohd Nor Latif 1,2 , Wan Nor Roslam Wan Isahak 1,3,* , Alinda Samsuri 4,5 , Siti Zubaidah Hasan 1 ,
Wan Nabilah Manan 1 and Zahira Yaakob 1

1 Department of Chemical and Process Engineering, Faculty of Engineering & Built Environment,
Universiti Kebangsaan Malaysia, Bangi 43600, Selangor, Malaysia

2 GENIUS@Pintar National Gifted Center, Universiti Kebangsaan Malaysia, Bangi 43600, Selangor, Malaysia
3 Research Centre for Sustainable Process Technology (CESPRO), Faculty of Engineering and

Built Environment, Universiti Kebangsaan Malaysia, Bangi 43600, Selangor, Malaysia
4 Centre for Tropicalization, National Defence University of Malaysia, Kem Sungai Besi,

Kuala Lumpur 57000, Malaysia
5 Department of Chemistry and Biology, Center for Defence Foundation Studies, National Defence University

of Malaysia, Kem Sungai Besi, Kuala Lumpur 57000, Malaysia
* Correspondence: wannorroslam@ukm.edu.my; Tel.: +60-3-8911-8339

Abstract: On the basis of its properties, ethanol has been identified as the most used biofuel because
of its remarkable contribution in reducing emissions of carbon dioxide which are the source of
greenhouse gas and prompt climate change or global warming worldwide. The use of ethanol as a
new source of biofuel reduces the dependence on conventional gasoline, thus showing a decreasing
pattern of production every year. This article contains an updated overview of recent developments
in the new technologies and operations in ethanol production, such as the hydration of ethylene,
biomass residue, lignocellulosic materials, fermentation, electrochemical reduction, dimethyl ether,
reverse water gas shift, and catalytic hydrogenation reaction. An improvement in the catalytic
hydrogenation of CO2 into ethanol needs extensive research to address the properties that need
modification, such as physical, catalytic, and chemical upgrading. Overall, this assessment provides
basic suggestions for improving ethanol synthesis as a source of renewable energy in the future.

Keywords: carbon dioxide; catalytic hydrogenation; cascade reaction; ethanol production

1. Introduction

Nowadays, scientists, academics, policymakers, and environmental non-governmental
organizations focused on global warming or climate change effect due to the impact of
greenhouse gas emissions (GHG). Data show increment concentration patterns of methane
(CH4), carbon dioxide (CO2), chlorofluorocarbons, and nitrous oxide in the environment
every year, thus prohibiting the reradiation of solar heat and increasing the temperature
of the surface of the earth. Global GHG emissions are from human activities, such as
burning fuels for electricity generation systems [1–4], transportation [5,6], industry [7,8],
and agriculture [9–11]. CO2 is also known as the most important anthropogenic GHG for
global warming or climate change that is associated with human activities [12–14]. The
Global Carbon Budget 2021 reported that the global atmospheric CO2 emissions growth
is 5%. The global average amount of atmospheric CO2 emissions in 2021 is 36 billion
metric tons or equivalent to 415 ppm [15]. The increasing patterns of CO2 concentration
globally in the atmosphere are predicted to increase due to excessive industrialization,
which leads to the development of heat retention since the introduction of the Fourth
Industrial Revolution.
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CO2 is proven to be a recyclable, nonpoisonous, and inexpensive C1 building block in
the synthesis of high-value chemicals and fuels [16–19]. However, CO2 is fully oxidized,
chemically inert, and thermodynamically stable (∆fG298K = −396 kJ·mol−1). Thus, its
conversion into chemicals requires large energy and enormous H2 resources [20–22]. Many
CO2 transformation approaches, e.g., hydration of ethylene, biomass residue, lignocellu-
losic materials, fermentation, electrochemical reduction, dimethyl ether (DME), reverse
water gas shift (RWGS), catalytic hydrogenation, and other related processes, have been
rapidly studied. Catalytic hydrogenation has been deemed a promising technology for
generating a variety of products, such as hydrocarbons [23,24], alcohols [25,26], carboxylic
acids [27,28], and aldehydes [29,30].

Ethanol is an ecological fuel that has an important advantage compared with conven-
tional gasoline as a transportation fuel due to its properties of nontoxicity, accumulation
of high oxygen content to promote improved combustion with reducing exhaust emis-
sions, and high octane rating to give a high resistance to engine knock [31–34]. Hence, the
establishment technology of fuel ethanol is needed in reducing environmental pollution
problems [35,36]. Ethanol is produced from agricultural feedstock, such as corn (United
States) and sugarcane (Brazil), and the European Union produces ethanol from wheat
and sugar beet. The Renewable Fuels Association in 2021 reported that the main ethanol
producer in the world is the United States, estimating ethanol production of more than
13,000 million gallons per year, which is more than half of the global ethanol production.
Approximately 8000 million gallons per year of ethanol is produced in Brazil [37]. The use
of agricultural feedstock especially corn in ethanol production is being criticized because
of their importance as food. Food shortages and rising food prices will occur if agricul-
tural feedstock is used as the raw material in ethanol production. Furthermore, the grain
from corn will create environmental pollution problems, such as soil erosion, biodiversity
loss, nitrogen oxide pollution, and emission of volatile organic compounds. The major
constraint in commercial ethanol production is the disadvantage in energy balance and
the area required for plantations [38,39]. Given these considerations, nations continue to
look for new technologies and processes in reducing the cost of ethanol production without
causing adverse effects on the environment.

2. Conventional Processes to Produce Ethanol
2.1. Ethanol Synthesis Based on the Hydration of Ethylene

In the petrochemical industry, the catalytic hydration of ethylene for ethanol produc-
tion is a reversible exothermic reaction and is used commercially by Shell Oil Company in
1947 [40]. The process of reaction can be expressed by the following equation:

C2H4 + H2O 
 C2H5OH. (1)

The hydration of ethylene comprises three stages, i.e., reaction, recycling, and purifi-
cation. Mohsenzadeh et al. [41] suggested that this process occurs in a fixed-bed catalytic
reactor when ethylene is mixed with steam at a molar ratio of 0.6 at 250–300 ◦C, 70–80 bar,
and the presence of a phosphoric acid catalyst (H3PO4/SiO2) based on silica gel. The
ethylene conversion is 4–25% with ethanol selectivity of 98.5 mol.%. A diagram of the
hydration of ethylene is shown in Figure 1.

5
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removed and recycled in the hydrogenator. The ethanol concentration increases when the 
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Figure 1. Hydration of ethylene [41].

A byproduct of this process, acetaldehyde, can be used directly in a cosmetic product or
promoted to form ethanol through the hydrogenation process. The high-pressure separator
is used to separate the unreacted reactants from the outlet stream mixture. Unreacted
reactants are scrubbed with water to remove impurities before dissolution with ethanol.
The molar ratio of ethylene to water is maintained at 1:0.6, and the mixture is combined
with a recycle stream. When the bottom streams of the scrubber and the separator are fed to
the hydrogenator, the nickel-packed catalyst promotes the formation of an ethanol mixture
from acetaldehyde. The unreacted acetaldehyde in the separator column is removed and
recycled in the hydrogenator. The ethanol concentration increases when the bottom stream
is fed to light and heavy (purifier) columns [42].

The cost of a plant for the hydration of ethylene increases due to the formation of
the ethanol-water mixture that will form an azeotrope mixture, which requires a special
distillation process. The production of ethylene based on hydrocracking petroleum feed-
stocks, which are nonrenewable, is not economically feasible because of the market price of
ethanol. The phosphoric acid catalyst that is used in this process is prone to leaching via
vaporization, which causes the deactivation of catalysts and corrosion of the equipment. A
solid acid catalyst, such as WO3/ZrO2 [43] and WO3/TiO2 [44], is introduced to overcome
leaching issues; this route is still not favorable for the large-scale production of ethanol
due to the price of ethylene and the rapid development of sugar fermentation during the
hydration of ethylene.

The research on the gas-phase hydration of ethylene by using impregnated metal
phosphates for catalytic activity at tin(IV) hydrogen phosphate (Sn[HPO4]·2H2O) showed
that the weight-based rate is 0.94 µmol·min−1·gcat−1, which is approximately seven times
higher than that at commercial H3PO4/SiO2 catalyst [45]. The vapor-phase hydration of
ethene has recorded a 93% selectivity for the tungsten trioxide (WO3) monolayer loaded
with titania. The co-presence of Brønsted and Lewis acid sites on the monolayer of WO3
generated high selectivity for ethanol but the reaction process has issues from the environ-
mental protection perspective [46]. The combination of vapor–liquid equilibria and the
chemical stage equilibrium for the ethylene–water–ethanol ternary arrangement demon-
strates that the crucial point of an azeotrope at 200 ◦C and 155 atm shows the active catalysis
of H-pentasil zeolite for the maximum hydration of ethylene [47]. The ethanol production
plant’s simulated modeling was developed using the HYSYS software and the results of
optimization over the catalytic hydration using zirconium-tungsten catalysts operating at
299 ◦C with column configuration for the extractive distillation which produced ethanol
concentration of 99.7% and then linked to the Aspen Plus software [48].

The hydration process corresponds to petroleum-derived alkene over solid acid cata-
lysts, which are limited by the low single-pass conversion (<5%), poor long-term stability,
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and strong dependence on crude oil. The chemical equilibrium conversion of the hydration
of ethylene decreases when using high temperatures to increase the rate of reaction. As a
result, the temperature setting of the reactor is needed to accommodate between thermody-
namics and kinetics [46]. A high amount of energy to heat gases generates high pressure
and uses crude oil, a nonrenewable resource. The purification method uses benzene to
separate the azeotropes of ethanol and water that produce hazardous ethanol.

2.2. Ethanol Synthesis Based on Biomass Residues

Biofuel is produced from biomass residues and wastes for energy purposes, such as
transportation fuels, renewable electricity, and thermal energy [49–51]. The three types of
biomass residual resources are primary, secondary, and tertiary (Figure 2). Corn stalks,
husks, stems, roots, leaves, cob, bagasse, and straw make up the main residue, which
is described as outcomes of the cultivation of certain food crops and agroforestry in the
agriculture sector. Then, the secondary residue is obtained by the processing of crops into
the final form of a product or the production of other biomass-based materials. Examples
of agricultural and food processing wastes are sawdust, wood chips, nutshells, palm kernel
cake, fruit bunches, coffee husks, rice hulls, bark, and scrap wood. The tertiary residue
consists of sewage sludge or wastewater derived after the consumption of biomass-based
products, such as municipal solid waste. Human, animal, and industrial wastes have been
identified as the main source of municipal solid waste [52–54].
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A study showed that wood processing residues, such as discarded logs, sawdust, and
wood chips produced from sawmill and lumber processing, can be utilized as steamer fuels
and feedstock for ethanol synthesis [53,55]. Tropical countries have been shown to apply
the concept of economic utilization by using sugarcane residues, such as sugarcane bagasse
and leaf residue, for ethanol production and value-added commercial product [56–58].
According to the research on delignified coconuts waste and cacti, an ethanol yield of
89.15% is recorded by utilizing the semisimultaneous saccharification and fermentation
configuration, and this yield is higher compared with that obtained by simultaneous saccha-
rification and fermentation (SSF) configuration [59]. The pretreatment mixture of 0.06 g·g−1

hydrogen peroxide to green liquor and furfural residues pretreated to cassava residue
saccharification liquid with a ratio of 1:1 recorded an advantageous pretreatment method
by producing a 93.6% yield of ethanol. This study shows that the increment of a high
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ethanol yield and lower byproduct concentrations occur when the proportion of lignocellu-
losic substrates was enhanced in the SSF of the substrate mixture of cassava residue and
furfural residues [60]. The investigation of the carnauba straw residue by the SSF configu-
ration process in a single reactor in the presence of Kluyveromyces marxianus ATCC-36907
and observed that cultivation at 45 ◦C results in the maximum ethanol concentration of
7.53 g·L−1 [61]. The mangosteen pericarp waste that has undergone popping pretreatment
and enzymatic hydrolysis in the separate hydrolysis and fermentation (SHF) configuration
method can achieve 75% ethanol [62]. The ethanol produced from the combination of
Salacca zalacca and coconut sewage shows that the energy required for coordination ob-
tained at 85 ◦C is 346.32 W, and the resulting ethanol is obtained at 40% and mass flow rate
of 0.0655 kg·s−1 [63]. Rahman et al. [64] developed a green biorefinery concept to produce
ethanol by integrating the pretreatment of fermentation and ethanol-assisted liquefaction
in the presence of Nannochloropsis sp. The process increases the lipid content of fermented
microalgae by 40%, whereas 10% of the required ethanol is produced through liquefaction.
The utilization of wet algae increases the crude biodiesel yield threefold compared with the
liquefaction of microalgae. The fermentation of over-ripened Indian blueberry at 33 ◦C,
pH 5.2, and specific gravity of 0.875 obtain 6.5% ethanol [65].

However, biomass residue requires an energy-intensive process from large and specific
machinery due to different types of biomass, thus increasing the cost of operation because
of expensive machinery and the fuel needed for operation. The low density of biomass
also influences the cost of operation by occupying increased volume and needing increased
transportation for space. The other challenge is developing effective pretreatment technolo-
gies that cover physical, chemical, and biological pretreatments. The ideal pretreatment
increases the rate of enzyme hydrolysis and decreases the amount of enzyme needed to
convert the biomass into sugars in the presence of the microorganism. Issues regarding
environmental pollution also need to be addressed because the conversion of biomass
residue into ethanol produces a huge amount of CO2.

2.3. Ethanol Synthesis Based on Lignocellulosic Materials

Lignocellulosic materials, which comprise nonedible feedstock from various agricul-
tural and forestry residues, are abundantly available without geographical limitation and
have a low cost. Extensive research showed the production of ethanol and value-added
chemical by using different types of lignocellulosic sources, including waste paper [66,67],
orange peel [68,69], sugarcane straw [70,71], corn stover [72,73], sugarcane bagasse [74,75],
rice straw [76,77], wheat straw [78,79], sweet sorghum [80,81], oil palm empty fruit [82,83],
and banana waste [84,85]. Figure 3 shows the composition of lignocellulosic materials that
consist of three major fragments of cellulose (40–50%), hemicellulose (25–35%), and lignin
(15–20%), which always exist beside other extracts and mineral traces [86–89]. However, the
composition differs on the basis of the type of biomass, cultivation, and atmospheric condi-
tions. The complex and rigid structure of lignocellulosic materials is made by noncovalent
interactions with covalent cross-linkages [90].
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The conversion of lignocellulosic materials into ethanol involves pretreatment, enzy-
matic hydrolysis, fermentation, and distillation [92–95]. During the pretreatment process,
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various cutting-edge technologies are utilized to open the structure of lignocellulosic ma-
terials by physical, chemical, physicochemical, and biological techniques and separate
complex interlinked structures among hemicellulose and lignin from the matrix [87,96–98].
Chemical pretreatment uses a variety of chemicals such as acid and alkaline chemicals
to break down the structures present in the lignocellulosic biomass at a constant ambient
temperature which subsequently enhances the biomass surface availability to enzymatic hy-
drolysis, permitting the cellulose and hemicellulose for further conversion of fermentable
sugars into biofuels [99–101]. The research on the bioconversion of lignocellulosic by-
product corn stover into the value-added fermentative product L-lactic acid using the
furfural tolerant Enterococcus mundtii WX1 and Lactobacillus rhamnosus SCJ9 showed that
corn stover pretreated with 1% (v/v) sulfuric acid was selected for L-LA fermentation and
shows the highest efficacy of fermentable sugar with the optimal conditions achieved for
the release of glucose and xylose at 24.5 g/L and 11.2 g/L, respectively, from 100 g/L
pretreated corn stover at 121 ◦C for 30 min [102]. A similar result was presented by other
researchers reported in the study of tobacco stem waste [103], palm kernel shell [104],
sugarcane bagasse [105], and oil palm frond bagasse [106] that the dilute acid for chemical
pretreatment is effective to attain high reactivity and generates protons that have a quick
diffusion which substantially enhances the hydrolysis of amorphous cellulose chains and
the solubilization of hemicellulose.

Dilute acid pretreatment has received wide attention due to its cost-effective, non-
toxicity, lower degradation products, corrosive, and hazardous processes that do not
require as much corrosion-resistant equipment, making it easier to scale-up the operation
process [107–109]. Alkaline pretreatment leads to the delignification of agricultural biomass
by cleaving the intermolecular ester linkages between hemicelluloses and lignin fragments,
increases the amorphous surface area of the cellulose as well as the porosity of the biomass,
reduces the degree and crystallinity of the polymerization rate at low temperature and
pressure, resulting in an enhanced hydrolysis and fermentation yield and a high amount
of sugars [110–112]. In a comparison of various alkaline pretreatment techniques, alkaline
hydrogen peroxide (AHP) pretreatment is the most effective as it increases the fermentation
yield at mild conditions effectively by solubilizing lignin from the complex recalcitrant
structure of the macromolecules because H2O2 could degrade to oxygen and H2O without
any residues left and increases the enzyme digestibility and fermentation efficiency of the
feedstock required for subsequent processing [99,113–115]. The primary advantages of
AHP pretreatment are environmentally friendly chemicals and reagent reusability, high
effectiveness for various biomass concentrations providing high efficiency of enzymatic
hydrolysis, high lignin, and hemicellulose solubilization values for the liquid fraction
without a loss of carbohydrates retention, low energy consumption, less formation of
toxic byproducts, no need for special reactors, compatibility with high solid loadings, and
sterility conditions provided by alkaline H2O2 without a need to use antibiotics [116–118].

Organosolv pretreatment with aliphatic organic solvents is among the most promising
pretreatments compared to acidic or alkaline pretreatment by producing a very distinctive
separation of high-purity cellulose content from the remaining lignocellulosic constituents,
such as lignin and hemicellulose at relatively low temperatures (below 180 ◦C), while
preserving the integrity of the hemicellulose structure from thermal degradation kinet-
ics [119–121]. Organosolv pretreatment using ethanol has also some advantages over other
methods such as low toxicity and environmentally friendly nature, high delignification
rates, high reaction stability, good solubility of lignin, miscibility with water, complete
restoration of ethanol solvent due to its low boiling point and potentially provides substan-
tial economic benefits [122–125].

The hydrolysis process breaks down the hemicellulose and cellulose components in
the presence of cellulolytic enzymes or acids to form monosaccharides [126–128]. The
conversion of sugars into ethanol by using a variety of potential microorganisms occurs
during the fermentation process. Saccharomyces cerevisiae, a microorganism that is commonly
used as baker’s yeast on a large scale at the industrial level, has been identified to have
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a tolerance for ethanol production, robust ethanol dehydrogenase, and potential good
resistance against inhibitors generated during the process. The use of this strain results in
high ethanol productivity and efficient conversion of most of the sugars into ethanol rather
than other byproducts [129,130]. The last step is distillation where the purification of the
fermentation broth occurs. Distillation is an effective and favorable separation technique
as the preferred choice for industrial application due to high alcohol recovery of 99.5%
v/v purity, sufficient energy efficiency at moderate feed concentrations, and the ability to
simulate the process using process simulation software which makes the integration of
mass and energy in other processes easier to accomplish [131–133]. All formed byproducts
and other impurities are removed during this process, and only imprints remain. Most
energy-intensive units have remarkable effects on the gross energy demand that takes
place during the distillation process. The cost of plant operation also increases due to
the formation of an ethanol–water mixture that produces an azeotrope mixture where the
simple distillation method cannot be used to change its composition [134,135].

The SHF process has been studied for ethanol production from waste paper. The
pretreatment process of waste paper is applied using 0.5% (v/v) hydrogen peroxide at
121 ◦C for 30 min. The office paper that has been pretreated by hydrolytic enzymes
produces 24.5 g·L−1 sugar equivalent to 91.8% hydrolysis efficiency. Then, the fermentation
process that uses S. cerevisiae through hydrolysate obtains 11.15 g·L−1 ethanol with ethanol
productivity of 0.32 g·L−1·h−1 [67]. Oil palm trunk chips are introduced into a two-
stage pretreatment, i.e., steam explosion and alkaline extraction. The steam explosion
pretreatment shows that the reduction and isolation of hemicellulose occur in biomass
recalcitrance. The alpha-cellulose content has been improved from 40.83% to 87.14% with
alkaline extraction pretreatment at the conditions of 15% (w/v) NaOH at 90 ◦C for 60 min.
By using S. cerevisiae, the ethanol concentration at SSF (44.25 g·L−1) is prominent compared
with that at prehydrolysis SSF (31.22 g·L−1) [136].

The SHF process of the pretreatment of rice straw using Saccharomyces tanninophilus
produces 9.45 g·L−1 ethanol with 83.5% yield. The saccharification of pretreated rice straw
with A. fumigatus by using 1.0% NaOH in 200 FPU·mL−1 crude enzyme for 20 h of reaction
obtains 22.15 g·L−1 limiting sugars, demonstrating high lignin-degrading manganese
peroxidase activity and the activity of laccase enzymes [76]. The effectiveness of SHF and
SSF techniques for the synthesis of ethanol originating from oil palm empty fruit bunch
(OPEFB) with the conditions of 10% (w/v) loading of the substrate, pH 5, 1% (v/v) K.
marxianus at 37.50 ◦C for 48 h of reaction is compared. SHF and SSF obtained 25.80 and
28.10 g·L−1 ethanol, respectively. The acid–alkali pretreatment of OPEFB is conducted by
the loading of the substrate at 12.50% w/v with 0.2 M concentration of H2SO4 at 121 ◦C for
53 min followed by 5% (w/v) NaOH at 121 ◦C for 20 min. This result demonstrates that the
acid–alkali pretreatment increases the cellulose yield to 72.10 wt.% and this process is a
feasible method for eliminating hemicellulose and lignin from lignocellulosic biomass [82].

The cellulosic ethanol production by using Issatchenkia orientalis KJ27-7 in 90% wheat
straw hydrolysate media for 24 h has obtained 10.3 g·L−1 ethanol corresponding to
0.50 g·g−1 glucose (97% of efficiency relative to the theoretical yield). The correlation
of ethanol production with wheat straw hydrolysate concentrations is observed [78]. Stud-
ies on the effect of varying lignocellulosic feedstocks on technical performance for ethanol
production that use the dilute acid pretreatment show that the switchgrass produces 46.2%
energy efficiency of feedstock LHV, which is the highest carbohydrate content with the
lowest forest residues compared to the Eucalyptus globulus., Birch sp. residues, Spruce sp.
residues, Miscanthus, corn stover, and wheat straw [137]. Cunha et al. [138] reported that
the direct production of ethanol by using non-detoxified hemicellulose liquor by S. cerevisiae
using hydrothermally pretreated corn cob without external hydrolytic catalysts results in
11.1 g·L−1 ethanol titer correlated with the ethanol yield of 0.328 g·g−1 potential sugar. The
consolidated bioprocessing (CBP) of pretreated corn cob with the addition of commercial
hemicellulases is more efficient than SSF in hemicellulosic ethanol production.
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Diverse sources and seasonal lignocellulosic biomass affect the chemical character-
istics of ethanol produced due to different harvesting times, resulting in the inconsistent
composition of lignocellulosic biomass components. Pentose sugars are not fermented by
the brewer’s yeast, i.e., S. cerevisiae, during the hydrolysis of hemicellulose, thus compro-
mising the ethanol production from total sugars in lignocellulosic materials. Hence, the
energy consumption during the distillation process for ethanol recovery and treatment
of a large amount of stillage increases due to the subsequent reduction of discharge. The
pretreatment process produces lignin from inhibitors that act as limiting agents for high
biomass loading and do not react productively with lignocellulosic materials. As a result,
the ethanol production from cellulose is lower compared with that from grains. Other
limitations of ethanol production from lignocellulosic materials, such as high capital, op-
erational expenditure, dwindling price of gasoline, process uncertainty, low growth, and
product yield, have also been identified.

2.4. Ethanol Synthesis Based on Fermentation

The major steps in ethanol production via the fermentation process are the treatment
of a solution containing fermentable sugars, the formation of ethanol from sugars through
fermentation, and distillation for the separation and purification of ethanol [134,139,140].
The main metabolic route involved in ethanol production by fermentation is glycolysis,
which converts glucose into pyruvate that is further reduced to produce ethanol and
CO2 under anaerobic conditions [65,141]. Based on the stoichiometric equivalence, 1 mol
glucose creates 2 mol CO2, which is then expelled from the reactor as a weight loss and is
proportional to ethanol yield.

C6H12O6 → 2C2H5OH + 2CO2. (2)

The fermentation process can be produced in different systems, such as a batch, fed-
batch, or continuous bioreactor. The batch bioreactor fermentation is a simple method with
a closed culture system where both biomass and substrates are added to the fermenter
in a single step of the procedure in which nothing is added or removed during the pro-
cess and the products are only removed at the end of the process [142,143]. The system
operation produces high cell densities, of which almost 99.5% is recycled in subsequent
fermentation. The closed-loop design system that uses a high concentration of sugars
generates a high concentration of ethanol [143]. In the conventional batch fermentation
process at an ideal temperature and under anaerobic conditions, S. cerevisiae is used to
convert glucose into ethanol. However, this process only occurs in hexose sugars but not
in pentose sugars [97,129]. Although equipped with multiple vessels, the batch fermenta-
tion system is considered the simplest operation system due to its ability to complete the
sterilization process, resulting in a low risk of contamination, low operation costs due to
no labor required, easy control of feedstock processes, and flexibility for various product
specifications. The disadvantage of this process is solvent inhibition, time consumption,
difficulty in maintaining the sterilization of bioreactors, major downtime, long lag phase,
and low productivity.

The fed-batch bioreactor process is a semicontinuous or partly open system that allows
the addition of fermentation medium gradually or consistently during the process after the
initial substrate has been used, overcoming the difficulties of substrate constraint in the
batch bioreactor process. This process enables the overall proportion of substrate uptake to
increase and sustain a low concentration of substrate within the fermentation vessel, thus
decreasing the negative influence of osmotic pressure or rheology-related limitation linked
with highly viscous substrates [143,144]. Knudsen and Rønnow [145] reported the highest
ethanol production from wheat straw by using S. cerevisiae in the co-fermentation stage at
the C5/C6 fermenting yeast, where glucose and xylose are fermented simultaneously. With
the addition of urea and a primary yeast pitch of 0.2 g·L−1 completed broth in at least five
fermenter volumes, the fed-batch fermentation process is stable, yielding an ethanol yield
>90% during the experiment. The fed-batch fermentation process by using the mixture
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of sugarcane and molasses based on the Central Composite Design evaluates the effect
of temperature at 27 ◦C, the concentration of sugar at 300 g·L−1, and the concentration
of cells at 15% (v/v) in the presence of S. cerevisiae for 30 h of reaction. This process has
obtained ethanol concentration, productivity, and yield of 135 g·L−1, 4.42 g·L−1·h−1, and
90%, respectively [146]. The fed-batch process is a cost-effective operation with an efficient
cultivation strategy, short fermentation time, high dissolved oxygen concentration in the
medium, and low toxic efficacy of medium constituents. However, the ethanol production
in fed-batch fermentation is minimal; the concentration of cell mass and feed rate of the
reaction thus provided a point of ingress for contamination and allowed the buildup of
inhibitory agents and toxins. The outcome of high cell density numbers and product yields
are difficult to deal with downstream, creating bottlenecks in the whole process.

The continuous fermentation process is carried out by continuously feeding substrates,
new media, and nutrients into a bioreactor containing active microbes. This process
concurrently harvests the used medium and cells, removes toxic metabolites, and replaces
the consumed nutrients from the culture. As a result of the equivalency process of addition
and removal, the culture volume in this process remains constant. Then, the maximum
working volume of the vessel does not limit the amount of fresh medium or feed solution
which can be added to the culture in the course of the process. However, the long cultivation
period increases the risk of contamination and genetic changes in the cultures. This process
also difficult to keep a constant population density over prolonged periods and the products
of a continuous process cannot be neatly separated into batches for traceability. The
production of high residual sugar and ethanol in this process is caused by the continuous
exposure of yeast cells that may affect cell growth until biomass washout [147]. Margono
et al. [148] developed the uncontrolled continuous fermentation process equipped with an
integrated aerobic–anaerobic baffled reactor (IAABR) to study molasses in the presence of
S. cerevisiae and generated 92.55 g·L−1 ethanol with a productivity of 4.63 g·L−1·h−1 for a
residence time of 19.2 h. The ethanol productivity with IAABR is 3.4% higher compared
with that through the industrial batch process, and the maximum operation reaches 14 days
of fermentation without contamination.

The cassava supernatant subjected to continuous ethanol production with a high
cell density strategy at the dilution rate of 0.092 h−1 generated 104.65 g·L−1 ethanol and
ethanol productivity of 9.57 g·L−1·h−1. The ethanol yield of this system is 96.96%, which is
approximately 4.2% higher compared with that obtained by traditional fermentation with
free cells. This research shows that cells sustain optimum condition activity by switching
the flow direction in the in-series bioreactors and extend the long-term stability of continu-
ous fermentation without any possibility of a contamination effect [149]. The continuous
fermentation with a high cell density recycle operation demonstrates a better result com-
pared with typical molasses-based batch fermentation by obtaining 0.44 g·g−1 ethanol
from xylose and glucose and ethanol productivity of 3.4 g·L−1·h−1 [150]. The continuous
fermentation method yields an improved output in minor bioreactor volumes, has low
operational costs by lowering production times, is cost-effective, allows for growth control
via nutrient supply management, and is scale-up friendly. Some limitations of the continu-
ous fermentation process, such as low product concentration, complicated downstream
processes, difficulty in maintaining sterilization conditions, high risk of contamination with
the extended culture time, limited yeasts’ capacity to create ethanol and periodic handling,
which may also increase the costs of operation, are observed.

Syngas fermentation is a biological carbon fixation process that uses a gaseous feed-
stock, primarily composed of a mixture of CO, CO2, and H2 which is obtained from
biomass, coal, animal or municipal solid waste, and industrial CO-rich waste gases, that
is a promising approach converted into valuable chemicals and fuels by microorganisms
through a hybrid thermo/biochemical process [151,152]. Several Clostridium species are
known to produce different bioproducts, but only a few of them use syngas as the sole
carbon and energy source [153,154]. Clostridium carboxidivorans are acetogenic bacteria
that are known to grow autotrophically with syngas and chemoorganotrophically with
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a wide range variety of sugars [155–157]. It is able to ferment these carbon sources to
produce volatile fatty acids and alcohols that can be employed as platform chemicals or
as feedstock for liquid fuel production qualifying it as an interesting microorganism for
industrial production [152,158,159]. However, the issues that must be addressed in order to
incorporate the syngas fermentation into an industrial-scale process include the gas-liquid
mass transfer limitation brought to the low aqueous solubilities of the gaseous substrates
that occur when cells have the capacity to process more gas than the bioreactor can supply.
The resistance of gaseous substrate diffusion at the gas-liquid interface has been identified
as the limiting step in syngas fermentation [160–163]. The other challenge identified as
low carbon fixation yield, high production cost, and the effects of gaseous impurities such
as NH3, H2S, and NOx even at low concentrations by limiting microbial growth, enzyme
activities or by changing physiochemical conditions led to the unintended accumulation of
organic acids and decreased alcohol formation [152–154,159,164,165].

The SSF method combines enzymatic hydrolysis and fermentation in a single phase to
produce value-added products. This method involves hydrolyzing cellulose and extracting
sugars by using an enzymatic complex. These sugars are then used by microbes and
transformed into value-added compounds [166]. The combination of the semicontinuous
fermentation of sugarcane bagasse and SSF system produces 9.07% (v/v) ethanol with
<1% residual glucose at the optimum conditions of 1% (w/v) NaOH, 160 ◦C, and 20 min
of reaction. This study shows no remarkable variation throughout the whole process
and that the system achieves a constant state [167]. Compared with SHF, SSF has several
advantages. These advantages include the use of an individual vessel for fermentation
and saccharification, which reduces the residence period and capital expenditure, and the
reduction of the inhibitory composite from enzymatic hydrolysis, which enhances inclusive
operational achievement. SSF has been intensively studied for the manufacture of ethanol
from lignocellulosic and starchy raw materials because of these benefits. The optimal
temperature for enzymatic hydrolysis is often higher than the fermentation temperature,
and the SSF reaction is limited by the pH and temperature of the operation.

Meanwhile, in the pre-hydrolysis simultaneous saccharification and fermentation
(PSSF) configuration, the pretreated material is pre-hydrolyzed at the optimum temperature
of the cellulolytic enzyme, and the temperature is then lowered for further inoculation
with no other additional step [168,169]. The main advantage of PSSF is significantly
reduced overall fermentation time, environmentally friendly, increased initial velocity
(V0) of enzymes, and provided the optimum conditions for both the enzyme and yeast
to utilize the substrate sufficiently that also reduces the production cost and favors the
distillation process for high ethanol yields [170,171]. The banana peel with 25% (w/v)
of high solid loading using commercial S. cerevisiae at 64 h of fermentation has been
demonstrated as the promising feedstock for ethanol production by PSSF by achieving
a maximum ethanol concentration of 32.6 g/L [172]. The bioconversion of barley straw
to bioethanol was carried out by PSSF where the kinetic model was used as guidance
in the choice of pre-hydrolysis time step. The highest ethanol concentration reached in
the present study was 46.62 g/L at a high solid loading of 20% (w/v) of barley straw by
applying 16 h of pre-hydrolysis. The mass balance of PSSF showed that the reduction in
ethanol yield when solid loading increases could be attributed to the decrease in cellulose
enzymatic conversion [173]. Under the PSSF strategy in the development of a process
using Sargassum biomass at high pretreated solid loading 13% (w/v) was subjected to high-
pressure technology for biomass fractionation recorded the maximum ethanol concentration
of 18.14 g/L after 12 h of fermentation [174]. The ethanol production from potato peel
waste subjected to the PSSF process allowed for reaching a maximum ethanol concentration
of 104.1 g/L at high productivity with 54 h of fermentation [175].

The simultaneous saccharification and co-fermentation (SSCF) method breaks down
cellulose into sugars called hexoses by using an enzyme complex. Specialized microorgan-
isms with the capacity to ingest substrates consume these sweeteners generated in situ
along with pentoses following a pretreatment to acquire a product of significance. The
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research on the corn stover subjected to temperature-profiled SSCF at 12% of glucan loading
eliminated sugar accumulation and alleviated ethanol repression by process optimization,
59.8 g·L−1 ethanol. It suggested that the high-temperature resistant strain helped the xylose-
utilizing strain maintain cell viability in SSCF at high temperatures (42 ◦C) which are higher
compared with the threshold concentration for the economic distillation process [176].
Xylose utilization in the study of sugarcane bagasse by using SSCF with a thermotolerant S.
cerevisiae at 40 ◦C demonstrated 99% xylose in the hydrolysate during the co-fermentation
process, generating 36.0 g·L−1 ethanol [177]. The differences in pH, temperature, and other
parameters required for the enzymatic hydrolysis and co-fermentation process have been
recognized as limiting factors in the SSCF.

The enzymes that hydrolyze cellulose in the production of ethanol require high-
temperature conditions, i.e., thermotolerant yeast and bacteria, to produce high enzyme
contents. The thermotolerant microorganisms are beneficial in terms of efficiency improve-
ment of processes by obtaining higher yields in saccharification, reducing costs associated
with a cooling system while reducing the risk of bacterial contamination [178–181]. Many
studies have examined various thermotolerant yeasts with their optimized temperature for
ethanol production. The isolate Pichia kudriavzevii at 28 ◦C achieved the optimal ethanol con-
centration of 10.10 g/L and a productivity of 0.21 g/L/h in monoculture fermentation [182].
The optimal conditions of Meyerozyma guilliermondii at 45 ◦C using sugarcane bagasse as a
substrate achieved the maximum ethanol concentration of 11.12 g/L and a productivity of
0.23 g/L/h [183]. The optimum fermentation conditions for ethanol production from sweet
sorghum juice with the thermotolerant yeast S. cerevisiae at 37 ◦C revealed a maximum
ethanol concentration of 99.75 g/L and a productivity of 2.77 g/L/h was achieved [184].
K. marxianus at 42 ◦C also effectively utilized biopretreated elephant grass hydrolysate
and produced the maximum ethanol concentration of 14.65 g/L and a productivity of
0.62 g/L/h [185]. Fermentation or hydrolysis can be achieved under ideal specifications,
and the microorganism must be specialized for both substrates and only applicable at
high-temperature conditions. The process requirements also point to the necessity for the
creation of specialized microorganisms. With the use of genetic engineering, the SSCF
process offers several advantages, including the utilization of minimal equipment, short
processing times, reduced contamination risk, and high ethanol production efficiency.

The development of consolidated bioprocess (CBP) of lignocellulosic biomass is the
most integrated process for the bioconversion approach, where the process of hydroly-
sis, fermentation, and enzyme production occurs in a single reactor. The conversion of
pretreated lignocellulose employs genetically modified single microorganisms or a micro-
bial consortium capable of hydrolyzing biomass with enzymes produced on its own and
fermenting monosugars into value-added products could provide the environmentally
friendly, economically competitive by reducing costs for infrastructure, raw materials,
and enzyme production [117,186,187]. The effective fermentation of monosugars obtained
from lignocellulosic biomass is the next bottleneck in bioethanol production reaching an
industrial scale. Several factors might affect its low conversion efficiency, including low
enzyme concentrations at the start of the fermentation, temperature, time, pH, inoculum
size, solid-to-liquid ratio, agitation rate, oxygen content, and rotation speed [188–190].
The isolated bacterium of Hangateiclostridium thermocellum in the study of pre-treated Nan-
nochloropsis gaditana biomass converted into ethanol through CBP was investigated. In this
study, the hemicellulose removal of dilute H2SO4 treatment was found to be best for the
pretreatment of biomass at the concentration of 2.5% under 100 ◦C for 60 min, effectively
disrupting a complex matrix of the holocellulose sample and removing the hemicellulose.
The optimized conditions of the medium components and process parameters yielded a
maximum ethanol concentration of 12.90 g/L [191]. The investigation on the potential of
the fungus Trichoderma asperellum to produce ethanol and the physicochemical parameters
required for paddy straw waste conversion via CBP using the numerical optimization
was statistically validated by comparing the volume of ethanol produced, to the volume
analyzed via Response Surface Methodology (RSM). The investigation proved that the
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fungus is a potential organism for on-site enzyme production with a maximum ethanol
concentration of 0.94 g/L [192]. The maximal ethanol production capability of Fusarium
moniliforme integrated biodelignification and CBP of Napier grass at solid-state conditions
is 10.5 g/L by feeding the fungus with a surplus of glucose for fermentation. These re-
sults demonstrated the characteristics of a fungus for potential ethanol production from
cellulose, mixed sugars, and lignocellulosic materials [193]. The study of the bioconversion
of Sargassum wightii via CBP using the bacterial isolate, Lachnoclostridium phytofermentans
shows excellent growing ability in the optimized production medium conditions with the
maximum ethanol concentration of 13.75 g/L [194].

The pretreatment of feedstocks minimizes their size and makes following the proce-
dures easy. Cellulose and hemicellulose are hydrolyzed into sugars that may be fermented.
These carbohydrates are fermented into ethanol by using yeasts. S. cerevisiae is widely
utilized as a yeast strain for the ethanol fermentation of lignocellulosic hydrolysates due
to fast growth, high tolerance, efficient glucose anaerobic metabolism, high selectivity,
cost-effective process for high ethanol yield, high rate of fermentation, low accumulation
of byproducts, and use of a broad scale of disaccharides (e.g., sucrose and maltose) and
hexoses (e.g., glucose, mannose, and galactose) [195,196]. Table 1 shows ethanol production
by S. cerevisiae from a different type of feedstock at varying treatments.

Table 1. Ethanol production by S. cerevisiae from different types of feedstock at varying treatments.

Feedstock
Parameters Ethanol

Concentration (g/L) Ref.
Temperature (◦C) Agitation Speed (rpm) Incubation Time (h)

Galactose 30 200 28 96.90 [197]
Rice husk 43 150 96 15.63 [198]

Oil palm frond 30 152 15 4.79 [199]
Cellulose and

sucrose/xylose 30 200 96 4.30 [200]

Papaya peels 30 200 48 0.51 [201]
Pineapple leaf 30 150 72 9.75 [202]

Pomegranate peel 30 100 24 5.58 [203]
Sweet sorghum 30 150 18 97.54 [204]

Sugarcane distillery
waste 30 150 48 49.77 [205]

Corn starch 30 300 192 98.13 [206]
Rice straw 30 150 72 18.07 [207]

Sugarcane molasses 30 200 56 114.71 [208]
Corn stover 34 150 48 21.47 [209]

Oil palm trunk 30 150 18 44.25 [171]
Microalgae biomass 30 150 48 52.10 [210]
Sugar beet molasses 30 140 112 79.60 [211]

Cassava starch 30 200 72 81.86 [212]
Suweg starch 37 80 78 99.52 [213]
Frond Waste 50 150 96 33.15 [214]

Industrial ethanol production is efficiently produced from lignocellulosic hydrolysates
by yeast strains with high hexose and pentose fermentation. This result is due to the high
xylose and glucose contents in lignocellulosic biomass [215,216]. The modest acid stress
caused by lignocellulosic materials also inhibits yeast fermentation. The presence of weak
acids in deficient concentrations can boost ethanol synthesis through cellular division. In
S. cerevisiae, weak acids are shown to increase glucose consumption, ethanol synthesis,
and tolerance to 5-hydroxymethylfurfural and furfural [217,218]. Despite the fermentation
route having been commercially realized, the cost is expensive due to the energy-intensive
distillation steps and low yield to meet the market demand. Other remarkable obstacles to
ethanol generation, such as excessive temperatures, prominent ethanol concentrations, and
capacity to ferment pentose sugars remain in yeast fermentation. The main disadvantage
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is that yeasts grown in anaerobic states for an extended period lose the capacity to man-
ufacture ethanol. Furthermore, at high dilution rates, which allow for high productivity,
the substrate is not entirely utilized, resulting in low yield. The rate of development and
metabolism of yeasts increases as the temperature rises until the optimal level is reached.
The inhibition of microorganism expansion and viability can occur when ethanol concen-
trations rise during fermentation. The difficulty of S. cerevisiae growing on a medium with
a high concentration of alcohol causes ethanol production to be inhibited. The limitation of
S. cerevisiae is the inefficient fermentation of glucose and xylose. As a result, yeast strains
that can ferment glucose and xylose or utilizing two separate yeast strains that can utilize
these sugars individually should be found.

3. Future Directions of CO2 Conversion into Ethanol
3.1. Ethanol Synthesis Based on Electrochemical Reduction

A carbon-neutral energy cycle is through the transformation of sunlight towards
energy-dense fuels via electrolytic CO2 reduction to fuels [17,219,220]. Based on the Nernst
equation, electrochemical reduction potentials are translated into the reversible hydrogen
electrode (RHE) range:

ERHE = EAg/AgCl + 0.059 × pH + E0
Ag/AgCl, (3)

where the potential, ERHE vs. RHE, E0
Ag/AgCl = 0.198 V at 25 ◦C, and the potential measured,

EAg/AgCl vs. the reference electrode, Ag/AgCl.
The conversion of electrochemical CO2 into ethanol involves a set voltage flow with

steady or unnoticeable current conditions. This process determines the best voltage to
convert CO2 into ethanol via electrochemical synthesis easily. The conversion of CO2 into
ethanol is a nonspontaneous reaction (E0 = negative) that requires an external voltage source
from the power supply. A predetermined voltage flow with stable or imperceptible current
states is used to convert electrochemical CO2 into ethanol. This process makes identifying
the appropriate voltage for the conversion of electrochemical CO2 into ethanol easy. The
conversion of CO2 into ethanol is a nonspontaneous reaction (E0 = negative) that needs
a power supply voltage source. Splitting the process into two separate electrochemical
stages is used to pursue ethanol synthesis. The intermediate product in the assembly
cascade technique should be a stable species that can be easily isolated from the initial
electrolyte. CO is chosen as the stable intermediate product from the start, as evidenced by
CO2 electroreduction at excessive faradaic efficiencies:

CO2 + H2O + 2e− → CO + 2OH− E0 = −0.10 V vs. RHE (4)

The poor solubility of CO causes the easy separation of intermediate products for
transfer to the second-stage electrolyzer, leading to excessive current density due to the
difficulty of the CO reduction process. Han et al. [221] concluded a feasible approach to
solve the restricted CO coverage and deficiency in CO solubility in the catalytic position is
to develop a cocatalyst for the formation of CO and reduction of CO2 in the electrocatalytic
reaction. Thus, the catalyst system can be prepared by coupling two sites, where one
site efficiently reduces CO2 to CO, which further distributes to the construction of C–C
coupling in the formation of long carbon chain species that occur on the other sites of
coupling. Yuan et al. [222], Kou et al. [223], and Ramírez-Valencia [224] reported that
the CO-producing site’s pyridinic N-doped carbon species components show excellent
performance selectivity and high catalytic accomplishment for the reduction of CO2 to
CO. The development of N-doped porous carbon components influences the electronic
order and size of the Cu catalyst and further improves the gas transport for enhanced
availability to pyridinic N during the process of adsorption of CO2 and reduction of CO.
The electrocatalyst reaction for the direct transformation of CO2 into ethanol demonstrates
competitive faradaic efficiencies but prefers high current densities, low overpotentials, and
poor selectivity with the long-term stability of the operation [225–227].
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The overall cathode half-reaction for ethanol formation is as follows:

2CO2 + 9H2O + 12e− → C2H5OH + 12OH− E0 = 0.09 V vs. RHE (5)

The advantage of the electrochemical synthesis of ethanol from CO2 is the product
selectivity generated on each electrode terminal. Then, the equipment and substance used
are basic and have a low cost. The process is controllable and flexible with a safe and
mild operating background and empowers the nonfossil energy from renewable energy
sources with environmentally friendly coupling [224]. The kind of metal utilized on the
electrode affects the electrochemical synthesis efficacy of converting CO2 into ethanol. The
electrocatalytic characteristics of metals employed as electrodes affect the transformation
percentage of CO2 and the distribution in overall compounds. The category of catalyst,
reaction potential, properties of electrolyte solution, cell design, pH value, and reaction
circumstances, such as temperature and pressure, influence the outcomes of electrochemical
synthesis [228–230]. The variety of alkaline electrolytes ranging in pH from neutral to
alkaline has shown the potential to improve C2 products [231–233]. Some studies in the
electrochemical synthesis operation for converting CO2 into other chemicals revealed that
the category of electrode used and the sensor preparation have a remarkable effect on the
results produced [234,235].

In the electrochemical synthesis process, where the water oxidation reaction occurs,
carbon is an inert electrode attribute that does not react when utilized as an anode. Carbon
is not affected during electrochemical production because of its inert characteristics. Water
is oxidized and becomes a source of protons and electrons because carbon is an inert
compound, and the bicarbonate anion (HCO3

−) does not oxidize in water. The mecha-
nism of the reaction of ethanol synthesis at the cathode involves 12 protons and electron
transfer, which aid the process of ethanol formation at the cathode [17,232,236–238]. In the
electrolytic CO2 reduction, normal metallic electrocatalysts only generate the C1 building
block but copper (Cu) elements have been identified to catalyze the manufacturing of low
hydrocarbons at reasonable excessive faradaic efficiency (FE). The transformation of CO2
into multicarbon alcohols via multiple electron transfer reactions facilitates C–C coupling
reactions to produce C2 products, resulting in decreased system’s energetic competency
and poor selectivity [221,239,240]. Various factors of the selectivity and activity, such as
catalyst size, catalyst surface structure, catalyst oxidation state, structural morphology, crys-
tallographic orientation, composition, type of electrolyte ions, pH, pressure, temperature,
design of the electrochemical cell, and the existence and number of deficiencies (i.e., point
fault, contamination, unorganized location, grain limits), enhance the catalytic performance
of CO2 electroreduction towards multicarbon products [230,239,241,242]. Nanocatalyst
morphologies, supporting materials, nanograin boundaries, and catalyst surface changes
can all have an impact on contrary reaction pathways.

Zhu et al. [243], Zhou and Yeo [244], and Chen et al. [245] believed that Cu-based
catalyst arrays’ structure elevates local pH, which favors CO generation and C–C coupling
to generate C2 products. Zhang et al. [246] agreed that on the Cu surface, the conversion of
CO2 to form C–H is difficult because it requires several electron reductions, protonation,
and C–C coupling reactions. The restructuring of Cu facet coordination has stabilized facets
on metal surfaces under electrolysis conditions, promoting the production of hydrogen.
Compared with a traditional H-cell, a gas-fed flow cell improves FE toward CO2 reduction
products [239,247]. Jung et al. [248] also highlighted the importance to generate C2 products
selectively, which is critical to regulate and maintain the morphology of amorphous Cu
nanoparticles. Density functional theory (DFT) calculation has shown that Cu is the
preferable electrocatalyst for the formation of C2 products [249–251]. CO2 activation and
CO dimerization to form C2 products are remarkably improved by the linkage between
the functional surfaces of Cu. The outcome also reveals that using the Cu complex as a
precursor is critical for excellent performance because the Cu catalyst generated via direct
electrodeposition has substantially low efficiency. The combination of copper with other
metals produces higher catalytic activity for converting CO2 into ethanol than pure copper
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metal. This finding is proven by the combination of Pd–Cu nanoparticles [252], copper-
modified boron-doped diamond [253], copper–cuprous oxide [249], copper surface with a
family of porphyrin-based metallic complexes [254], copper–silver composites [255], and
cuprous oxide nanocubes with silver (Ag) nanoparticles [256]. Table 2 shows a summary of
the experimental procedure applying copper-based catalysts in the transformation of CO2
into ethanol.

Table 2. Summary of the experimental procedures applying copper-based catalysts in the transforma-
tion of CO2 into ethanol.

Catalyst Electrolyte Cell
Configuration

Current
Density (h) Overpotential Faradaic

Efficiency (%)

Total Current
Density

(mA cm−2)
Reference

Cu
1.0 M KOH Electrochemical

flow cell 4 −0.58 V vs.
RHE

46 200 [257]0.5 M KHCO3

Cu 0.1 M KBr H-type glass cell 3 −1.10 V vs.
RHE 23 170 [258]

Cu 1.0 M KOH
Two compartment

electrochemical
H-cell

16 −0.95 V vs.
RHE 32 126 [259]

Cu/Ag 1.0 M KOH Electrochemical
flow cell not available −0.70 V vs.

RHE 25 300 [260]

Ce(OH)x-
doped-Cu 0.1 M KCl Three-electrode

electrochemical cell 6 −0.70 V vs.
RHE 43 128 [261]

Cu 0.1 M KHCO3
Flow cell
reactor 6 −0.60 V vs.

RHE 40 200 [262]

Cu/Ag 1.0 M KOH Flow cell
reactor 2 −0.67 V vs.

RHE 41 250 [263]1.0 M KHCO3

Cu 1.0 M KHCO3 MicroFlow® cell 20 −0.97 V vs.
RHE 89 300 [264]

Cu 1.0 M KOH Electrochemical
flow cell 65 −0.71 V vs.

RHE 90 520 [265]

FeTPP[Cl]/Cu 1.0 M KHCO3
Electrochemical

flow cell 12 −0.82 V vs.
RHE 41 124 [254]

N-C/Cu 1.0 M KOH Flow cell
reactor 15 −0.68 V vs.

RHE 52 156 [266]

zCu/Ni-N-C 1.0 M KOH Electrochemical
flow cell 103 −0.70 V vs.

RHE 62 415 [267]

Cu2O 1.0 M KHCO3
Gas diffusion

electrode flow cell 10 −0.85 V vs.
RHE 76 300 [268]

np-Cu/VO2 1.0 M KOH Electrochemical
flow cell 12 −0.80 V vs.

RHE 38 102 [269]

ZnO/4Cu2O 1.0 M KOH Electrochemical
flow cell not available −1.0 V vs.

RHE 50 140 [270]

Cu50/PTFE15 1.0 M KOH Gas diffusion
electrode flow cell 2 −1.85 V vs.

RHE 47 200 [271]

Cu2O/Ag 1.0 M KOH Gas diffusion
electrode flow cell not available −1.18 V vs.

RHE 73 243 [256]

Cu/C/PTFE 1.0 M KOH Gas diffusion
electrode flow cell 2 −1.0 V vs.

RHE 76 250 [272]

Despite advancements in the electrochemical CO2 reduction process, creating highly
operative and selective nanocatalysts for the electrochemical CO2 reduction reaction re-
mains a major issue. The Cu-based catalyst of the nanostructure is chemically unstable,
which demonstrates various catalytic performances via different procedures of operations
due to the uncontrolled facet of oxidation and is related to the alternate in facet chemistry.
The local reaction environment is further altered by electron reduction and protonation,
making it challenging to stabilize the nanocatalyst. Facet coatings are a common way to
improve the strength of nanocatalysts but affect the Cu’s facet chemistry and its capability
to convert CO2 to form C–H hydrocarbon. MOFs are favorable support materials in stabiliz-
ing and improving the catalysts due to their electrical conduction. MOFs require pressured
reactant supply and an outcome separation mechanism due to their porous nature. More
experimental research should be conducted to stabilize Cu nanocatalysts for the discovery
of their catalytically functional area and improved activity/selectivity. Other challenges
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include the effect of the poor transfer current densities causing the ineffective electron
exchange rate of kinetics, the deactivation of electrodes, enormous overpotential (or low
energy performance), restricting practical use, deficient selectivity of the product, which
necessitates expensive separation processes, and technological commercialization.

3.2. Ethanol Synthesis from DME

The thermochemical approach to the production of ethanol from CO2 via DME has two
phases of reaction. The initial step is to make DME from CO2 and H2. Methanol synthesis
and dehydration are the two phases in the traditional commercial DME synthesis from
syngas, which includes CO and CO2. However, a one-step experimental procedure on mul-
tifunctional catalysts is favorable due to its thermodynamic stability and operational cost-
effectiveness [273,274]. DME is a cheap and bulk chemical with environmental acceptability,
has high quality, and is an excellent replacement fuel for use in diesel engines [275–277].
DME is also used as a critical intermediary to bulk chemicals in the industrial sector by
producing acetic acid, olefins, and hydrocarbons [278–280]. The commercialized process
reaction of the DME synthesis reactor is based on the equation below.

CO Hydrogenation:

CO + 2H2 
 CH3OH ∆H0
298 = −90.8 kJ·mol−1 (6)

CO2 Hydrogenation:

CO2 + 3H2 
 CH3OH + H2O ∆H0
298 = −49.5 kJ·mol−1 (7)

RWGS:
CO2 + H2 
 CO + H2O ∆H0

298 = +41.2 kJ·mol−1 (8)

Methanol dehydration:

2CH3OH 
 CH3OCH3 + H2O ∆H0
298 = −23.4 kJ·mol−1 (9)

Methanol catalysts, e.g., Cu/ZnO/Al2O3 (CZA), catalyze the reactions at Equations (6)–(8),
whereas catalysts with acidic properties such as HZSM-5, zeolites or γ-alumina catalyze
reactions at Equation (9) [281–284]. CZA is a dominant conventional catalyst in the DME
reaction due to its capability to improve the catalytic performance and selectivity toward
methanol production. Studies on the CZA catalyst for CO2 hydrogenation to methanol for
720 h time-on-stream of the reaction demonstrated that the space–time output of methanol
is reduced to 34.5% during long-term testing [285]. The addition of Zr in the CZA catalyst,
which forms CuO/ZnO/ZrO2/Al2O3 (CZZA) with HZSM-5, shows improvement stability
with methanol production by reduction from 18.5% to 14.1% with more than 58.7% selectiv-
ity after 100 h of DME reaction [286]. The DME reaction by using CuZn/Al2O3 catalyst
recorded optimum conditions at 250 ◦C and 40 bar, resulting in a methanol selectivity of
58% [287]. The optimum reaction condition for DME synthesis requires temperatures and
pressures ranging from 200 ◦C to 300 ◦C and from 20 bar to 50 bar, respectively [288–290].

The direct production of DME in a one-step process involves the simultaneous com-
pletion of two stages of reactions, i.e., methanol generation (via CO2 hydrogenation) and
methanol dehydration to DME, in the same reactor by using hybrid/bifunctional catalysts
in a closed system, avoiding the need for intermediate purification steps and transportation
units to minimize the cost of operation [273,291,292]. The hybrid/bifunctional catalysts
needed for direct DME production require the combination of metal sites with redox func-
tion properties for the selective CO2 hydrogenation to methanol and acidic function for
the transformation of methanol dehydration to produce DME. Based on the Le Chatelier
principle, the high water content limits the production of methanol that occurs in the
hydrogenation of CO2. The dehydration reaction contributes to the production of water.
If the reaction area is divided through the core-shell structure, the presence of water on
metallic sites can be significantly limited [291,293,294]. Water molecules tend to be ad-
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sorbed on the surface of catalysts which deactivation of catalyst function by metal oxidation
of the catalytic phase and constructs a faster metal sintering and destroys the structure
of the acid catalysts blocking the production of methanol on the hydrogenation sites.
Hence, an investigation is conducted to increase the stability of the catalyst implemented
in the hydrogenation reaction. A remarkable improvement in catalytic stabilities has been
recorded in In2O3/ZrO2 [295], interlinkage of CuO–ZnO–ZrO2 on the surface of the zeo-
lite [296], zirconium-modified CZA [286], gallium nitride [297], Cu–Ho–Ga/γ-Al2O3 [298],
Cu/ZnO/ZrO2//H-FER 20 [299], and PdZn/TiO2-ZSM-5 hybrid [300]. The introduction
of membrane reactor technologies [292,301] and adsorbent material [288,289,302] has been
proposed to limit the effectiveness of water in DME production. Additionally, stable acid
sites are needed in DME production due to the presence of water because strong acidic
sites catalyze secondary dehydration reactions that deposit carbon and form hydrocar-
bon [273,276].

The Cu-MOR@SiO2 core−shell microcapsules catalyst in tandem with the ternary
oxide CZA catalyst recorded the catalytic activity of DME conversion at 83.8% and ethanol
selectivity at 48.7% over 50 h at 220 ◦C of reaction [303]. On the reaction of CZ@Cu-MOR
microcapsule catalyst for 50 h at 400 ◦C, DME carbonylation converted to methyl acetate
on the active sites of the zeolite subsequently hydrogenated the syngas to DME conversion,
and ethanol selectivity of about 26.8% and 45.8%, respectively, was achievable [304]. In the
optimal reaction condition of 24 h at 220 ◦C, the proximity effect in the two components of
NMOR zeolite and CZA tandem catalysts exposed to syngas achieved a DME conversion
of 66% along with ethanol selectivity of 43.4% [305]. The most challenging aspect of
the direct production of DME from CO2 by utilizing hybrid/bifunctional catalysts is
ensuring the correct ratio with regulated metal and acid interaction that is required for
methanol production and dehydration. The detriment of utilizing DME as an alternative
fuel to diesel is due to its low viscosity, which causes a leak and component damage.
Furthermore, DME has low heating point than diesel. Therefore, despite its higher energy
performance, DME still requires fuel insertion every cycle of the reaction. DME also has low
combustion enthalpy, low modulus of elasticity, and fuel tanks with low energy content.
These disadvantages counteract the features of DME’s low boiling point, and a pressured
system must be used to keep the fuel in a liquid condition.

3.3. Ethanol Synthesis Based on RWGS

One of the most promising methods for CO2 consumption as a renewable system
delivering feedstock for nonfossil fuel synthesis and important chemical processes is the
RWGS procedure [306–309]. The hydrogenation of CO2 is converted into hydrocarbons
via the RWGS reaction, which is catalyzed in tandem and subsequently modified by the
Fischer–Tropsch synthesis (FTS) mechanism, where the intermediate product of the reaction
is CO before hydrocarbons or alcohols are formed [310,311].

CO2 hydrogenation:

nCO2 + (3n+1)H2 → CnH2n+2 + 2nH2O→ ∆RH573K = −128 kJ·mol−1 (10)

RWGS:
CO2 + H2 → CO + H2O→ ∆RH573K = 38 kJ·mol−1 (11)

FTS:

nCO + (2n+1)H2 → CnH2n+2 + nH2O→ ∆RH573K = −166 kJ·mol−1 (12)

This process is also known as the CO2-FTS mechanism, where the CO produced from
the RWGS reaction is inserted into the *CH3 or *CH3(CH2)n generated from the CO-FTS
mechanism to form methanol, ethanol, or other higher alcohol synthesis [312,313]. The
RWGS reaction is an endothermic process favored at high temperatures, resulting in a high
equilibrium conversion of CO2 and performed at relatively low contact times [307,314].
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The hydrogenation of the CO2 reaction path is an inherent drawback because the FTS
mechanism is an exothermic process that favors low temperatures [311,315]. Active sites
for dissociating hydrogen and adsorbing CO2 should be present in RWGS catalysts. The
excellent performance of the precious metal-based catalyst in RWGS reactions has been
recorded in a few studies due to their ability to dissociate hydrogen at low-temperature
catalytic activities [316–318]. However, these catalysts are not suitable for industrial-scale
promotion and application due to limitations of high prices and rare resources. In the
RWGS reaction, Ni and Cu-based catalysts have demonstrated good activity and selectivity
but are prone to sintering deactivation at high temperatures [318–321]. Transition-metal
carbides are also favorable in RWGS reactions due to their dual functionality for dissociating
hydrogen and C=O bond cleavages [322,323]. In ethanol production, Fe-based catalysts
with the right combination of promoters, organized additives, or assistance form the
active area of reaction. Alkali metals particularly Na and K elements have been identified
as the most effective promoters of the catalytic performance of Fe-based by producing
highly active for the FTS mechanism in improving the selectivity and CO2 conversion
during ethanol production [324,325]. Carbon support substances are natural support
materials for Fe-based catalysts and show outstanding catalytic achievement for ethanol
generation by enhancing selectivity and expanding the active dispersion phase in the FTS
mechanism [326].

The catalytic performance of carbon support materials is based on the surface area,
pore size, distribution, and pore structure [327,328]. Unfortunately, the use of Fe-based
catalysts for CO2 hydrogenation reactions produces highly toxic precursors and needs
a long time of carbonization [326]. Cu-based catalysts in RWGS reactions have been
extensively investigated due to their high stability, low cost, high-performance atmospheric
pressure at very low temperatures, and excellent selectivity for CO [283,316,329,330]. When
a considerable quantity of CO2 in the feed is adsorbed on the surface, the oxidation and
reduction processes of Cu-based catalysts demonstrate strong activity with a minimal
number of undesirable products [283,331,332]. In the RWGS reaction, the hydrogenation of
the CO2 mechanism happens by using a Cu-based catalyst, with CO as an intermediate
product before forming hydroxyl species on the surface, thus constraining the operative
area for alcohol synthesis when CO2 decomposes into water molecules. This process
is the redox mechanism with the Cu-based catalyst involving CO2 reduction, the rate-
determining step, and active sites in RWGS reactions. CO2 oxidizes into Cu0 to produce
Cu+, which improves the CO selectivity by 10%, whereas H2 reduces the Cu+ to form Cu0 to
generate H2O [306,333]. The investigation of the morphological effect shows that Cu/CeO2
nanorods exhibit the highest CO2 conversion compared with Cu/CeO2 nanocubes and
favor the strong link of metal–support interaction in generating a high density of oxygen
vacancies under reducing conditions [334,335]. The rod-like morphology of CuO/CeO2
demonstrates the highest catalytic activity and stability and achieves the thermodynamic
equilibrium conversion at 350 ◦C [336]. In the RWGS reaction, the oxygen vacancies on the
spinel oxide surfaces are vital in the adsorption and activation of CO2 [337]. Based on the
activation method, the adsorption of CO2 on oxygen vacancies is the initial step of RWGS,
which involves C=O bond cleavages under a high-temperature energy-driven process [338].
A study on the role of copper as a promoter has shown an indirect effect on catalyst activity.
The study reported that the addition of Cu to the Mo2C catalyst enhances the selectivity of
CO yield [333]. The presence of Cu in MoO3/FAU zeolite catalysts influences the reduction
step of MoO3 to MoO2, thus improving the CO yield [332]. However, the major drawback
of the Cu-based catalyst, which undergoes deactivation during the RWGS reaction because
of poor thermal stability due to the fractional oxidation of the Cu metal, leads to the
reduction in the surface area of the active sites and copper particle agglomeration at high
temperatures. The effective metal stage and/or coke deposition are hampered by material
sintering, which lowers the CO2 transformation degree by restricting catalyst activity.

21



Catalysts 2023, 13, 1093

Some thermodynamic limits in RWGS reactions are present. The CO2 reactant has
the potential to damage the CO hydrogenation catalyst, and the water that is inevitably
retained in the end product, generally 20–45% of the whole product, decreases product
selectivity and catalytic activity. The endothermic nature of the RWGS reaction uses
sophisticated catalysts that are frequently necessary to customize the cascade reactions, and
a high temperature, typically above 300 ◦C, is required to drive these processes. Although
methanol is used as an intermediary to make liquid hydrocarbon from CO2 hydrogenation
at high temperatures on some occasions, the end product has remarkable CO byproducts.
The low activity and unstable C–C coupling formation in the FTS mechanism is another
challenge in the CO2 hydrogenation process that usually produces light hydrocarbons,
particularly methane. Catalyst deactivation has been identified in the FTS mechanism
by poising the catalyst in the presence of sulfur and nitrogen compounds, inactive metal
support compound, hydrothermal sintering, and the formation of inactive catalytic phases
as oxides.

3.4. Ethanol Synthesis Based on Catalytic Hydrogenation

Catalytic hydrogenation is one of the promising approaches to overcoming the obstacle
in the chemical reduction activation of CO2 [316,339,340]. The hydrogenation of CO2 yields
useful alcohols, such as methanol, ethanol, and higher alcohol, that have impressive energy
density with broad applications to value-added chemicals, such as neat fuels, fuel additives,
and raw chemicals [16,17,297,341]. However, due to a shortage of effective catalysts with
excellent stability, the effective cleavage of the C–O bond, excessive strength barrier of
C–C coupling, and generation of water as a byproduct in the process can simply inactivate
several catalysts for CO2 transformation, and the direct synthesis of ethanol via CO2 hy-
drogenation is substantially more difficult than methanol synthesis [16,342,343]. The most
efficient catalytic technique for producing ethanol directly from CO2 should encourage
partial CO2 reduction, hydroxylation, and C–C bond formation at the same time [232].
According to theoretical investigations, minor catalyst effects improve CO2 hydrogena-
tion catalytic performance. The link between the structure and catalytic performance is
established by regulating the catalyst structure of active sites, and constructing optimum
catalysts is the most effective technique in managing carbon chain expansion with con-
trolled alcohol arrangement [341,344]. The calcination process to synthesize the catalyst has
also been identified to affect the performance of the catalyst. The maximum product yield
of the CO2 hydrogenation reaction is obtained from nickel(II) oxide supported on alumina
and calcined at 700 ◦C with rod-like morphology and tiny crystallite size of nickel(II) oxide
nanoparticles (12.7 nm) at facet (111) [345].

The fabrication of efficient heterogeneous Rh-based catalysts on TiO2 nanorods should
be beneficial in boosting ethanol selectivity due to a synergetic combination of surface
hydroxyls and widely dispersed Rh nanoparticles. The use of promoters particularly Li and
Fe is generally effective in enhancing the activity and ethanol selectivity by increasing the
strength of adsorption of bridged-bond CO species and influencing the electronic condition
of Rh [346]. Therefore, the RhFeLi/TiO2 nanorod catalysts in CO2 hydrogenation exhibit
30% ethanol selectivity, 15% CO2 conversion, and stable performance for 20 h of operation.
The effect on promotion is associated with the prominent density of the hydroxyl group on
TiO2 nanorods and the excessive distribution of Rh elements. Hydroxyl groups have been
demonstrated to equalize the protonation of methanol and formate compounds, which are
efficiently detached to form *CHx. The production of CO from the RWGS reaction is then
introduced to construct CH3CO*, which is hydrogenated to further produce ethanol [347].
Rh-based catalysts may catalyze CO dissociation and CO insertion over their atomically
neighboring Rh0–Rhn+ species, increasing the possibility of coupling between *CO and
*CH3 in the synthesis of C2+ oxygenates from syngas, such as ethanol, acetic acid, and
acetaldehyde [348]. The strong interaction in Rh/TiO2 catalysts demonstrates excellent
steady-state activity with 40% ethanol conversion at 120 min of reaction. The transformation
of TiO2 nanotubes into the anatase structure due to the acceleration of Rh nanowires has
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a remarkable impact on catalytic effects. The positive charge on Rh activates the CO2
hydrogenation and promotes the further decomposition of formate intermediates [349].
Simulations through DFT reveal that the ionic liquid connects to the Rh species on TiO2 with
a binding energy from 0.69 eV to 1.19 eV. The turnover frequency (TOF) of the stabilized
single atom Rh/TiO2 is 800 h−1 in styrene hydroformylation and potentially recycled for
five runs under harsh reaction conditions [350].

The quantity of vanadium oxide loaded and promoted on Rh-based catalysts enclosed
in mesopore MCM-41 (Rh-0.3VOx/MCM-41) has been demonstrated as extremely promis-
ing for ethanol synthesis, with CO2 transformation and ethanol selectivity of 12% and
24%, respectively. This result is contributed by the equilibrium amount of CO dissociative
adsorbed with nondissociative adsorbed affecting the yield and selectivity of ethanol syn-
thesis. The electrical effect is thought to be responsible for the creation of Rh+ species and
the construction of interfacial VOx–Rh active sites, which dissociate CO into *CHx and aid
in the synthesis of ethanol following CO introduction [351]. The 2K20Fe5Rh–SiO2 catalyst
in CO2 hydrogenation has recorded 16% ethanol selectivity and 18% CO2 conversion for
6 h of stability. The presence of K as a promoter in this experiment stabilizes the CO inter-
mediate produced and C–H bond formation during CO2 hydrogenation [346,352]. Rh10Se
clusters supported on TiO2 (Rh10Se/TiO2) and treated in a fixed-bed reactor at 350 ◦C
show optimized selectivity to ethanol synthesis at 83% and CO2 conversion of 27%. The
strong electrical interaction between Rh10 and Se is thought to hinder methane production
and boost ethanol synthesis on Rh sites by encouraging C–C bond formation via CHx and
carbonyl coupling on the surface to produce acetate substances [353]. The scarcity and high
cost of Rh-based catalysts restrict further development. Table 3 shows a summary of CO2
hydrogenation over homogeneous and heterogeneous catalysts.

Pd-based catalysts have shown promise because they aid in C–C coupling, a crucial
step in the formation of C2+ molecules, and precisely modify nanoparticle composition,
nanoparticle structure, and support materials [354,355]. As a result, numerous Pd-based
catalysts for direct ethanol synthesis from CO2 hydrogenation with good selectivity in an
autoclave reactor at a very high reaction temperature (>250 ◦C) and confined to standard
disordered architectures have been created [313,347,356]. Ordered catalysts with consid-
erable interaction with active sites have been proposed to increase charge transfer and
regulate electronic effects. Other disordered catalysts may be outperformed by such a
catalytic system [357,358]. Within 5 h of the experiment, the Pd2/CeO2 nanorod catalyst
with a unique two-atom geometric feature arrangement enables the facile cleavage of the
C–O bond and efficiently contributes to C–C coupling, yielding 99.2% ethanol selectivity,
9.2% CO2 conversion, and TOF value of 211.7 h−1. DFT results show that Pd dimers bind
CO tightly, preventing CO desorption and forming the precursor of ethanol via connecting
CO and CH3 intermediates [343]. Similar to precious metal group materials, the Pd-based
catalyst is scarce and expensive, thus hindering its large-scale application.

At 200 ◦C for 5 h, the Ir1–N2O3 single-atom catalyst displays exceptional efficiency for
CO2 hydrogenation with 99% ethanol selectivity and a TOF value of 481 h−1. The isolated
monoatomic Ir atom interacts with the neighboring oxygen vacancy on In2O3 to create a
Lewis acid-base pair. This phenomenon generates two independent catalytic centers that
reduce CO2 into active intermediate species of carbonyl (CO*) adsorbed on the Ir atom and
subsequently contribute to the C–C coupling to ethanol production [344]. However, the
scarcity and high cost of In-based catalysts render them unsuitable for practical application.
Co-based catalysts may generate a high selectivity of alcohol products due to excellent
CO insertion ability and catalyze C–C coupling. The synergistic impact of facets Co0 and
Coδ+ provides the remarkable achievement of the Co/La–Ga–O composite oxide catalyst
in CO2 hydrogenation, with 9.8% CO2 conversion, 74.7% ethanol selectivity, and 88.1%
ethanol [359]. The introduction of nickel into a Co-based catalyst exhibits high activity
and selectivity in forming ethanol by CO2 hydrogenation. The optimized Co0.52Ni0.48AlOx
catalyst has recorded ethanol synthesis of 85.7% at 200 ◦C for 12 h on stream. This catalyst
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also shows high stability by remaining unchanged metal nanoparticle size and composition
five times, whereas the selectivity of ethanol is maintained [360].

The study of the catalytic achievement of Na–Co/SiO2 catalyst at 250 ◦C, 5 Mpa, gas
hourly space velocity (GHSV) of 4000 h−1 for 300 h of reaction recorded 62.8% ethanol
selectivity and 18% CO2 conversion. The CO generated in the Co2C active phase is injected
into CHx intermediates, leading to the production of ethanol according to in situ DRIFTS
data [313]. The interaction between Na and Co2C produces ethanol efficiently with a CO2
conversion of 53%. The electronic environment of Na–Co2C active sites and the effects of
CO activation are revealed using DFT calculations. The Bader charge analysis revealed
that Na is a cation on the Co2C surface with a Bader charge of 0.78 e, suggesting electron
transfer from Na to Co2C and the presence of contact between Na and Co2C (Figure 4a).
When CO2 is adsorbed (Figure 4b), the most charge transferred and the stable adsorption
structure on Na–Co2C active sites reveal that the O–C–O bond of CO2 is bent from linear
in gaseous to 122.4, in which C and two O atoms contact with 2 Co atoms and 1 Na atom,
showing that Na–Co2C allows for easy adsorption and activation [361].
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Reprinted with permission from Ref. [361] 2021 Copyright Elsevier.

The energy barriers of transition states on the Na–Co2C surface are higher than that
on the Co2C surface regardless of CO-direct or H-assisted dissociation. A large number of
alkyl species (CHx) formed on the Co2C surface (formate species or CO hydrogenation)
and the adsorption energies of CHx species are constant on Na–Co2C functional surface
area. The increase in CO non-dissociative adsorption improves the CO/CHx ratio, which
is conductive and allows for easier CO activation and coupling on Na–Co sites into the
adjacent CHx on Co atoms to synthesize ethanol [361]. The use of CoMoCx catalyst prepared
using the ionic liquid method as all-in-one precursors at 800 ◦C carbonized temperature
results in the optimal catalytic performance of 97.4% ethanol selectivity for 6 h of the
experiment. This catalyst also shows high stability performance in the seventh run without
remarkable deactivation. This study also found that the most electron transfer and the
largest shift towards the low binding energy occur at 180 ◦C and 2 Mpa and detected CO gas
as a byproduct of the reaction. Water, a green solvent used in this reaction, is combined with
CO2 to form bicarbonate and accelerate CO2 conversion [362]. However, the conventional
Co2C phase under H2 above 220 ◦C usually suffers from the rate of deactivation in the
long-term catalyst performance. The uncontrollable synergism between CO dissociative
activation and CO insertion of metallic Co-based catalysts generates the high selectivity of
methane in CO2 hydrogenation.
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Fe-based catalysts possess the ability of CO dissociation catalyzed by an operative
composition, and the catalytic activity can be constructed in the formation of hydrocarbon
products [363,364]. The improvement of the CO insertion procedure and match the alkyl
species formed on Fe sites to make alcohol products, a Fe-based catalyst combined with
a noble metal is required [347,356,365]. The catalytic activity of FeMnNa catalyst under
experimental conditions of 340 ◦C, 2.0 Mpa, and CO2/H2/Ar ratio of 24/72/4 has resulted
in 35% CO2 conversion and 31.7% ethanol selectivity. The temperature-programmed
reduction analysis has also recorded excellent performance of the FeMnNa catalyst by
promoting the formation of MnCO3 from MnO in the presence of CO2 and indicated that
the Na component hinders the synergy between Fe and Mn in the reduction of FeMnNa
catalyst for selective CO2 hydrogenation to form ethanol [366]. The monometallic Fe-based
catalyst co-modified with Na and S (FeNaS-0.6) achieves 16% ethanol selectivity, 32% CO2
conversion, and high stability performance of over 100 h of the evaluation with no methanol
formation [367]. In the CO2 hydrogenation process, the sulfur present in the sulfate and
its electron-withdrawing effects on Na-assisted Fe sites contribute to CO dissociation,
nondissociative CO adsorption, boosting the hydrogenation barrier of *CHx compound
and improving the production of ethanol [23,366].

The development of Mo-based catalysts has opened the door to a new strategy in
the hydrogenation of CO2, which promotes the C–C coupling in ethanol synthesis. The
deposition reaction of atomic operative elements Rh and K successfully synthesizes the
one-dimensional b-phase of Mo2C nanowires with specified crystal facets (101). The
modification of the K0.2Rh0.2/b-Mo2C complex catalyst results in a prominent production
of 33.7 µmol·g−1·h−1 ethanol and ethanol selectivity of 72.1% at 150 ◦C [368]. Cu-based
catalysts have been extensively studied in the hydrogenation of CO2 to form ethanol
products from syngas although their activity and selectivity are highly dependent on the
support and promoter. Through local arrangement and fine-tuning of the catalytic centers
by alkali promoters, the Zr12-bpdc-CuCs catalyst demonstrates ethanol synthesis with 99%
selectivity in a 10 h assessment. With the help of alkali–metal promoters, the Cu-based
catalyst facilitates H2 activation and promotes direct C–C coupling and formyl species
to offer an electron-rich environment for Cu-based catalysts and boost the stability and
activity of a formyl intermediate [369]. Alkali promoters (K, Rb, and Cs) influence the
achievement of CO2 hydrogenation reactions made of precipitated iron-based catalysts;
1.5 Cs boosted catalyst has the best steady-state conversion stability of all the catalysts.
Results show that these promoters have a synergistic impact that may result in improved
CO2 hydrogenation catalysts if balanced [370].
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However, remarkable drawbacks to CO2 hydrogenation for alcohol syntheses, such as
CO2 activation problems, a high energy barrier for C–O bond scission, and the creation of
C1 by-products, remain. As a result, designing effective heterogeneous catalysts for ethanol
generation is critical. The morphology of catalysts, such as the particle size and dispersion
of deposited metal particles, influences the optimization of the metal/oxide interface
to improve CO2 conversion and product selectivity. The collision theory explained by
increasing the surface area of a reactant created by high dispersion increases the frequency
of collisions and increases the reaction rate. Reducing metal particle sizes leads to a high
fraction of low-coordinate surface atoms at locations, such as corners and edges, especially
when the particle size is smaller than 2–3 nm [353,375–377]. The small particle size content
high in the surface area that generates by high dispersion is available for particles to collide,
leading to improved catalytic performance of the reaction. Appropriate reducible metal
oxide supports, such as TiO2 and ZrO2, have been used extensively to tailor the particle size.
The Au/TiO2 catalyst has good selectivity for ethanol from CO2 reduction in DMF solvent
due to the abundance of oxygen vacancies. With the addition of water, the bimetallic
Pd2Cu/P25 catalyst produces a high yield of ethanol. Other studies indicated that by
manipulating the particle size, the electronic state of Rh for alcohol production from CO2
hydrogenation can be adjusted. In CO hydrogenation, a promotion strategy based on
hydroxyl groups is an effective way to improve alcohol selectivity at a high conversion rate
and a wide range of operating temperatures.

4. Future Direction and Perspective

Ethanol is a fundamental chemical product, an important solvent, an industrial build-
ing block, and a promising renewable fuel. The chemical equilibrium conversion of the
hydration of ethylene decreases at high temperatures to increase the rate of reaction. The
excessive amount of energy to heat gases generates high pressure and utilizes crude oil,
which is a nonrenewable resource. Ethanol synthesis from biomass residue produces a huge
amount of CO2 with a high cost of operation because of expensive machinery and fuel. The
ethanol production from total sugars in lignocellulosic materials is inhibited by the action
of pentose sugars, which are not fermentable by the brewer’s yeast, i.e., S. cerevisiae, during
the hydrolysis of hemicellulose. Although the fermentation route has been commercially
realized, the cost of operation for this process is expensive due to the energy-intensive
distillation steps at high dilution rates, which allow for high productivities, and the incom-
plete utilization of substrate, resulting in low yields to meet the market demand. Creating
highly operative and selective nanocatalysts for the electrochemical CO2 reduction reaction
remains a major issue in the electrochemical CO2 reduction process. DME is not suitable as
an alternative fuel to diesel due to its lower viscosity, which causes leaking and component
damage. The RWGS reaction uses sophisticated catalysts that are frequently necessary to
customize the cascade reactions and require a high temperature (typically above 300 ◦C) to
drive the processes still experiencing difficulty; low activity and unstable C–C coupling
formation in the FTS mechanism is another challenge in the CO2 hydrogenation process
that are usually producing light hydrocarbons, methane in particular. The heterogeneous
catalytic CO2 hydrogenation approach is one of the initiatives to reduce CO2 emissions as
the source of GHG, which prompts the climate change or global warming that currently
shows an effect worldwide, into the numerous high economic value-added chemicals
and easily marketable fuel additives that have made substantial progress to explore as
new concepts and opportunities for industrial manufacture. The hydrogenation of CO2
into C2+ products occurs via a methanol-mediated route or modified FTS mechanism that
involves two steps of the reaction, and these routes are distinguished by the intermediate’s
product. In the methanol-mediated route, CO2 is hydrogenated into methanol and then
converted into hydrocarbons, whereas CO2 is reduced to CO via RWGS followed by chain
propagation via a modified FTS mechanism. A recent development showed that the direct
catalytic hydrogenation of CO2 into ethanol in a single reactor is one of the promising
strategies based on economic potential and energy efficiency. The formation of *CHx is the
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rate-determining step in this process because the *HCOO generation and coupling steps
are known to be accelerated in the CO2-to-ethanol transformation. The reaction mechanism
is also closely associated with multiple catalytic active sites controlling every elementary
reaction over catalysts. Thus, catalysts for optimum active sites should be designed and
prepared to improve CO2 conversion and ethanol selectivity. The formation rate of ethanol
increases with increasing reaction temperature because thermodynamic equilibrium is still
not reached. However, many challenges, e.g., the control of the ratio of multiple active sites,
regulation of interface sites, and device of catalyst structures need to be explored in future
research to improve the conversion and selectivity in ethanol production.

5. Conclusions

In this exploration, we discuss current research discoveries in the improvement of
technologies and operation procedures in ethanol production. The catalytic hydrogena-
tion of CO2 promises development direction in the production of ethanol and reduces
environmental pollution problems. The limitations of CO2, i.e., a fully oxidized, chemi-
cally inert and thermodynamically stable molecule, should be considered in designing the
research because its conversion into chemicals requires large amounts of energy and H2.
The production of ethanol reduces CO2 emissions globally, but reducing the dependence
on conventional gasoline shows a decreasing pattern of production every year because
ethanol has been identified as an ecological fuel due to its nontoxicity, accumulation of
high oxygen content to promote better combustion with reduced exhaust emissions, and
high-octane rating to giving high resistance to engine knock. The outcomes of this review
will play a crucial and interesting role in further research development in providing the
latest proposed approach for effective CO2 hydrogenation to promote C–C coupling in
ethanol production.
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Abstract: Once fundamental difficulties such as active sites and selectivity are fully resolved, metal-
free catalysts such as 3D graphene or carbon nanotubes (CNT) are very cost-effective substitutes
for the expensive noble metals used for catalyzing CO2. A viable method for converting environ-
mental wastes into useful energy storage or industrial wealth, and one which also addresses the
environmental and energy problems brought on by emissions of CO2, is CO2 hydrogenation into
hydrocarbon compounds. The creation of catalytic compounds and knowledge about the reaction
mechanisms have received considerable attention. Numerous variables affect the catalytic process,
including metal–support interaction, metal particle sizes, and promoters. CO2 hydrogenation into
different hydrocarbon compounds like lower olefins, alcoholic composites, long-chain hydrocarbon
composites, and fuels, in addition to other categories, have been explained in previous studies. With
respect to catalyst design, photocatalytic activity, and the reaction mechanism, recent advances in
obtaining oxygenated hydrocarbons from CO2 processing have been made both through experiments
and through density functional theory (DFT) simulations. This review highlights the progress made
in the use of three-dimensional (3D) nanomaterials and their compounds and methods for their
synthesis in the process of hydrogenation of CO2. Recent advances in catalytic performance and
the conversion mechanism for CO2 hydrogenation into hydrocarbons that have been made using
both experiments and DFT simulations are also discussed. The development of 3D nanomaterials
and metal catalysts supported on 3D nanomaterials is important for CO2 conversion because of their
stability and the ability to continuously support the catalytic processes, in addition to the ability to
reduce CO2 directly and hydrogenate it into oxygenated hydrocarbons.

Keywords: 3D nanomaterial; carbon nanotube; graphene; catalyst; hydrocarbon; oxygenated hydro-
carbon

1. Introduction

A common “Janus” type of molecule is carbon dioxide (CO2). Several issues, includ-
ing the cost of the ligand and/or the base, remain unresolved when using ecologically
desirable metals to reduce CO2. Hydrocarbons with oxygenated functional groups [1],
such as carbonylic (-CO-) [2] and alcoholic (-OH) groups, are known as oxygenated hy-
drocarbons (Oxy-HCs). Oxy-HCR has the potential to be a cleaner, more sustainable
substitute for current fossil fuels. Steam reforming of mixtures of Oxy-HCs (Oxy-HCSR) is
not thought to cause a net increase in atmospheric CO2 because Oxy-HCs derived from
biological/renewable resources are thought to be CO2 neutral. In the semiconductor, preci-
sion machining, alcohol distillery, and biodiesel industries, oxy-HCs are typically obtained
as waste byproducts [3]. Hydrocarbons are the principal constituents of petroleum and
natural gas. They serve as fuels and lubricants as well as raw materials for the production
of plastics, fibers, rubbers, solvents, explosives, and industrial chemicals. CO2 is a stable
compound and reactions with CO2 are thus challenging. Nevertheless, there are various
reaction pathways for CO2 hydrogenation that are dependent on the nature of the catalyst,
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and a number of useful products can be obtained. Global climate change brought on by
greenhouse gases has become a serious issue due to the continued use of fossil fuels, which
has increased the amount of CO2 in the atmosphere. Due to the continued increase in
atmospheric CO2 concentration (which exceeded 400 ppm in 2016), and its detrimental
and potentially irreversible impact on the climate system, mitigation of CO2 concentrations
in the atmosphere is urgently needed [4]. Globally, there are plans and goals for this;
the European Commission’s goal is to achieve a reduction of 80–95% in greenhouse gas
emissions by 2050 (compared to those of 1990) in order to achieve scientists’ recommended
reduction of at least 50% in global greenhouse gas emissions by 2050 [5]. China, Brazil,
and Korea, among other important international partners of Europe, are tackling these
problems by advancing the “low carbon economy” [6].

Currently, there are three approaches to minimize CO2 emissions: by controlling
CO2 emissions, by capturing and storing CO2, and by chemically converting and utilizing
CO2 [7]. Carbon storage is crucial for quickly reducing CO2 emissions; however, it has the
drawback of possible CO2 leakage [8]. As a substitute for other carbon sources, CO2 can
be used to create feedstocks and value-added products that include carbon. In addition
to providing a clean carbon supply for hydrogenation, using the CO2 acquired through
capture also helps to solve the leaking issue associated with CO2 storage. The Sabatier
reaction (CO2 methanation) was therefore considered by the National Aeronautics and
Space Administration (NASA) as a stage in recovering oxygen in closed-cycle life support
systems [9]. It is possible to use even the CO2 found in industrial exhaust gases directly as
a feed for hydrogenation [10]. Therefore, it is essential and advantageous to make efficient
use of renewable carbon resources in order to preserve the long-term and sustainable
development of our civilization. Since CO2 conversion needs energy input, pairing it with
renewable energy would increase the sustainability and environmental friendliness of
this technique. Electrocatalysis can be used to catalyze the reduction of CO2 [11], as can
photocatalysis [12] and thermal catalysis. Thermal catalysis stands out among these due to
its quick kinetics and adaptable mixing of active ingredients. Being a very stable molecule,
CO2 requires energy just to be activated and then converted. The thermodynamics of the
CO2 conversion will be improved by the addition of a second material with a comparatively
higher Gibbs energy. However, the fatal weakness of electrocatalysis and photocatalysis is
low energy efficiency. To date, different types of metal-based electrocatalysts such as Au [13],
Cu [14], Pd [15], Ag [16], Bi [17], Sn [18], and Co [19] have been intensively investigated
in connection with electrochemical CO2 reduction. Very recently, Chen et al. reported on
the great importance of developing Au-based electrocatalysts with cost-effectiveness and
high performance in order to commercialize CO2 reduction technology [20]. Among the
materials examined by Brouzgou et al. in 2016, reduced graphene oxide-based hybrid
electrocatalysts exhibit both excellent activity and long-term stability [21]. They concluded
that the development of the electrocatalyst by using materials with three-dimensional
structures facilitates the electron and mass transfer process.

CO2 is usually captured from high-concentration sources such as thermal power or
chemical plants, steel mills, and cement factories. However, direct air capture (DAC) from
the ambient air requires a separation unit to generate a concentrated CO2 stream [22].
Consequently, CO2 is hydrogenated with H2 created using sustainable energy sources [23],
and this is an exciting area of research that could yield chemicals and fuels as shown in
Figure 1 [24]. CO2 reacts over a catalyst with H2 produced from water using renewable
energy [25] to produce formic acid [26], lower olefins [27], methanol [28], and the higher
alcohols [29], etc. In certain studies, the presence of H2 was not detected, as reported by Sor-
car et al. In 2019, in a study where researchers relied on natural sources, sunlight was used
for a period of 6 h continuously (sustainable Joules) to recycle CO2 into Joules-hydrocarbon
fuel with a photoconversion efficiency of 1% and an efficiency of quantity estimated at
86%. The researchers reported on the use of Cu-Pt nanoparticles (Cu-Pt NPs) for the pho-
toreduction of CO2. From this process, methane and ethane resulted in the proportions
of 3 mmol g−1 and 0.15 mmol g−1, respectively [30]. The former problem has received
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considerable attention, and researchers have already made significant strides in water
electrolysis to produce H2 using electricity produced by solar, wind, or other renewable
energy sources, as well as in water splitting using photocatalytic, photo-electrochemical, or
other photochemical processes. Density Functional Theory (DFT) calculations and experi-
mental studies of the CO2 conversion mechanism and hydrocarbon chain formation have,
however, received relatively little attention in reviews to date. This review highlights the
progress of research into the use of nanomaterials with three-dimensional (3D) structures
and their compounds, and methods for their synthesis, in the process of the hydrogenation
of CO2. Recent advances in catalytic performance and the conversion mechanism for CO2
hydrogenation into hydrocarbons that have been made both through experiments and DFT
simulations are also discussed. The development of 3D nanomaterials and metal catalysts
supported on 3D nanomaterials is important for CO2 conversion because of their stabil-
ity and the ability to continuously support reverse transformation and Fischer–Tropsch
catalysis (FT), in addition to the ability to reduce CO2 directly and hydrogenate it into
oxygenated hydrocarbons.
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2. Synthesis of 3D-Structure Materials

Furthermore, different carbon or 2D-based material categories like single- or few-
layer graphene are being employed for synthesizing 3D-based materials in the literature.
That is, in addition to graphene, a variety of zero-, one-, and two-dimensional carbon
compounds are also available, such as zero dimensional fullerene (0D) [31], 1D carbon
nanotube (CNT) [32], graphene nanoribbon (GNR), carbon nanofiber (CNF) [33], and 2D
transition disulfide (TMD) [34]. Due to the electrical properties being close to those of
graphene, graphitic carbon nitride (g-C3N4) has been extensively exploited for 3D structure
formation [35]. The discovery of fullerenes marked the beginning of research into carbon
nanostructures (Figure 2a). The graphitization of nanodiamonds (ND) or monolithic
structures of 0D materials like fullerenes or onion-like carbon are examples. 3DGMs have
been created using fullerenes, which are C60 molecules [31]. The characteristics of C60 are
entirely distinct from those of CNTs due to differences in size and shape. Consequently,
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the 3D structure of 0D materials (C60 molecules) has various preparation techniques and
potential applications. One-dimensional CNTs have been employed much more to build
3D structures than 0D fullerenes. It is interesting to note that 3D CNT aerogels were first
published before 3D graphene [36]. The creation of freestanding CNT aerogels was possible
after the organic fabrication of a CNT suspension with an organogelator. For instance, some
organic solvents, like chloroform, can gelate single-walled CNTs (SWCNTs) modified by
ferrocene-grafted poly(p-phenyleneethynylene) to create sturdy 3D CNT aerogels [32]. C60
was converted into a 3D porous carbon by potassium hydroxide activation in ammonia
by Zhu et al. in their work [31]. A 3D porous carbon can be created by activating C60
powder with KOH in an Ar flow, as is briefly illustrated in Figure 2b. A 3D porous carbon
that has had N added to it can be produced if the KOH activation is carried out in an NH3
atmosphere. Pyridinic and pyrrolic nitrogen are the two kinds of doped N atoms. Meso-
and macropore volume in carbon results in the desired energy storage being significantly
increased by N-doping scenarios. This is actually done by the graphitization of GO and
ND films, such as the mesoporous graphite film prepared by Shi et al. in 2011 [37]. GO
is reduced to RGO during the graphitizing process, while ND is transformed into carbon
that resembles an onion. RGO sheets were sandwiched with carbon shaped like an onion,
which not only stops graphene sheets from aggregating but also creates mesopores.
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Figure 2. (a). Environmental uses of CNFs and CNTs, and (b) a diagram showing how KOH activates the
C60 molecules. Route A depicts the typical activation carried out in an Ar flow, while Route B displays N-
doping when NH3 flow is involved in the activation. Reprinted with permission from Ref. [31]. Copyright
© 2016, John Wiley and Sons.
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Surfactants are additionally employed to disperse the CNTs and produce the aerogels.
In 2007, various quantities of SWCNTs were floated in the water with sodium dodecylben-
zene sulfonate (from 5–13 mg mL−1) by Yodh et al. [38]. The suspensions were allowed to
be converted into elastic gels overnight before being dipped into poly(vinyl alcohol) (PVA)
aqueous solutions at 90 ◦C. Using a chemical vapor deposition (CVD) approach, Gui et al.
in 2010 reported injecting a ferrocene precursor solution into dichlorobenzene to design
a macroscopic and monolithic multi-walled CNT (MWCNT) sponge [39]. The fact that
the diameters and the lengths of these MWCNTs varied from 30–50 nm and 10–100 mm,
respectively, indicates a thick sponge of many layers of CNTs. Many CNT piles continu-
ously stack and reach a centimeter of thickness during the growing phase of CNT sponges.
The constructive vertical alignment of CNTs up from the bottom to the upper surface was
a promising method to construct a 3D CNT structure without the continuous-stacking
growing process. One- to three-WCNT carpets can operate well on their own, especially
when they are tightly coupled to high-quality graphene.

In 2010, Zhang et al. used the CVD approach to create CNT-pillared GO and RGO
platelets, for which acetonitrile was used as a carbon source and nickel as a catalyst [40]. It
is possible to customize the CNTs’ alignment, density, and length. A technique to create
carpets of covalently bound graphene and CNTs using a floating buffer layer was revealed
by Zhu et al. in 2012 [41]. In this procedure, the deposition of iron (catalyst layer) and
alumina (buffer layer) was achieved to coat the graphene in sequence by electron beam
(e-beam) evaporation after graphene was first produced on the Cu foil. It should also be
noted that hybrid graphene–CNT ohmic-linked carpets possess a high surface area without
sacrificing their standalone features [42].

In the publications cited above, CNTs can only grow on the graphene surface where
catalyst particles have been deposited via dip-coating or e-beam evaporation. This, in
turn, is one of the major reasons for the difficulty of producing the higher loading of active
components in these graphene–CNT hybrid materials, which is crucial for electrochemical
devices with high energy density. A straightforward method for creating a 3D structure
made of graphene foam (GF) and CNTs was devised by Liu et al. in 2014 [43]. Therein,
a hydrothermal approach was used for loading the NPs catalyst over GF. This enhanced
the active component (MnO2) loading and allowed for significantly better CNT growth
on the GF than was possible with dip-coating or e-beam deposition. More recently, Jin
et al. in 2016 demonstrated how a 3D current collector could make a structure of covalent
carbon bonds [44]. Covalent carbon–carbon bonds bind several micrometer-long bundles
of CNTs into an ultrathin GF. The coupling of e-holes in the latter composite is enabled by
carbon–carbon bonds, and such bonds facilitate the charges’ transportation between out
circuits and electrochemically active materials.

It is important to highlight that the GNR composites created by longitudinally un-
zipped MWCNTs may retain their proper structure and improved electrical conductivity,
which are characteristics of both CNT and graphene. An in situ unzipped approach was
also realized through the CNT sponge conversion directly into GNR aerogel by Peng et al.
in 2014 [45]. In this instance, the walls were opened with KMnO4 after the oxidative chemi-
cal fluid was in-filtered into the porous sponge in order to free the walls of the nanotubes
from any kind of defects. Furthermore, organic compounds like pyrrole were used by Chen
et al. in 2015 as nitrogen (N) source and reagent to fabricate ultralight, highly conduc-
tive, 3D N-doped GNR aerogels [46]. GNRs are unique in that they differ from graphene
sheets in having higher length/width ratio and straight edges, as well as perfect surface
regularity with few flaws on the substrate. This is achieved by using GNR aerogels doped
with heteroatoms to get an enhanced electronic energy-gap modulation, boosting both
the reactivity of the materials and their ability in electrocatalysis when utilized as oxygen
reduction reaction (ORR) catalysts. The construction of 3D carbon material types frequently
involves CNFs’ self-assembly into a macroscopic structure [33]. Additionally, inexpensive
components like bacterial cellulose (BC) and pitch may enable large-scale production [47].
For instance, in 2014, Chen et al. worked to develop a free-standing heteroatom-doped
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CNF fabrication method [48]. Initially, BC was submerged for 10 h at normal conditions
in H3PO4-H3BO3 liquid solution. A drying step was followed by thermal treating in N2
atmosphere for the creation of 3D carbon CNF doping heteroatoms. Furthermore, such
heteroatom co-doped 3D CNFs prepared from inexpensive raw materials have outstanding
energy storage performance [49]. Additionally, the template-based method has also been
widely employed to create 3D CNFs [50]. Using an inexpensive melamine sponge (MS)
template, Zhu et al. in 2019 produced a macroscopic 3D porous graphite C3N4 structure
from 2D graphite C3N4 by one-step thermal polymerization of urea [51]. This approach
is practical for the production of 3D C3N4 structures due to high urea loading and the
light weight and good water absorbability of MS. In this instance, the produced 3D C3N4
samples are readily shaped by blades. Without using strong acid, Wang et al. in 2017
created C3N4 aerogels using an aqueous sol-gel method [52]. First, C3N4 NPs were pro-
duced utilizing a salt molten technique along with temperature-induced condensation of
melamine using potassium thiocyanate as the solvent. The C3N4 hydrogels could then be
produced by the C3N4 NP sol solution self-assembling. C3N4 aerogels were made using a
freeze-drying process. This approach is notable because of the ability to vary the produced
size and mass through the process, and its affordability, as well as the assembly without
cross-linking agents.

The production and characterization of monolithic, ultra-low-density TMD (WS2
and MoS2) aerogels were described by Worsley et al. in 2015 [34]. Thermal degradation
of freeze-dried ammonium thio-molybdate (ATM) and ammonium thio-tungstate (ATT)
solutions produces the monolithic WS2 and MoS2 aerogels, respectively. By merely al-
tering the initial ATM and ATT concentrations, the densities of the pure TMD aerogels
may be changed to correspond to 0.4 and 0.5% of the densities of single crystals of MoS2
and WS2, respectively. In 2019, Abu Zied and Alamry invented a new green synthesis
method for producing 3D hierarchical Co3O4-C NPs [53]. The extract of basil leaves (BLE)
was used as a low-cost source of carbon and green template. For use as catalysts in hy-
drogen generation via sodium borohydride hydrolysis, various Co3O4-C NPs have been
tested. Research findings have shown both the presence of 3D porous hierarchical NPs and
calcination temperature influence activity. Common features of 3D graphene, including
superior mechanical strength, hierarchical porosity, large surface area, and perfect electrical
conductivity, give such new materials considerable potential for applications related to
catalysis, the environment, biomedicine, and most importantly, energy. Liu and Xu rapidly
created a variety of 3D graphene compounds in 2019 by inventing a number of adaptable
techniques [54]. The fact that graphene is a naturally occurring 2D polymer (2DP) has
greatly sparked interest in the rational organic-chemical synthesis of novel 2DPs at the
atomic or molecular level. The development of synthetic polymer chemistry can benefit
greatly from the regulated synthesis of 2DPs with optimized molecules and superior ease
of processing. Additionally, it demonstrates tremendous strength in the creation of unique
polymer composites with desired characteristics and capabilities that are uncommon in
traditional 1D polymers. Designing and making 2DPs that simultaneously incorporate a
2D conjugated plane, in-plane homogeneous microporosity, and electrochemically active
groups is difficult yet important for the energy sector. On the other hand, due to the sub-
stantial effective surfaces, flexibility, and cycling stability, hierarchical 3D carbon nanoscale
is a promising material variety for electrochemical energy applications. In order to build
3D carbon nanostructures made from carbon fibers (CFs) and electro-spun CNF (ECNFs),
Alali et al. combined electrospinning with in situ CVD techniques in 2021, as illustrated in
Figure 3 [55]. Ni/CNFs/ECNFs demonstrated satisfactory hydrogen evolution reaction
(HER) activity in an alkaline medium with a low overpotential of 88 mV to give 10 mV cm2

current density and Tafel slope of 170 mV dec−1. This was based on the nano-nonwoven
structures and forest-like growing nanostructured CNFs.
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3. Graphene Production Methods
3.1. Chemical Vapor Deposition (CVD)-Based Methods

There are numerous CVD techniques that can be used today for synthesizing material
compounds depending on graphene, as illustrated in Figure 4. These procedures can be
categorized into seven major approaches based on the characteristics of process variables
(temperature, pressure, nature of the precursor, gas flow state, deposition time, activation
manner, and wall/substrate temperature) [56]. The procedures shown in Figure 5 accom-
plished by Arjmandi-Tash et al. in 2017 have developed the CVD-growth of graphene
modalities that combine cold- and hot-wall reaction chambers [57]. Such a hybrid approach
boosts growth quality to a level now comparable to other conventional CVD methods in
hot-wall chambers while preserving the benefits of a cold-wall chamber, such as steady
growth and high efficiency and maintaining power. Uniform monolayers of produced
graphene were formed. Especially in comparison to graphene produced in cold-wall reac-
tion chambers, charge transition experiments show a considerable increase in charge carrier
mobility. Using a cold-wall CVD reactor, Alnuaimi et al. (2017) investigated the influence
of graphene growth temperature and demonstrated that multilayer nucleation density is
decreased under high temperatures [58]. The temperatures in that work ranged from 1000
to 1060 ◦C. Multilayer graphene was growing remarkably at a temperature of 1000 ◦C, but
the nucleation rate was adversely affected at 1060 ◦C, so at lower growth temperatures,
larger defect densities were detected. In 2019, Al-Hagri et al. created a single layer of
vertically aligned graphene nano-sheet arrays (VAGNAs) with a high surface area on a
Ge substrate at 625 ◦C using the radio frequency (RF) approach [59]. When evaluated as a
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surface-enhanced Raman spectroscopy (SERS) platform, the obtained graphene demon-
strated detection performance reduced to 10−6 M of Rhodamine 6G (R6G). By adjusting
H2 (PH2) and CH4 (PCH4) (PCH4-PH2) partial pressure ratio, Chen et al. in 2020 created
single-crystalline hexagonal bi-layer graphene (BLG) in a single step with a controlled twist
angle between the layers [60].
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Figure 5. (a) Cold-wall chamber CVD growth of graphene. Reprinted with permission from Ref. [57].
Copyright © 2017, Elsevier. (b) The strategies that have been adopted during CVD-based graphene
development. Adapted with permission from Ref. [58]. Copyright © 2017, RSC; (c) experimental
process diagram, using VAGNAs as the SERS substrate. Adapted with permission from Ref. [59].
Copyright © 2022, Elsevier; and (d) production of twisted bilayer graphene with a controlled twist
angle in sizes of mm and cm. Adapted with permission from Ref. [60]. Copyright © 2022, Elsevier.

3.2. Solution-Based Methods

Little if any specialist equipment is required for solution-based approaches, which
assemble GO sheets onto 3D templates before chemically reducing GO to RGO (Figure 6a).
In 2012, Sohn et al. succeeded in making 3D graphene capsules using spray pyrolysis with
a mixture of GO-polystyrene colloidal particles [61]. An evaporation-induced capillary
force was used for attaching the GO sheets to the polymer colloidal solution. The solvents
used in a solution-based approach can have a significant impact on the nanostructure
of the composites made of Li2S-graphene. In 2014, Yan and his collaborators found a
new methodology employing alumina fiber blanket (AFB) as a template for large-scale
fabrication of microchannel-network graphene foams (mCNGFs) [62]. The procedure
steps to prepare mCNGFs are depicted in Figure 6b. For effectively absorbing the GO
suspension, a uniform GO solution had been used to immerse the AFB previously. AFB has
a hydrophilic exterior due to the existence of hydroxyl groups on its surface. As a result, GO
can readily bind to the carboxyl and hydroxyl groups on the surface of the AFB template.
Additionally, capillary forces help to drive the GO to penetrate the AFB template and fill
the unoccupied spaces between the alumina fibers. Following immersion in N2 fluid, the
GO-AFB composite was then freeze-dried, and the GO connected to the AFB template was
converted to RGO via a thermal treatment under nitrogen atmosphere at 500 ◦C. Finally,
HF was used to remove the AFB template to acquire the pure mCNGFs. In 2018, Shunxin
et al. reported that anhydrous N-methylpyrrolidone (NMP) has excellent wettability
characteristics with graphene and its functional groups have higher energies with Li2S.
NMP solvent was utilized in that study for Li2S-graphene composite preparation [63]. The
researchers claimed that the graphene surface had a good amount of uniformly distributed
nano-Li2S. Apparently, nano-Li2S presence reduces the p-p interactions between graphene
sheets, and the composite of Li2S-graphene displays a honeycomb-like structures with
a majority of micropores. The Li2S-graphene composite showed better electrochemical
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performance in terms of high columbic efficiency, low potential barrier, highly energetic
capacity, and a high-rate capability.
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3.3. Three-Dimensional (3D) Printing

An efficient and simple methodology to facilitate direct fabrication of 3D bulk objects
is 3D printing. [64]. By carefully casting Ni and sucrose mixture onto a substrate, Sha et al.
in 2017 reported the effective development of an automated metal powder 3D-printing
approach for in situ synthesis of free-standing 3D GFs. They then used a commercial CO2
laser to transform the Ni-sucrose mixture into 3D GFs, as clearly shown in Figure 7a [65].
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This technology permits direct in situ 3D printing of GFs without the need for a rising fur-
nace temperature or an extended growing phase. It blends powder metallurgy templating
with 3D-printing techniques. The 3D-printed GFs exhibit multilayer, low density (0.015 g
cm−3), high quality, and high porosity rate (99.3%) for graphene characteristics. The GFs
have an impressive storage modulus of 11 kPa, an electrical conductivity of 8.7 S cm−1,
and a high damping capacity of 0.06. By developing hybrid inks and printing schemes to
enable mixed-dimensional hybrid printability, Tang et al. (2018) proposed a generalized
3D-printing methodology for graphene aerogels and graphene-based mixed-dimensional
hybrid aerogels with complex architectures, overcoming the limitations of multicomponent
inhomogeneity and harsh post-treatments for additives removal (Figure 7b) [66]. The
3D-printed hybrid aerogels were also shown to act as ultrathick electrodes in a micro-
supercapacitor that could withstand symmetrical compression while still demonstrating
quasi-proportionally improved areal capacitances under heavy mass loading. The strong
ion- and electron-transition routes offered by the 3D-printed, densely linked networks were
responsible for the remarkable performance.
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3.4. Hydrothermal Method

Hydrothermal process flexibility increases the possibility of doping the graphene
lattice with nitrogen or boron, for example, to prepare better quality 3DGMs. Specific
additives, such as swelling and cross-linking agents, can be added to the GO dispersion
forming these 3DGMs [67]. To produce extremely effective graphene–metal oxide-based
hybrid supercapacitors, Bai et al. proposed in situ synthesis of 3D-graphene-MnO2 foam
composite in 2020 [68]. The 3D graphene-MnO2 composite underwent in situ conformal
development and exhibited excellent crystalline nature and low contact resistance, which
increased the electrolyte performance at transporting charges. Relatively, the 3D conduc-
tive graphene foam allowed electrolyte ions to migrate across the MnO2 surface quickly
because of its porosity. In the supercapacitors, the 3D graphene-MnO2 composite electrode
demonstrated high specific capacitance (333.4 F g−1 at 0.2 A g−1) and remarkable cycle
stability in the absence of carbon black. This scientific method for creating a composite
made of 3D graphene and MnO2 offers a potential method for producing energy storage
electrode materials to design high-performance supercapacitor devices. Pure 3D graphene
is regarded as a suitable platform to load catalytic components, including metals, due to its
low density, excellent electrical conductivity, exquisite flexibility, and high surface area [69],
metal oxides [70], and metal sulfides [71]. In fact, using hydrothermal techniques, inorganic
nanomaterials can grow in situ on the surface of 3D graphene.
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3.5. In Situ Chemical Reduction

A 3D graphene architecture can be created using in situ self-assembling graphene
fabricated by mild chemical reduction. The pore size, electrical conductivity, mechanical
strength, and density of the 3D graphene preparation are all significantly affected by the
choice of reducing agent. Different types of reducing agents have been studied, including
hydrazine hydrate [72], metals [73], metal hydrides [73], phenolic compounds [74], and
reduced sugars [75]. In 2011, Chen et al. created 3D graphene from a homogenous
dispersion of Fe3O4 NPs in GO aqueous suspension. Additionally, they produced a 3D
magnetic graphene-Fe3O4 aerogel during the reduction of GO to graphene [76]. This offers
a useful approach for preparing 3D graphene-NP composites for a variety of uses, such
as energy conversion and catalysis. For a superior and reasonably priced electro-catalyst,
Kabtamu et al. reported a 3D annealed tungsten trioxide nanowire-graphene sheet (3D
annealed WO3 NWs/GS) foam in 2017 [77]. It was produced using in situ self-assembling
graphene sheets that were prepared by mild chemical reduction, then freeze-dried, and
finally annealed using vanadium redox flow battery (VRFB) electrodes (Figure 8). A
3D annealed WO3 NWs/GS foam exhibited the desired electrocatalytic activity toward
V2+-V3+ and VO2+-VO2+ redox couples. Charge–discharge tests further demonstrated
that the 3D annealed WO3 NWs/GS foam used in a single flow cell of a VRFB exhibited
excellent energy efficiencies of 79.49 and 83.73% at current densities of 80 mA cm−2 and
40 mA cm−2, respectively. These energy efficiencies are significantly higher than those of
cells assembled with pristine graphite felt and 3D WO3 NWs/GS foam with no specific
heating process. It also does not appear to have degraded after 50 charge–discharge cycles.
Such findings indicate that every WO3 NW sample is firmly anchored to the GS and are
essential for aiding the redox reactions of the vanadium redox couples, are attributable
to the production of new W-O-C bonds. Additionally, WO3 NWs/GS foam confirms the
VRFBs electrochemical performance according to its 3D hierarchical porous structure after
annealing, as is illustrated in Figure 8.
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3.6. Pyrolysis of Organic Precursors

Pyrolysis of organic precursor materials such as glucose [78], resorcinol-formaldehyde [79],
phenol-furfural [80], and chitosan [81], is a quick and efficient way to manufacture 3DGMs on a
large scale. A 3D porous graphite carbon was created by pyrolyzing a conjugated polymeric
molecular precursor framework, according to To et al. in 2015 [82]. The obtained 3D porous
graphite carbon had a record-high surface area (4073 m2 g−1), a sizable high porosity (2.26 cm3),
and outstanding electrical conductivity (300 S m−1).

4. Uses of Graphene as a Catalyst

One of the carbon allotropes is called graphene, and it is composed of hexagons.
Among the several elements of the carbon family, the use of graphene—a 2D single hexago-
nal carbon sheet is on the rise. Ever since the first manufacture of it was announced in 2004,
the scientific and technical sectors have examined graphene in great detail [83]. Fullerene
(0D), nanotube (1D), and graphite (3D) are some other allotropes, as seen in Figure 9.
Reduced GO, graphene quantum dots, and GO are examples of graphene-based nanomate-
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rials. Although some components of the graphene family have sp2 and sp3 carbon atoms
instead of the ideal sp2 carbon atoms, this is because functional groups including hydroxyl
group, carbonyl group, carboxyl group, and epoxy group have been added. GO, which is a
single layer of graphite oxide, is typically created chemically by oxidizing graphite [84].
GO containing oxygen includes a variety of functional groups, as seen in Figure 9. With the
exception of a small quantity of carbonyl, carboxyl, phenols, lactone, and quinones groups
at the sheet’s borders, these functional groups are primarily hydroxyl and epoxide groups
in the basal planes [85]. GO possesses a wide variety of functional groups at its edges and
basal planes, which enables it to be functionalized and exfoliated to produce well-dispersed
fluids on distinct GO sheets in polar and non-polar fluids. As a result, it has many different
applications, including nanocomposites [86], photocatalytic degradation [87], batteries [88],
condensers [89], and sensors [90].
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Geim et al. isolated a single-graphite nanosheet layer in 2004 using a scotch tape peel-
ing approach [91]. Because of the mentioned special characteristics in relation to chemical
reactions, physical science, materials science, and mechanical applications, graphene and
its compounds have received considerable attention ever since this significant advance. For
example, graphene has a remarkable specific surface area of B2630 m2 g−1, B10,000 cm2

V−1 s−1 carrier mobility, B5000 W m K−1 thermal conductivity at ambient temperatures,
B97% optical transparency, strong chemical stability, and high mechanical strength with a
B1.0 TPa Young’s modulus [92].

Several synthesis techniques like CVD [93], physical exfoliation approach [94], graphi-
tization, and chemical oxidizing cleavages [92], have been used for the purpose of 2D
materials fabrication. Research on graphene in the areas of life sciences, energy appli-
cations, and environmental monitoring has advanced significantly as a result of simple
techniques for graphene synthesis. Graphene is a versatile 2D building block that has been
put together to form 1D fibers [95], 2D films [96], and 3D aerogels or hydrogels [97], all
of which significantly broaden the scope of graphene applications and upcoming specific
products. Due to the ability of 3D graphene to preserve the original properties of the
material in the 2D phase, there have been extensive studies on the design and develop-
ment of 3D graphene by assembling it from 2D graphene [65]. Based on these exciting
characteristics, 3D graphene has indeed met some of the prerequisites to be regarded as an
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advanced catalyst or as a catalytic support. Meso-, micro-, and macropores are combined
in 3D graphene-based materials (3DGMs) in such a way that the micro- and mesoporosity
provide them with a high specific surface area while the macroporosity ensures accessibility
to this surface, which is more advantageous for improving catalysis efficiency. It is impor-
tant to remember that the confinement effect of catalytic elements within 3D graphene can
stabilize effective regions through catalyzed reaction [98]. A distinctive benefit of these
3DGM monoliths is their integrated structure, thus making it simple to manipulate and
collect when in use and eliminating any potential ecological concern brought on by the
discharge of harmful graphene nanosheets [99]. The main functions and advantages of
using 3DGM are illustrated in Figures 10 and 11, respectively. Numerous 3DGMs made of
2D materials with various distinct morphologies have been successfully produced and used
as a result of the rapidly developing production approaches and evaluation procedures.
Significantly, these 3DGMs have also been proven to perform admirably within catalyst
regions. In addition to surface area, it is clear that the monolith contact angle will dictate
how easily they can access electrolytes, which will ultimately impact the effectiveness
of their catalysts. 3DGMs are stronger catalysts than 2DGMs because of their superior
wettability. In catalytic reactions, 3DGMs appear to provide more benefits over 2DGMs.
Unpolluted water shortages are a problem worldwide due to the rising demand for un-
polluted water resources brought on by the rapid rise of industrialization, rising pollution
emissions, and protracted droughts [100]. As a result, numerous approaches and solutions
have been used to increase the amount of water resources that are readily available [101].
Long-term reusing of rural or municipal wastewater from treatment plants originating
from agricultural and industrial operations can be accomplished with the use of chemical
processes. Advanced oxidation processes (AOPs) are a category of water purification tech-
niques based on the in situ generation of highly active transient species, like the reagents
O2 and OH; such reagents help in mineralizing the organics and disinfecting the harmful
microorganisms in wastewater. Due to their potential to provide low-cost and extremely
efficient platforms, photocatalytic techniques using semiconductor devices have been in the
forefront of AOPs [102]. Using the hydrothermal approach, Qiu et al. (2014) embedded TiO2
nanocrystals into high-porosity graphene aerogels (TiO2-GAs) [103]. Substantial quantities
of organic pollutants can be absorbed by TiO2-GAs due to their higher surface area and
hierarchical channel structures. Additionally, TiO2-GA electron transmission facilitation
and electrical conductivity can be improved by the addition of high conductivity GAs to
the TiO2 matrix. The researchers exploited this composite’s excellent photocatalytic activity
and its long-term stability for methyl orange (MO) degradation. The synergistic interfacial
connections between TiO2 nanocrystals and GAs, high conductivity, faceted features, and
high elasticity were credited for these positive effects. Individual TiO2-GA composites
are considerably easier to separate from the liquid reaction medium due to their large
dimensions, and they can be separated with just a pair of hand tweezers. According to
Fan et al. in 2015, AgBr-GA composite is able to photoreduce CrVI and photooxidatively
degrade MO [104]. As per the researchers, AgBr-Gas photocatalytic capability and observed
stability resulted in the preservation of the AgBr-GAs quality and morphology even after
numerous photocatalytic cycles (only 0.8% losses were reached after carrying out all the
degradation cycles). In some traditional catalytic reactions, such as hydrolysis of ethyl
acetate, the high mass transfer resistance in 3DGMs hinders the catalytic performance as
compared to the 2D graphene. Although the defects from the formation process of 3D
structure are favorable to some catalytic reactions, they lead to a reduction in the electrical
conductivity of 3DGMs as compared to 2DGMs. The figures below list each function with
its structural benefits, and also the advantages of 3DGMs in catalysis.
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5. CNT Production Methods

Several methods in the literature have been developed to produce large quantities
of CNTs via process gases or vacuum. In Figure 12, arc discharge, laser ablation, high-
pressure carbon monoxide disproportionation, and chemical vapor deposition (CVD) are
shown [33].

59



Catalysts 2023, 13, 115
Catalysts 2022, 12, x FOR PEER REVIEW 16 of 40 
 

 

 

Figure 12. Various schematics for CNT fabrication techniques: (a) arc discharge apparatus, (b) par-

allel plate PECVD system, (c) direct aerosol spinning process, (d) laser ablation method, (e) thermal 

CVD system with a tube furnace. 

5.1. Arc Discharge 

In 1991, Iijima presented the creation of a novel class of finite carbon structures made 

of needle-like tubes [105]. Identical to how fullerene is made, the tubes were made utiliz-

ing an arc discharge evaporation process. The carbon electrode utilized for the direct cur-

rent (dc) arc-discharge evaporation of carbon in a vessel filled with argon at a pressure of 

around 100 Torr was used to develop the carbon needles, which ranged in size from 4 to 

30 nm in diameter and up to 1 mm in length. This process yielded both single-walled and 

multi-walled nanotubes with lengths of up to 50 μm and minimal structural flaws, with 

up to a 30% weight yield. Higher temperatures (over 1700 °C) are used in the arc-discharge 

method for CNT synthesis, which often results in expansion of CNTs with fewer structural 

flaws [106]. In another study, SWCNTs were produced by Zhao et al. in 2019 utilizing a 

modified arc-discharge furnace with buffer gas of 500 Torr helium at 600 °C [107]. Trans-

mission electron microscopy (TEM), X-ray diffraction (XRD), and Raman spectroscopy 

were used to investigate the impact of the catalyst type on the generation of the SWCNTs. 

According to the research observations, the catalytic structure had a significant effect on 

the rate and purity of the final SWCNTs produced. At a catalyst loading of 3 wt%, Fe-Ni-

Mg and Co-Ni powder catalysts displayed superior photocatalytic activity. The mean di-

ameter of the SWCNTs was about 1.3 nm, and the soot production rate could reach 15 

g/hr. Regarding the electrical energy storage and conversion devices application, Tepale-

Cortés et al. in 2021 used the arc-discharge method to synthesize the required CNT struc-

ture by vaporizing the graphite rods while using Ni and a Ni/Y combination as catalysts. 

[108]. In a cylindrical glass reactor with a regulated Argon flow rate of 1.43 cm3 min−1 and 

a chamber pressure of 39 kPa, CNTs were produced. Carbon powder had been gathered 

first from the reactor following chemical treatment with HCl solution at 1 M for metallic 

contaminants removal. SEM and TEM morphological characteristics revealed that 

MWCNTs have amorphous carbon particles stuck to their surfaces. FT-IR spectra showed 

bands at 1550 and 1200 cm−1 that corresponded to C=C bonds specific to CNT skeletons 

which were absent in the pristine graphite. UV-Vis was used to detect electromagnetic 

absorption, with peaks at 204 and 256 nm being associated with MWCNTs’ sp2 hybridiza-

tion property. 

  

Figure 12. Various schematics for CNT fabrication techniques: (a) arc discharge apparatus, (b) parallel
plate PECVD system, (c) direct aerosol spinning process, (d) laser ablation method, (e) thermal CVD
system with a tube furnace.

5.1. Arc Discharge

In 1991, Iijima presented the creation of a novel class of finite carbon structures made
of needle-like tubes [105]. Identical to how fullerene is made, the tubes were made utilizing
an arc discharge evaporation process. The carbon electrode utilized for the direct current
(dc) arc-discharge evaporation of carbon in a vessel filled with argon at a pressure of
around 100 Torr was used to develop the carbon needles, which ranged in size from 4 to
30 nm in diameter and up to 1 mm in length. This process yielded both single-walled
and multi-walled nanotubes with lengths of up to 50 µm and minimal structural flaws,
with up to a 30% weight yield. Higher temperatures (over 1700 ◦C) are used in the arc-
discharge method for CNT synthesis, which often results in expansion of CNTs with fewer
structural flaws [106]. In another study, SWCNTs were produced by Zhao et al. in 2019
utilizing a modified arc-discharge furnace with buffer gas of 500 Torr helium at 600 ◦C [107].
Transmission electron microscopy (TEM), X-ray diffraction (XRD), and Raman spectroscopy
were used to investigate the impact of the catalyst type on the generation of the SWCNTs.
According to the research observations, the catalytic structure had a significant effect
on the rate and purity of the final SWCNTs produced. At a catalyst loading of 3 wt%,
Fe-Ni-Mg and Co-Ni powder catalysts displayed superior photocatalytic activity. The
mean diameter of the SWCNTs was about 1.3 nm, and the soot production rate could
reach 15 g/hr. Regarding the electrical energy storage and conversion devices application,
Tepale-Cortés et al. in 2021 used the arc-discharge method to synthesize the required
CNT structure by vaporizing the graphite rods while using Ni and a Ni/Y combination
as catalysts. [108]. In a cylindrical glass reactor with a regulated Argon flow rate of 1.43
cm3 min−1 and a chamber pressure of 39 kPa, CNTs were produced. Carbon powder
had been gathered first from the reactor following chemical treatment with HCl solution
at 1 M for metallic contaminants removal. SEM and TEM morphological characteristics
revealed that MWCNTs have amorphous carbon particles stuck to their surfaces. FT-IR
spectra showed bands at 1550 and 1200 cm−1 that corresponded to C=C bonds specific
to CNT skeletons which were absent in the pristine graphite. UV-Vis was used to detect
electromagnetic absorption, with peaks at 204 and 256 nm being associated with MWCNTs’
sp2 hybridization property.
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5.2. Laser Ablation

Richard Smalley et al. in 1996 used a laser ablation method to vaporize graphite
rods with a tiny quantity of cobalt and nickel at 1200 ◦C, yielding >70% high yields of
SWNT [109]. The laser ablation technique requires bleeding an inert gas into a chamber,
and laser pulses of pulsed-laser type supply a higher temperature for graphite evaporation.
As the evaporated carbon particles condense on the reactor cooler surface, nanotubes will
be developed there. A water-cooled surface should be used in the setup for collecting nan-
otubes. The tubes grow up until an excessive number of catalytic atoms accumulate at the
nanotube end. The yield of the laser ablation approach is about 70% and it predominantly
yields SWCNTs of a controlled size dictated by the reaction temperature. However, it costs
much more than the CVD or arc-discharge methods. In 2017, Khashan et al. studied the
antibacterial property of iron oxide NP-decorated CNTs that had been effectively created
using liquid laser ablation with Nd:YAG pulses [110]. The composite NPs were observed us-
ing TEM, which revealed semi-spherical iron oxide NPs that were aggregated around rolled
and unrolled graphene sheets. The existence of carbon and other iron oxide NP phases was
demonstrated by the XRD spectra. Then, utilizing iron oxide-enhanced nutritional broth
and nutrient agar procedures, the NPs’ antibacterial activity was evaluated against various
bacteria. Wu et al. in 2019 accomplished a patterning and ablation of CNT film using a
femtosecond laser with various parameters [111]. Investigating the effects of laser pulse
energy and pulse number on ablation holes led to the discovery of a 25 mJ/cm2 ablation
threshold. The pattern behavior groove was evaluated using Raman spectroscopy and
SEM analysis. The outcomes demonstrated that the laser ablation removed the oligomer
from the CNT film, which increased the Raman G band intensity. Once the pulse’s energy
was able to break the C-C bonds between distinct carbon atoms, the CNTs’ ablation was
brought about by the interaction of photon energy with laser-induced thermal elasticity.
During laser cutting at higher energy, contaminants including amorphous carbon were
discovered at and around the cut edge, and significant distortion and tensile stress formed
on the CNT groove. In order to adorn CNTs with various concentrations of ZnO NPs on
their tubular surface in only one step for catalytic degradation against methylene blue
dye, Mostafa et al. in 2021 used the laser ablation procedure in liquid media [112]. By
maximizing the laser ablation period, the number of decorated ZnO NPs was kept under
control. The nanocomposite’s structure was investigated using a variety of techniques, in-
cluding optical, structural, and morphological analyses, which revealed that the interaction
between ZnO and the CNTs had a different impact on the absorbance characteristic peak. It
has been observed that if the ablation duration increasesd, the amount of ZnO coating on
the CNTs increased. The researchers in this work demonstrated that the CNTs’ presence in
the composite significantly increased the photocatalytic performance when compared to
pure ZnO.

5.3. Chemical Vapor Deposition (CVD)

Probably the most popular technique for creating CNTs is CVD [113]. A layer of
metal catalyst particles, such as nickel, cobalt iron, or a mixture, is produced on a substrate
during the CVD technique. Oxide reduction and oxide solid solutions are other methods for
making metal NPs. The sizes of the metal NPs from which the nanotubes are to be generated
will vary [114]. An annealed metal layer, patterned metal deposition, or plasma etching
of a metal layer can all be used to manage this. In the CVD process, the reaction chamber
is filled with a mixture of hydrocarbon gas, such as acetylene, methane, or ethylene, and
nitrogen. When the hydrocarbons break down throughout the reaction at temperatures
ranging from 700–900 ◦C and air pressure, nanotubes are constructed on the substrate.
The direction of the electric field will be followed by the growing nanotube if a strong
electric field is applied (plasma-enhanced CVD). Due to its low cost per unit and ability
to produce nanotubes directly on a specified substrate, CVD holds the greatest promise
for industrial-scale deposition [115]. The development of CNTs from liquefied petroleum
gas (LPG) on a Fe2O3-Al2O3 precatalytic by using CVD procedure without hydrogen was
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reported by Duc et al. in 2019. The resulting MWCNTs had identical external tube diameters
of 50 nm, but they had a less imperfect construction. The Fe2O3-Al2O3 precatalytic had
been reduced to Fe-Al2O3 during the synthesis process utilizing the byproducts of LPG
breakdown, according to the CNTs’ growth mechanism, and a tip-growing process was
proposed. The resulting CNTs were employed to adsorb the copper from liquids after being
surface-modified with potassium permanganate in the acid medium. The adsorption data
were evaluated using the Freundlich and Langmuir isotherm models, and the maximum
adsorption capacity of Cu(II) was 163.7 mg g−1 [116]. First principles nonequilibrium
quantum chemical molecular dynamics simulations of the breakdown of ferrocene (Fc)
during floating catalyst CVD (FCCVD) were described by Mclean et al. in 2021 [117].
The key growth agents for the nucleation of carbon chains from Fc-derived species like
cyclopentadienyl rings are produced when these species are dissociated into C2Hx radicals
and C atoms, according to their analysis of the effects of additional growth precursors
like ethylene, methane, CO, and CO2 on the Fc decomposition method. Without the need
for an extra growth precursor, Fc degrades due to the spontaneous cleavage of the Fe-C
and C-H bonds, allowing for the clustering of Fe atoms to create the floating catalysts.
They described the two competing chemical routes that were present during the earliest
stages of FCCVD—the growth of Fe NPs catalysts and the growth of carbonic chains—on
the basis of these simulations. The latter can be facilitated in the presence of additional
growth precursors, with the type of precursor dictating how these conflicting pathways
are balanced. The latest CVD development of SWNTs from plastic polymers, such as
low-density polyethylene (LDPE) and polypropylene (PP), was presented by Zhao et al.
in 2022 [118]. Successfully developed cobalt catalysts supported by porous magnesia
(Co-MgO), the porosity of which restricts the mobility of reduced Co NPs and facilitates
the nucleation of small diameter SWNTs, was credited with the successful synthesis of
SWNTs from the polymers. The method was also expanded to catalyze the creation of
SWNTs from waste plastics such as food packaging film and melt-blown mask filters. This
proof-of-concept development shows the potential of using plastic pollution as a feedstock
to create valuable carbon nanomaterials.

5.4. Plasma Torch

A thermal plasma technique can also be used to create SWCNTs [119]. More CNTs
can be continuously created using the plasma torch process. Since 2001, a number of
academic institutions have studied how to make CNTs in plasma jet reactors using this
method [120]. The procedure is inexpensive and ongoing. The atmospheric pressure
plasma in a microwave’s plasma torch, which takes the shape of an intense “flame”, at-
omizes a gaseous combination of ethylene and argon. SWNT, metallic, and carbon NPs,
as well as amorphous carbon, are all present in the flame’s emissions. Using an induction
thermal plasma technique with a plasma torch is another way to make SWCNTs. SWCNTs
with various diameter distributions can be created. With this process, it is possible to
manufacture two grammes of nanotube material each minute, which is more than with arc
discharge or laser ablation [121]. An electron-rich poly(fluorene-co-carbazole) derivative is
used to extract semiconducting species from the initial HiPCO or plasma-torch nanotube
starting material, and then an electron-poor methylated poly(fluorene-co-pyridine) poly-
mer is used to isolate the metallic species that are still present in the residue. Bodnaryk
et al. reported this two-polymer system in 2018 [122]. The metallic species in the sample
were two times more enriched using this process than they were from the raw starting
material. These findings suggest that an efficient method for enriching metallic species is
the use of polymers with low electron density. Assa et al. combined regioregular poly(3-
hexylthiophene) (P3HT), 1-(3-methoxycarbonyl) propyl-1-phenyl[6,6]C61 (PCBM), and
torch-plasma-grown SWCNTs as a hybrid photoactive layer for bulk heterojunction solar
cell devices in 2019 [123]. Investigators showed that even when sputtering is done using a
Cs+ 2000 eV ion source, chemical information can be properly acquired by time-of-flight
secondary ion mass spectrometry throughout the hybrid organic photoactive solar cell

62



Catalysts 2023, 13, 115

layers. The highest results were attained with 0.5 wt% SWCNT loads, resulting in a power
conversion efficiency of 3.54% and an open-circuit voltage (VOC) of 660 mV. To better un-
derstand the charge-transfer mechanisms occurring at the P3HT:PCBM:SWCNT interfaces,
Jsc was measured with respect to light intensity and exhibited a linear dependency (in
the double logarithmic scale). This suggests that monomolecular recombination is more
likely to be responsible for charge carrier losses at this optimal SWCNT concentration of
0.5 wt%. Finally, they reported that hybrid devices are able to significantly increase the
exciton dissociation efficiency thanks to the fullerene’s electron-accepting nature and the
SWCNT’s fast electron transit feature. In 2021, Gotthardt et al. demonstrated that 1,2,4,5-
tetrakis(tetram-ethylguanidino)benzene (TTMGB), a guanidino-functionalized aromatic
compound, is a successful n-dopant for field-effect transistors (FETs) with gold contacts
and networks of semiconducting SWCNTs with small diameters and large band gaps [124].
After TTMGB treatment, the work functions of gold, palladium, and platinum were found
to have decreased by about 1 eV, according to Kelvin probe measurements. In turn, gated
four-point probe measurements revealed orders of magnitude lower contact resistances
for electron injection into SWCNT networks. TTMGB treatment did not affect the electron
transport or maximum mobilities in SWCNT networks at high carrier densities, according
to measurement techniques that were temperature- and carrier concentration-dependent,
but it significantly increased the subthreshold slope of nanotube FETs by removing shallow
electron trap states.

6. Uses of CNT as a Catalyst

A variety of carbon bonds work to construct a new different structure of unique
features. A layered structure with a weak out-of-plane van der Waals bond can be built by
sp2 hybridized carbon. The strong in-plane bonds play a major role in this purpose. A few
to a few tens of concentric cylinders with regular periodic interlayer spacing locate around
ordinary central hollow and made MWCNTs. The real-space analysis of multiwall nanotube
images has shown a range of interlayer spacing (0.34 to 0.39 nm) [125]. It was discovered
that CNTs had superior thermal transfer properties. For instance, it was discovered that
CNTs had extraordinarily high axial thermal conductivities, around 2000 W/mK or more
than 3000 W/mK for MWCNTs, and much higher for SWCNTs [126], and it was found that
CNT-in-polymer and CNT-in-oil suspensions had massively enhanced thermal conductivity.
Even the short CNTs agglomeration, randomly entangled with one another, have been
employed in earlier studies [127]. Then, on ceramic spheres, large-scale CNT arrays with
millimeter vertical alignment have been constructed [128]. High-speed shearing can easily
spread them into fluffy CNTs. CNTs also demonstrated incredible catalytic uses [129]. Long
CNTs (over 500 m) intercrossed Cu/Zn/Al/Zr catalyst (CD703) were produced in 2010
by dispersing CNT arrays of vertical alignment in Na2CO3 fluid and co-precipitating with
metal nitrite. When comparing Cu/Zn/Al/Zr catalytic compound without CNTs, the space
time yield (STY) of methanol on CD703 rose by 7 and 8%, respectively, to 0.94 and 0.28
g/(gcat h) for CO and CO2 hydrogenation. Additionally, dimethyl ether (DME) has been
formed by one step CO and CO2 hydrogenation with a STY of 0.90 and 0.077 g/(gcat h) at
270 ◦C when paired with γ-Al2O3 catalyst and HZSM-5. A CD703 catalyst exhibited great
action with production of methanol as a result of phase separation, ions dopant, valence
compensating, hydrogen reversibly adsorbent and storage on CNTs promoting hydrogen
spillover. Since CNTs have higher thermal conductivity, CD703 has better stability. It was
thus revealed that using Cu/Zn/Al/Zr catalytic compounds for the synthesis of methanol
and DME from CO/CO2 hydrogenation was well-promoted by long CNTs [130]. Typically,
bulk linked CNT constructions are used in the aerospace, automotive, robust electronics,
and biomedical industries and have interesting properties [131]. It is still difficult to join
CNTs at interconnects to form effective 3D constructions with a desired strength [132].
Spark plasma sintering (SPS) has been used under a range of pressure and temperature
settings to synthesize bulk CNT linked structures. The interconnected 3D structures and
the impact of processing conditions on structural damage to CNTs were examined with
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considerable detail using spectroscopic and microscopic techniques. Double-walled CNTs
(DWCNTs) were produced in bulk by Guiderdoni et al., adopting SPS at 1100 ◦C and 100
MPa pressure [133]. According to reporting requirements, DWCNTs remained intact under
those conditions. Extensive molecular dynamic simulations have been used to better study
welding of CNTs that resulted in interconnected constructions. The Ozden team previously
investigated how density and CNT structure are affected mechanically, electrically, and
in terms of hydrophilicity (Figure 13) [134]. Al-Hakami et al. in 2013 investigated an
approach to remove Escherichia coli (E. coli) bacteria from water using both naturally
occurring CNTs and modified/functionalized CNTs containing 1-octadecanol groups (C18).
As per their findings, E. coli was removed by CNT alone by 3–5%; however when paired
with microwave radiation, unmodified CNT was able to remove up to 98% of bacteria.
When CNT-C18 was employed in similar conditions, the bacteria had been removed by
100% [135]. Most textile wastewater is harmful and non-biodegradable. Semiconductor
catalysts can be utilized to treat the environmental contamination. TiO2 is a significant
photocatalyst; unfortunately, TiO2 has a limited spectrum of light sensitivity and poor
efficiency. However, TiO2 and CNT together can boost photocatalytic activity [136]. Using
MWCNT and Ti as source materials, Ming-liang et al. synthesized a CNT-TiO2 composite in
2009 to accelerate the photocatalytic oxidation of water contaminants [137]. The composite’s
photoactivity was assessed through the conversion of methylene blue in liquid phase under
UV radiation. Researchers came to the conclusion that the CNT-TiO2 composite’s ability to
remove methylene blue is facilitating the transfer of electrons between MWCNT and TiO2,
as well as MWCNT adsorption and TiO2 photodegradation.
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Figure 13. (a) Two CNTs are first arranged with their axes aligned at 180◦. The atoms in red are heated
from outside and are located at the contact tips of both tubes. (b–e). The tubes’ final configuration
following heating with heat fluxes of 1.0, 4.1, 4.3, and 5.4 kcal mol−1 fs−1, respectively. Reprinted
with permission from Ref. [134]. Copyright © 2016, John Wiley and Sons.

In 2016, Jauris et al. reported a relationship between SWCNTs and two artificial dyes
(methylene blue and acridine orange) [138]. Because of π-π interactions’ prevalence between
each dye and the nanotubes, the researchers reached a conclusion that long-term config-
uration stability was where the dye is generally plano-parallel to the nanotube. SWCNT
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is a prospective adsorbent for dye degradation and could be employed commercially for
treating wastewater. By increasing the nanotube’s radius, the dye-nanotube binding energy
increases. In order to prepare Au-TiO2@CNT composite photocatalysts for photocatalytic
gaseous styrene removal, Zhang W. et al. used a simple micro/nano-bubble approach [139].
High ternary-structure stability can be formed by reacting Au, and TiO2 NPs coated onto
CNTs can be efficiently facilitated by the micro/nano-bubbles. The response surface central
composite design approach has been applied to examine Au-TiO2@CNTs’ photoactivity.
Rapid development of a compact structure increased the photocatalytic degradation and
mineralization of styrene over Au-TiO2@CNTs dramatically as the reaction temperature
increased. The increased photocatalytic mechanism of Au-TiO2@CNTs was further dis-
closed through the examination of EPR, UV-vis DRS, electrochemical characteristics, and
TPD-O2. The further identification of free radicals revealed that oxidative radicals like
hydroxyls and superoxides were closely related to the photocatalytic degradation and
mineralization of styrene, which was primarily because of CNT and Au NP synergistic
influence for increased activity through the photocatalysis process.

7. CO2 Hydrogenation into Hydrocarbons and Oxygenated Hydrocarbons

Under certain conditions, it is thought that CO2 catalytic hydrogenation with renew-
able hydrogen is an appropriate method for the chemical recycling of this hazardous and
chemical resistance molecule into energy-carrying agents and chemical compounds. With a
precise hydrogenation product, CO2 can be hydrogenated into C1 compounds like methane
and methanol. It is more difficult to produce high (C2+) hydrocarbons and oxygenates on
a selective basis. Due to its higher volumetric energy density within a specific volume
and compatibility with the current fuel infrastructure than C1 compounds, such produced
materials are desirable as entry platform chemicals and energy vectors [140]. The main chal-
lenge is integrating catalytic functions as effectively as possible for both the reductive and
chain-growth stages [141]. The transformation of renewable energy also makes use of CO2
as an energy carrier. Because renewable energy sources are intermittent by nature, there is
presently a need for scalable storage [142]. Consequently, a much more practical and easier
method for storing significant volumes of intermittent energy generated from renewable
sources for longer durations is the generation of synthetic natural gas or liquid fuels. The
power to gas (PtG) concept has received considerable attention, as seen in Figure 14 [143].
An alternate source of natural gas is produced when CO2 combines with H2, which is cre-
ated by water electrolysis using renewable wind or solar energy. In Copenhagen, especially
in 2016, a commercial-scale PtG project with 1.0 MW of capacity had been operating and
successfully exploiting the transition to a sustainable energy system [144]. In the period
2003–2009, with capacities ranging from 25–6300 kW, there were five initiatives in Germany
utilizing CO2 methanation at pilot-plant or commercial scale [145]. The French chemist Paul
Sabatier published his first study on CO2 methanation in 1902 [146]. This age-old craft has
gained fresh traction as a result of the growing need to combat global climate change and
store excess renewable energy. The Sabatier reaction is an excellent method for converting
CO2 into chemical feedstocks and fuels, storing renewable energy sources like wind and
solar energy, and efficiently converting biogas to biomethane [147]. CO2 methanation is an
endothermic reaction with higher equilibrium conversion between 25 and 400 ◦C [148]. By
using the right catalysts, CO2 methanation can achieve 99% CH4 selectivity, avoid further
product separation, and get around the challenges of dispersed product distribution. As a
result, such a thermodynamic characteristic increases the importance of CO2 methanation
in terms of energy effectiveness and commercial viability.
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In order to synthesize C2+ hydrocarbons, Fujiwara et al. (2015) investigated CO2
hydrogenation over composite catalytic compounds made of Cu-Zn-Al oxide catalyst
and HB zeolite via combining the production of methanol over Cu-Zn-Al oxide and the
simultaneous conversion of methanol over HB zeolite [149]. The yield of C2+ hydrocarbons
was low (0.5 C-mol%) and lower than that of oxygenated compounds when a non-modified
zeolite was employed for the composite catalyst (methanol and dimethyl ether). For
the conversion of dimethyl ether to C2+ hydrocarbons, the strong acid sites of zeolite
were severely inactivated. The catalytic activity of the associated composite catalysts was
significantly enhanced by the use of zeolites treated with 1,4-bis(hydroxydimethylsilyl)
benzene to create C2+ hydrocarbons in yields of more than 7C-mol%. Under a pressure of
0.98 MPa, the best C2+ hydrocarbon production selectivity was approximately 12.6 C-mol%.
Hydrophobic zeolites with water contact angles more than 130◦ were created by the disilane
modifications. The disilane molecule was converted into a few condensed aromatics during
CO2 hydrogenation at 300 ◦C, although the hydrophobicity was maintained even after the
reaction. The hydrophobic surface of the HB zeolite inhibits the deactivation of the strong
acid sites, increasing catalytic activity. Even under low pressure situations, this enhanced
composite catalyst will support the synthesis of C2+ hydrocarbons from CO2.

In 2017, Zhang et al. suggested a procedure to create ethanol from paraformaldehyde,
CO2, and H2 [150]. Under benign conditions, a ruthenium–cobalt (Ru-Co) bimetallic
catalyst using LiI as the promoter in 1,3-dimethyl-2-imidazolidinone (DMI) may effectively
speed up the process. Overall products had a selectivity of 50.9 C-mol% for ethanol, which
was obviously higher than that of the disclosed methods. Additionally, the TOF for ethanol
based on Ru metal reached a maximum of 17.9 h−1 as seen in Figure 15.
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Figure 15. Synergy between the processes used to fabricate ethanol from paraformaldehyde, CO2,
and H2. The active species of Ru and Co are represented, respectively, by Ru* and Co*. Reprinted
with permission from Ref. [150]. Copyright © 2017, Royal Society of Chemistry.

Significant information about the involvement of oxygen in the electrochemical re-
duction of CO2 on Cu electrodes was presented in 2017 by Le Duff and colleagues. They
also regulated the surface structure and composition of Cu single crystal electrodes over
time [151]. Since the pulse sequence may be controlled to ensure consistent beginning
conditions for the reaction at every fraction of time and at a certain frequency, this was ac-
complished using pulsed voltammetry. Compared to the selective CO2 reduction achieved
using cyclic voltammetry [152], and chronoamperometric techniques [153], under alter-
nating voltage, a wide range of oxygenated hydrocarbons was discovered. The cover-
age of oxygen species, which is reliant on surface structure and potential, was linked to
product selectivity towards the synthesis of oxygenated hydrocarbon. A nanowire-like
WSe2-graphene catalyst was created by Ali and Oh in 2017 and examined for its ability to
photocatalytically convert CO2 into CH3OH when exposed to UV-visible light. XRD, SEM,
TEM, Raman, and XPS were used to further characterize the produced nanocomposite.
Using gas chromatography (GCMS-QP2010SE), the photocurrent analysis was further
evaluated for its photocatalytic reduction of CO2. The sacrificial agent (Na2S-Na2SO3) was
added to WSe2-graphene nanocomposite to further increase the photocatalytic effectiveness,
and it was discovered that this improved the photocatalytic efficiency, with the methanol
output reaching 5.0278 mol g−1 h−1 [154]. In a different study, Biswas et al. (2018) reported
using ultrasonic techniques to create a WSe2-Graphene-TiO2 ternary nanocomposite [155].
According to estimates, the WSe2-Graphene-TiO2 band-gap is 1.62 eV, which is adequate
for the photocatalytic degradation when exposed to UV–visible light. For the conversion
of CO2 to CH3OH, the photocatalytic capability of nanocomposites was examined. After
48 h, WSe2-G-TiO2 with an optimal graphene loading of 8 wt% shown high photoactivity,
yielding a total CH3OH yield of 6.3262 mol g−1 h−1. The gradual synergistic relationship
between the WSe2-TiO2 and graphene components in the heterogeneous system is what
causes this exceptional photoreduction activity. Ethylene could be produced from CO2
electroreduction; however, present systems are constrained by low conversion efficiency,
slow production rates, and unstable catalysts. In contrast to a reversible hydrogen electrode
(RHE), Dinh et al. (2018) found that a copper electrocatalyst at an abrupt reaction interface
in an alkaline electrolyte converts CO2 to ethylene with a 70% faradaic efficiency (FE) at
a potential of −0.55 volts [156]. The activation energy barriers for CO2 reduction and
carbon monoxide (CO)-CO coupling are lowered by hydroxyl ions on or near the copper
surface, and as a result, ethylene evolution begins at −0.165 volts versus an RHE in 10
molar potassium hydroxide virtually concurrently with CO generation. By sandwiching
the reaction interface between different hydrophobic and conductive supports, a polymer-
based gas diffusion layer was introduced to increase operational stability while maintaining
continuous ethylene selectivity over the first 150 operating hours. In 2019, Ma and Porosoff
proposed reaction mechanisms by combining in situ characterization techniques with DFT
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calculations, identifying structure–property relationships for the zeolite support, strategiz-
ing methods to increase catalyst lifetime, and developing advanced synthesis techniques
for depositing a metal-based active phase within a zeolite for highly active, selective, and
stable tandem catalysts [157]. The critical research topics of reaction mechanism elucidation
by combining in situ characterization methods with density functional theory calculations,
identifying structure–property relationships for the zeolite support, developing advanced
synthesis techniques for depositing a metal-based active phase within a zeolite for highly
active, selective, and stable tandem cations, and strategizing methods to extend catalyst
lifetime, are suggested as future research directions. An appealing method for storing
such a renewable energy source in the form of chemical energy is the conversion of CO2
into hydrocarbons using solar energy. A system that couples a photovoltaic (PV) cell to
an electrochemical cell (EC) for CO2 reduction can do this. Such a system should have
minimum energy losses related to the catalysts at the anode and cathode, as well as the
electrolyzer device, in order to be advantageous and usable. It should also use inexpensive
and easily processed solar cells. All of these factors were taken into account by Huan et al.
in 2019 when setting up a reference PV-EC system for CO2 reduction to hydrocarbons [158].
Combined with a fairly priced, state-of-the-art perovskite photovoltaic minimodule, this
system sets a standard for a low-cost, all-earth-abundant PV-EC system with a solar-to-
hydrocarbon efficiency of 2.3%. In 2019, Wu et al. demonstrated cobalt phthalocyanine
(CoPc) catalysis for the six-electron reduction of CO2 to methanol with considerable activity
and selectivity when immobilized on CNTs [159]. They discovered that the conversion
produces methanol with FE > 40% and a partial current density exceeding 10 mm/cm2 at
−0.94 volts with respect to the reversible hydrogen electrode in a near-neutral electrolyte.
CO serves as an intermediary in a special domino mechanism that moves the conversion
along. By adding amino substituents that donate electrons to the phthalocyanine ring, it
is possible to prevent the harmful reduction of the phthalocyanine ligand from having
a negative effect on the catalytic activity. With significant activity, selectivity, and stable
performance for at least 12 h, the enhanced molecule-based electrocatalyst converts CO2
to methanol.

A novel multifunctional catalyst made of Fe2O3 encapsulated in K2CO3 was intro-
duced by Ramirez et al. in 2019 and has the ability to use a tandem process to convert
CO2 into olefins [160]. The authors established that, unlike the conventional systems in FT
processes, very large K loadings are essential to activate CO2 via the well-known “potas-
sium carbonate mechanism.” While utilizing CO2 as a feedstock, the suggested catalytic
process proved to be just as productive as currently used commercial synthesis gas-based
techniques. By employing Cu-doped MgAl2O4 (Mg1−xCuxAl2O4) and a straightforward
deposition–reduction process, Tada et al. in 2020 investigated the synthesis of Cu NPs.
The following three Cu2+ species were present in Mg1−xCuxAl2O4 [161]: short O-Cu oc-
tahedrally coordinated [CuO6]s, elongated O-Cu octahedrally coordinated [CuO6]el, and
tetrahedrally coordinated [CuO4]t. The first two were discovered in Mg1−xCuxAl2O4 of the
inverse-spinel type, and the third was discovered in Mg1−xCuxAl2O4 of the normal-spinel
type. In addition, they made it clear that their percentage is related to Cu loading by
concentrating on the variation in the reducibility of the Cu2+ species. Mg1−xCuxAl2O4
predominantly comprised the [CuO6]s species at low Cu loading (x < 0.3). In contrast,
the fraction of the [CuO6]el and [CuO4]t species rose with high Cu loading (x ≥ 0.3). No-
tably, the H2-reduced Mg0.8Cu0.2Al2O4 (x = 0.2) catalyst showed the best photocatalytic
activity among the synthesized catalysts because it had the most exposed metallic Cu sites.
Therefore, the formation of metallic Cu NPs on metal oxides depends on the H2 reduction
of [CuO6]s.

In 2021, Tada et al., suggested bifunctional tandem ZnZrOx catalysts for the hy-
drogenation of CO2 to methanol along with a number of solid acid catalysts (for subse-
quent methanol conversion to light olefins) [162]. Researchers used zeolites and silicoalu-
minophosphates with a variety of topologies, including MOR, FER, MFI, BEA, CHA, and
ERI, as solid acid catalysts. A study using ammonia adsorption revealed that they likewise
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displayed the equivalent acid characteristics. Lower olefins were being synthesized in one
step using the tandem catalysts, whereas with ZnZrOx alone, no hydrocarbons could be
produced. There appears to be no relationship between product yields and acid strength,
at least according to the reaction test and ammonia adsorption. The product selectivity is
influenced by the pore sizes and the channel dimensionality of the zeolites; zeolites with
small pores, like MOR, SAPO-34, and ERI, are promising, whereas zeolites with bigger
pores, like MFI, generate heavier hydrocarbons. The outcomes offer fresh perspective on
the creation of creative catalysts for CO2 usage. A low-temperature atmospheric surface di-
electric barrier discharge reactor that converts biogas into liquid chemicals was introduced
by Rahmani et al. in 2021 [163]. The effect of steam on the conversion of methane and CO2
was investigated, as well as the distribution of products in relation to a given energy input
based on the operational circumstances. The authors reported conversion rates of 44%
for CH4 and 22% for CO2. When steam was introduced at the in-feed, the lowest energy
cost of 26 eV/molecule was attained. For liquid hydrocarbons, a selectivity of 3% was
attained. The transformation of biogas (CH4 + CO2) resulted in the production of more
than 12 compounds. At ambient temperature, the most prevalent oxygenated hydrocarbon
liquids were acetone, methanol, ethanol, and isopropanol. H2, CO, C2H4, and C2H6 were
the major gases produced.

In order to explain an alternative approach for the chemical CO2 reduction reaction,
Islam et al. in 2021 subjected up to 3% CO2-saturated pure water, NaCl, and artificial
seawater solutions to high-power ultrasound (488 kHz ultrasonic plate transducer) [164].
The converted CO2 products under ultrasonic settings were discovered to be mostly CH4,
C2H4, and C2H6, as well as a significant amount of CO that was later converted into CH4.
The analysis revealed that adding molecular H2 to the CO2 conversion process is essential,
and that raising the hydrogen concentration boosted hydrocarbon yields. However, it was
found that the overall conversion decreased at higher hydrogen concentrations because
hydrogen, a diatomic gas, is known to reduce cavitation activity in liquids. Additionally, it
was discovered that the maximum hydrocarbon yields (nearly 5%) were achieved with 1.0
M NaCl solutions saturated with 2% CO2 + 98% H2, and that increasing salt concentrations
further decreased the yield of hydrocarbons due to the combined physical and chemical
effects of ultrasound. By diluting the flue gas with hydrogen, it was demonstrated that the
CO2 present in a synthetic industrial flue gas (86.74% N2, 13.5% CO2, 0.2% O2, and 600 ppm
of CO) could be transformed into hydrocarbons. Additionally, it has been demonstrated
that the conversion process can be carried out in ambient circumstances, i.e., at room
temperature and pressure, without the use of catalysts, when low-frequency, high-power
ultrasound is used. Tian et al. in 2022 newly manufactured In2O3, MnO-In2O3, and MgO-
In2O3 catalysts using the co-precipitation method, and they looked into the hydrogenation
of CO2 to methanol [165]. The ability of In2O3 to absorb CO2 was significantly improved
by the addition of Mn and Mg oxides. The CO2 adsorption capacity and the changing trend
of methanol selectivity were consistent. As opposed to In2O3, the methanol selectivity of
MnO-In2O3 and MgO-In2O3 catalysts is higher. ODP, or oxidative dehydrogenation of
propane with CO2, is a promising solution for efficient CO2 usage. In a new study published
in 2022, Chernyak et al. included various C-materials for the first time as supports for
Cr-based catalysts of CO2-assisted ODP [166]. A commercially available activated carbon
was evaluated alongside CNTs, jellyfish-like graphene nanoflakes, and their oxidized and
N-doped derivatives. The oxidized CNT- and pure GNF-supported catalysts showed the
highest activity and a propylene yield of up to 25%. Raman spectroscopy was used to
confirm that these two catalysts were stable throughout tests against disintegration and
particle sintering. The oxidized CNT- and pristine graphene nanoflakes-supported catalysts’
high activity and durability were explained by their macro- and mesoporosity, which
improve reagent and product diffusion, as well as by the highest surface graphitization
degree, which was validated by XPS. These catalysts performed significantly better than
the catalyst supported by activated carbon. As a result, CNTs and graphene nanoflakes are
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suitable supports for CO2-ODP catalytic compounds. Several main catalysts used in the
hydrogenation of CO2 to hydrocarbon were summarized in Table 1.

Table 1. Some of the main catalysts used in the hydrogenation of CO2 to hydrocarbon products.

Catalysts Metal/Metal-free Preparation
Method Process Type Conversion Selectivity

Cu-Zn-Al oxide
and HB zeolite Metal Co-precipitation

method

The production of
C2+ hydrocarbons

by CO2
hydrogenation.

2.8% 12.6 C-mol%

Ru-Co Metal -

The production of
ethanol from

paraformaldehyde,
CO2, and H2

- 50.9 C-mol%

WSe2-graphene Metal Ultra-sonication
method

Photocatalytic
reduction of CO2

into CH3OH

5.0278 µmol g−1

h−1.
-

WSe2-graphene-
TiO2

Hybrid Ultra-sonication
method

CO2 reduction to
CH3OH

6.3262 µmol g−1

h−1 -

hydroxide-
mediated

Cu
Metal

Hydroxide-
mediated abrupt
reaction interface

CO2 conversion to
ethylene 70% 65%

CoPc/CNT Hybrid CO2 reduction to
methanol Dispersion process 40% -

Fe2O3@K2CO3 Metal CO2 conversion to
olefins Mortar mixing 40% 60%

Although the technique of hydrogenating carbon dioxide to produce methanol is
inexpensive and environmentally benign, nevertheless, because of the increased stability
and inertness of CO2, this reaction is thermodynamically constrained. The reaction below
reveals the process of methanol production.

CO2 + 3H2 ↔ CH3OH + H2O , ∆H25 ◦C = −49.5 kJ·mol−1

The reaction is thermodynamically advantageous at low temperatures and high pres-
sure, according to the Le Chatelier’s principle. The enhanced thermal stability and chemical
inertness of CO2 means that this method of methanol synthesis requires a high tempera-
ture to proceed. Indeed, at elevated reaction temperatures (for example, higher than 240
◦C), CO2 activation and subsequent methanol production are facilitated. However, the
higher temperature procedure strongly conflicts with the reaction’s thermodynamics. Fur-
thermore, when the reaction is conducted at a higher temperature, undesired byproducts
including higher alcohols and hydrocarbons are formed. Similar to this, because the CO2
hydrogenation process produces methanol, which is a molecular reducing reaction, it is
thermodynamically more advantageous at high pressure. By employing various catalysts,
various reaction pressure sizes have been suggested for the best CO2 conversion [140].

8. Mechanism of Conversion

Alternative catalytic routes for CO2 fixing into chemicals have the disadvantage of not
being connected to the well-established array of technologies for the conversion of syngas
mixtures (CO + H2) into synthetic liquid fuels and platform chemicals. Hydrogenation
routes, on the other hand, have the advantage of being connected to these technologies
and could, therefore, first achieve an on-purpose CO2-recycling industrial application.
CO2 hydrogenation is being used to create a variety of different chemicals [141]. CH4 and
CH3OH, which seem to be important examples of compounds that could be produced by
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established or industrial-scale technologies like the methanation and methanol synthesis
processes, have received the majority of research attention. Another C1 product that has
already received attention is the derivative dimethyl ether, which would also be formally
a C1 product. Nevertheless, due to a number of factors, high (C2+) hydrocarbons and
alcohols, whose production is essentially thermochemically more favorable than that
of methanol, may be more desirable products [161]. If somehow the major aim of the
hydrogenation process should be applied to produce energy carriers, then lengthening the
products’ carbon chains will result in ever-higher volumetric energy densities. By directly
injecting short-chain alkanes (C2–C4) into gas distribution networks, it is possible to raise
the calorific value of natural gas or biogas. Furthermore, average volumetric concentration
limits for ethane, propane, and butane in conventional pipeline specifications are around
10, 5, and 2%, respectively [167]. Under ambient conditions, the liquid higher alkanes
(C5+) [168], are quite desirable as predecessors of, e.g., jet fuels, because they combine
higher energy densities with complete compliance to current liquid-fuel distribution and
end-use infrastructures. Base chemical compounds with a chain length between C2 and
C4 and considered light olefins [169], for the creation of polymers, are an illustration.
Regarding oxygenated products, C2+ alcohols have higher energy densities than methanol
and are less poisonous and corrosive. As a result, they are better suited for use in existing
internal combustion engines as blending fractions or even as pure fuels. In addition, strong
alcohols like ethanol and butanol are great precursors for short-chain (C2–C4) olefins [170],
which, when manufactured very selectively through alcohol dehydration under relatively
uncomplicated reaction conditions, can be added to the value chains already in place.
Overviews on the catalytic hydrogenation of CO2 have been published in earlier surveys of
the literature [171]. Processes for the manufacturing of C1 products, particularly methane
and methanol and its derivatives, have undergone more concentrated changes [172].

Attention should be paid to the opportunities and intrinsic kinetic constraints, some-
times intimately connected to thermodynamic bounds, that exist for certain catalytic sys-
tems and which must be taken into account in the creation of new catalysts and proce-
dures [173].

Due to its capacity to generate clean hydrocarbons like CO, CH4, and C2+ products,
carbon dioxide hydrogenation is a potential reaction that is being studied. Through thermal,
photocatalytic, and photothermal catalysis, hydrogenation reactions can move forward.
First, CO2 will be hydrogenated in the Reverse Water Gas Shift (RWGS) reaction (Equation
(1)) to yield CO. Then, CH4 can be created by either directly methanizing CO2 through
the Sabatier reaction (Equation (3)) or further hydrogenating CO (Equation (2)). Both
the CO and CO2 methanation processes are exothermic and take place at temperatures
between 200 and 500 ◦C. Other than that, the Fischer–Tropsch process can be used to create
paraffins (alkanes) and olefins (alkenes), which are both significant and pricey chemical
feedstocks. Additionally, because they are volume-reducing reactions, a rise in pressure
favors the production of CO and hydrocarbon products. This is because, in accordance
with Le Chatelier’s principle, the equilibrium will change as pressure rises to favor the side
of the reaction that contains less moles of gas. Most significantly, as the pressure of the
reactor was raised from ambient pressure to 4 bar, the CO2 methanation activity over RuF
catalyst was improved. Additionally, it was noted that the reduction in apparent activation
energy caused by the pressure rise helped the methanation reaction progress [174].

CO2 + H2 ↔ CO + H2O (1)

CO + 3H2 ↔ CH4 + H2O (2)

CO2 + 4H2 ↔ CH4 + 2H2O (3)

(2n + 1)H2 + nCO→ CnH2n + nH2O (4)

2nH2 + nCO→ CnH2n + nH2O (5)
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Examples of Conversion Mechanisms

Liu et al. examined the advancement of CO2 direct hydrogenation to value-added com-
pounds such as CO [175], CH3OH [154], CH4 [176], DME [177], higher hydrocarbons [178],
and olefins [27]. There has also been a summary of heterogeneous catalysis, plasma catalyst
supports, and CO2 hydrogenation research activities [179–181]. A method to increase the
oxygen vacancies of nickel-based catalysts for CO2 methanation was reported by Zhu et al.
in 2021 [182–184]. At low reaction temperatures (300 ◦C), a Y2O3-promoted NiO-CeO2
catalyst was developed and found to have a remarkable methanation activity that is up to
three times higher than NiO-CeO2 and six times higher than NiO-Y2O3. The addition of
Y2O3 to CeO2 significantly speeds up the production of surface oxygen vacancies during
the reaction, as researchers showed both theoretically and experimentally. That study also
demonstrated that these regions support CO2 dissociation directly, which is kinetically more
advantageous than associative routes. As a result, it significantly increased the activity of
CO2 methanation. In the feed stream including methane and traces of H2S, Gac et al. in 2021
discussed CO2 methanation over ceria- and alumina-supported nickel catalysts in [185].
With a packed-bed reactor, stability tests conducted for 20 h at 350 and 600 ◦C revealed
the catalysts’ great resistance to sintering processes. At 350 ◦C, a higher conversion has
been seen for the nickel catalyst assisted by ceria. According to a thermodynamic analysis,
under certain reaction conditions, the CO2 present in biogas can be transformed to methane
without carbon production. The decrease in CO2 conversion and increase in CH4 selectivity
were caused by the addition of CH4 to the CO2–H2 feed stream. When trace amounts of
H2S were added to the feed stream, CO2 conversion and CH4 selectivity quickly decreased.
Al2O3-supported catalysts were shown to be more durable (20%) than CeO2-based catalysts.
Heterogeneous nanocatalytic compounds’ atomic usage and activity are typically improved
as their size is decreased in a variety of catalytic reactions. This method has, however, been
less successful for Cu-based electrocatalysts in the reduction of CO2 to multi-carbon (C2+)
products because of the excessively strong intermediate binding to small-sized (15 nm)
Cu NPs. Here, Chang et al. in 2022 effectively added pyrenyl-graphdiyne (Pyr-GDY) to
ultrafine (2 nm) Cu NPs to give them a greatly increased selectivity for CO2-to-C2+ conver-
sion [186]. By adjusting the catalyst d-band center, Pyr-GDY would be aided in reducing
the excessively tight binding between adsorbed H* and CO* intermediates on Cu NPs as
well as maintain the ultrafine Cu NPs due to a higher affinity between alkyne moieties
and Cu NPs. In comparison to support-free Cu NPs of C2+ 20% FE, CNT-supported Cu
NPs of 18% C2+ FE, GO-supported Cu NPs of 8% C2+ FE, and other reported ultrafine Cu
NPs, the resultant Pyr-GDY-Cu catalytic composite gave up to 74% FE for C2+ products.
Their findings highlight the crucial role graphdiyne plays in the selectivity of Cu-catalyzed
CO2 electroreduction and highlight the potential of ultrafine Cu NP catalysts to transform
CO2 into a product with added value (C2+). Kattel et al. (2016) used DFT calculations
to identify the mechanism of CO2 hydrogenation at the metal-oxide contacts [187]. In
experiments on PtCo-TiO2 and PtCo-ZrO2, *HCOO and *HOCO were both shown to be
reaction intermediates, but *CH3O was only found on PtCo-ZrO2.

9. Theoretical Studies of CO2 Conversion

DFT calculations were performed by Kumari et al. in 2016 to study the mechanisms of
CO2 reduction to CO and the hydrogenation of CO2 to methanol on both the stoichiometric
and reduced CeO2(110) surfaces [188]. It was found that CO2 dissociates to CO through
interaction with the oxygen vacancy on the reduced ceria surface, and the produced CO
can be further hydrogenated to methanol. In 2016, Cheng et al. investigated the conversion
of CO2 to methanol on the reduced CeO2(110) surface by performing DFT calculations
corrected by on-site Coulomb interaction (DFT + U) and microkinetic analysis [189]. They
also found that the HCOO route is the dominant pathway for methanol formation on the
reduced CeO2(110). DFT studies show that the energy required to hydrogenate CO to
*CHO on PtCo-TiO2 is substantially lower than that required to desorb it. The result was a
selective generation of CO since the chemisorbed CO preferred energetic desorption over
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the subsequent hydrogenation. Mostly on PtCo-ZrO2 catalysts, however, CO generation
was hampered, and CH4 was produced instead. Chai and Guo demonstrated in 2016
that the interaction of N-doping and curvature can successfully control the activity and
selectivity of graphene-CNT catalysts using both DFT and ab initio molecular dynamic
calculations [190]. For graphitic N-doped graphene edges, as opposed to the un-doped
equivalent, the CO2 activation barrier can be adjusted to 0.58 eV. While the (6, 0) CNT with
a high degree of curvature is efficient for both CH3OH and HCHO synthesis, the graphene
catalyst without curvature demonstrated great selectivity for CO-HCOOH generation.
Curvature played a significant role in adjusting the overpotential for a particular product,
e.g., for the synthesis of CO, from 1.5 to 0.02 V, and for CH3OH, from 1.29 to 0.49 V.
Thus, as demonstrated here for CO2 reduction, graphene-CNT nanostructures provide
significant scope and flexibility for effective tuning of catalytic efficiency and selectivity.
Green chemistry is a fascinating field that deals with chemicals like ethanol produced from
CO2 transformation. Li et al. in 2019 investigated the mechanism of thermal catalytic
hydrogenation of CO2 to methanol on reduced CeO2(100) by using DFT calculations [191].
They found that CO2 was hydrogenated via the HCOO route rather than the COOH route.
These results then indicate that oxygen vacancies on the reduced CeO2 surface are crucial
to the conversion of CO2 to CH3OH.

The combined experimental and density functional theory (DFT) study of Liu et al.
in 2020 reported that the morphology control of CeO2 nano-catalysts is important for
methanol synthesis [192]. They also proposed that methanol was likely generated via the
so-called formate (HCOO) pathway where the adsorbed CO2 is firstly hydrogenated to
the HCOO* species. In 2020, Coufourier et al. created a catalytic system that was both
effective and affordable [193]. The CO2 reductions, hydrogenocarbonate, and carbonate
in pure water were described for use in an iron catalyst system that is very effective,
has higher stability, is free of phosphine, and is simple to produce. Carbonic derivative
hydrogenation occurs in good yields with good catalytic performance in just the existence
of the bifunctional cyclopentadienone iron tricarbonyl. For the hydrogenation of CO2,
hydrogenocarbonate, and carbonate into formate in pure water, turnover numbers (TON)
of up to 3343, 4234, and 40, respectively, have been obtained. Cao et al. in 2021 coupled
the DFT calculations with micro-kinetic modeling [194]. The lack of interactions between
adsorbed formate and intermediates, which would understate the rate of CO2 pathway
by possessing a too high formate coverage, was shown to be the cause of the discrepancy
between the investigational rate and the earlier simulated predictions in the literature. The
researchers demonstrated that CO2 hydrogenation dominates for pure Cu catalysts, which
is consistent with results, when adsorbate–adsorbate interactions, particularly the generated
H bond, were considered. In particular, it has been found that the adsorbed HCOOH* can
hydrogenate in a new transition state that is already being stable by hydrogen bonds. In
an earlier study in 2022, Rasteiro et al. applied DFT calculations to analyze the impact of
alloy–support synergy on the catalytic performance of Ni5Ga3 supported by SiO2, CeO2,
and ZrO2 [195]. The most promising catalyst, Ni5Ga3-ZrO2, had a reaction mechanism that
the researchers proposed according to DFT results. In 2022, Kovalskii et al. examined Au-h-
BN(O) and Pt-h-BN(O) nanohybrids in CO oxidation and CO2 hydrogenation reactions,
and on the basis of DFT calculations, postulated potential catalytic reaction pathways [196].
Oxygen-related chemical reactions were accelerated by a charge density distribution at the
Pt-h-BN interface via increasing oxygen absorption. In order to elucidate the mechanism
underlying the catalysis of selective hydrogenation of CO2 to methanol, Wang et al. in 2022
performed extensive DFT calculations corrected by on-site Coulomb interaction (DFT + U)
to investigate the H2 dissociation and the reaction between the active H species and CO2
on the pristine and Cu-doped CeO2(111) (denoted as Cu/CeO2(111)) surfaces [197]. Their
calculations evidenced that the heterolytic H2 dissociation for hydride generation can more
readily occur on the Cu/CeO2(111) surface than on the pristine CeO2(111) surface. They
also found that the Cu dopant can facilitate the formation of surface oxygen vacancies,
further promoting the generation of hydride species. Moreover, the adsorption of CO2
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and the hydrogenation of CO2 to HCOO* can be greatly promoted on the Cu/CeO2(111)
surface with hydride species, which can lead to high activity and selectivity toward CO2
hydrogenation into methanol.

10. Preparation and Approximate Cost of CNTs

Table 2 describes the numerous purification steps and the mass variations during each
purification stage. Based on this, each step in the purification table is clearly intended to
remove some contaminants in order to produce pure CNTs [198]. The definition of “yield”
varies considerably from author to author; some claim that yield is based on removing only
metallic particles, while others claim that it is based on removing everything extraneous
other than the CNTs. The second reason is thought to constitute the foundation for the
yield in the current experiment. As a result, although having what seem to be lower
yields, the current technique of synthesis has a more cost-effective yield because it is less
expensive [199].

Table 2. Purification stages and each stage’s effective mass variation.

Method Set up Purity Cost in USD

Conventional arc discharge in
vacuum

TIG power source, inert
atmosphere, metal cabinet
with water cooling system,
automated process, and
chemical purification

80–95 wt% 15 USD/gm

Chemical vapor deposition
(CVD)

Furnace, inert atmosphere,
metal catalyst 95% 40 USD/gm

Laser ablation
Laser source, furnace, inert
atmosphere, metal
catalyst–graphite composite

20–80 wt%

Due to the high capital cost of
the laser and the lower
quantity of CNT after final
purification, this method is
not commercially viable.

Floating catalyst method Tubular reactor, quartz tube,
thermocouples, inert gas 70–90 wt%

It requires a complicated set
up. The cost of aromatic
hydrocarbons is very high
(Benzene: 44 USD/10 g).

Cyclic oxidation Plant materials, ceramic
reactor No reports on purity

Even though the source
materials are cheap,
pre-treatment and heating
takes longer duration in a
high pressure vacuum
chamber. Yield details are not
available.

EDM process
Plasma sputtering unit,
microelectric discharge
apparatus, metal catalyst

No reports on purity

It requires costly equipment
such as plasma-sputtering
unit and microelectric
discharge unit. Yield details
are not mentioned.

Combustion process Bunsen burner, liquefied
butane, metal catalyst No reports on purity

This method is simple but the
yield seems to be much less
compared to other methods
(in mg).

Simplified arc discharge in air
Manual metal arc welding
machine and chemical
purification

75–80 wt% 3 USD/gm
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11. CNTs as Catalysts

For catalytic reactions, carbon nanostructures offer a catalytic support framework that
demonstrates good adhesion, metal particle stability at high temperatures, and relative
chemical inertness [129]. In the past, FT catalysis has been carried out using carbon-
based catalysts, including carbon nanotubes. C2+ hydrocarbons can now be formed with
good selectivity using carbon-based catalysts [149]. Due to the well-stressed and superior
graphical nature of the curved support, metal particles placed on carbon nanotubes behave
differently from those deposited on flat non-carbon nanosupports. It has been demonstrated
that hydrogen spillage from conductive nanoparticles on stents is superior to that from
non-conductive analogues. Where there is a physical route for hydrogen to get from the
NP to the support surface, bridging happens [189]. As the hydrogen travels to the surface
supporting the nanotube, it interacts with the nanoparticles and needs to be stabilized. In
the absence of a physical bridge, hydrogen species created by the nanoparticles cannot
be transferred to the support surface. The intrinsic capacity of the substrates to support
hydrogen species is ruled out in the event of poor transport from the nanoparticles to
the surface. Less hydrogen on the nanotube’s surface results from decreased hydrogen
leakage, which hinders the catalyst’s capacity to reduce carbon dioxide or carbon dioxide
throughout the reaction [200].

With many more potential uses in the future, CNTs have already found commercial
success in the domains of energy storage (such as consumer lithium-ion batteries), coatings
and films (such as fouling-resistant paints for ship hulls), and composite materials (such as
enhanced wind turbine blades). They are also desired as support materials for catalytic
transition metal nanoparticles in the field of chemical catalysis. The high surface area,
tunable structure (e.g., diameter, porosity, and surface composition), and excellent chemical
and thermal stability of CNTs have all been recognized to make them particularly desirable
as catalyst supports. Their surface area, which ranges from 400 to 900 and 200 to 400 m2

g−1 for SWCNTs and MWCNTs, respectively, is desirable because it enables the deposition
and dispersion of catalytic metal nanoparticles with a high surface area-to-volume ratio.
An sp2 hybridized network of carbon atoms that forms a tube with a nanometer-scale
diameter and often a high aspect ratio is known as a CNT. Due to their many attractive
characteristics, CNTs have attracted considerable research attention for uses in everything
from construction to electronics, catalysis, and beyond [201].

12. Conclusions

CO2 is a significant greenhouse gas that, due to its growing atmospheric concentra-
tions, is thought to be the primary cause of both global warming and climate change.
As a result, global attention has shifted to CO2 concentration reduction. The chemical
transformation of CO2 produces carbon compounds that can be used as precursors for
the production of chemicals and fuels. The conversion of CO2 into fuels and chemicals
presents options for reducing the rising CO2 buildup because CO2 is both a renewable
and ecofriendly source of carbon and it can be used as a C1 building block for valuable
chemicals. Studies have shown that increased concentrations of carbon dioxide increase
photosynthesis, spurring plant growth. While rising carbon dioxide concentrations in the
air can be beneficial for plants, they are also the chief culprit in climate change. There are
only three sources of renewable carbon: renewable carbon from the recycling of already
existing plastics (mechanical and chemical recycling), renewable carbon obtained from all
types of biomass, and renewable carbon from direct CO2 utilization of fossil point sources
(while they still exist), as well as from permanently biogenous point sources and direct air
capture. All three sources are essential for a complete transition to renewable carbon, and
all of them, in equal shares, should be used by industry, supported by politicians, and ac-
cepted by the population. In a sustainable chemical industry, bulk chemicals will primarily
rely on chemical CO2 utilization through methane, methanol, and naphtha, while specialty
chemicals and complex molecules will more likely be produced from biomass (and CO2
fermentation). At the same time, mechanical and chemical recycling will reduce the overall
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need for additional renewable carbon. Whereas traditional recycling re-uses products and
materials, the use of biomass and direct CO2 utilization is tantamount to a recycling process,
which also constitutes part of an extended circular economy. The hydrogenation of CO2
is a practical and efficient procedure in this respect, as has already been mentioned in the
review. One of the main issues in developing an exergonic CO2 conversion reaction is
thermodynamically unfavorable CO2 thermochemical properties. This gas is in the highest
oxidation state of carbon, which results in its relatively low standard enthalpy of formation.
That is the reason for this molecule being one of the main products of combustion reactions.
Different technical directions and targeted research methods on the logical design of cata-
lysts, reactor optimization, and investigation of reaction mechanisms have been proposed
to overcome the limits on conversion and selectivity. In fact, oxides have been found to be
able to overcome the limits on CO2 conversion into oxygenated hydrocarbons by means of
the supported metallic catalysts at moderate temperatures and pressures. Furthermore, the
preparation of bifunctional catalysts combining metal oxides and zeolites has demonstrated
an effective way to control the product selectivity for the conversion. Graphene and CNT
have been extensively studied by academics over the past 15 years as 3D nanostructured
materials for catalytic applications because of their impressive chemical and physical prop-
erties. There have been numerous reviews of the heterogeneous catalytic hydrogenation of
CO2 that can be categorized by the methods used, such as thermal, electrochemical, and
photochemical hydrogenation, as well as by the homogeneous and heterogeneous catalysts
used, or by the resulting product distributions or catalysts used. Despite the difficulties, the
transformation of CO2 to value-added chemicals still receives great attention worldwide
because of its significance for providing sustainable alternatives to solve urgent issues
such as those of energy and the environment. Recent years have seen the emergence
of experimental and computational technologies for more efficient search and design of
catalysts and other materials. Experimental technologies are increasingly being employed
for the rapid discovery of novel catalysts and materials. On the other hand, a similar array
of computational technologies, including high-throughput and automated computational
simulations and reaction modeling, coupled with machine learning algorithms, have also
started to enable the theoretical understanding and prediction of new catalysts.
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Abstract: In this study, mango seed shell (MS)-based hybrid composite and composite beads (FeCl3-
NaBH4/MS and Na-Alginate/MS) were designed. Batch and column experimental analyses were
performed for the uptake of 2,4,6-trichlorophenol (2,4,6-TCP) from wastewater. The physicochemical
characteristics of both composites were also examined. From the batch adsorption experiments, the
best adsorption capacities of 28.77 mg/g and 27.42 mg/g were observed in basic media (pH 9–10) at
308 K for FeCl3-NaBH4/MS and 333 K for Na-Alginate/MS with 25 mg/L of 2,4,6-TCP concentration
for 120 min. The rate of reaction was satisfactorily followed by the pseudo-second-order kinetics.
Equilibrium models revealed that the mechanism of reaction followed the Langmuir isotherm. The
thermodynamic study also indicated that the nature of the reaction was exothermic and spontaneous
with both adsorbents. Desorption experiments were also carried out to investigate the reliability
and reusability of the composites. Furthermore, the efficiency of the adsorbents was checked in
the presence of different electrolytes and heavy metals. From the batch experimental study, the
FeCl3-NaBH4/MS composite proved to be the best adsorbent for the removal of the 2,4,6-TCP
pollutant, hence it is further selected for fixed-bed column experimentation. The column study data
were analyzed using the BDST and Thomas models and the as-selected FeCl3-NaBH4/MS hybrid
composites showed satisfactory results for the fixed-bed adsorption of the 2,4,6-TPC contaminants.

Keywords: mango seed shell; hybrid composite; alginate; 2,4,6-trichlorophenol; adsorption

1. Introduction

Contamination by volatile phenolic compounds threatens the use of water resources.
Phenolic compounds with an unpleasant odor and a half-life span of 2–72 days cause
extremely toxic effects in water [1–3]. Phenolic compounds are widely used in various
products such as pharmaceuticals, plastics manufacturing, petrochemicals, oil refineries,
pesticide/insecticide units, leather, paper, paint, wood, and other chemical manufactur-
ing processes [4,5]. The wastewater discharged from the manufacture of these products
contains many toxic phenolic compounds which are considered important to treat before
discharge into water reservoirs [6]. Due to the toxicity of these phenolic pollutants, the
U.S. Environmental protection agency lists the most phenolic pollutants as hazardous to
human health and other living organisms [7,8]. Therefore, the discharge or removal of
these hazardous pollutants is highly significant. The World Health Organization (W.H.O.)
recommends the permissible concentration of phenolics to be about 0.001 mg/L in potable
water and less than 1 mg/L in industrial wastewater for the safe discharge of polluted
water into the environment [9,10].

Until now, various methods have been used for the elimination of phenolic contam-
inants from wastewater including biological, chemical, and electrochemical treatments
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and adsorption, photochemical oxidation, and catalytic reduction [11–13]. Among these,
adsorption is considered the most convenient, eco-friendly, and cost-effective technique for
the treatment of wastewater [14,15]. Adsorption is also trending due to its ease of opera-
tion, flexibility and lowest production of harmful by-products [16,17]. Various adsorbing
materials or catalysts have been employed for the treatment of wastewater to eliminate
various phenolic pollutants and other contaminants such as metal oxides, minerals, zeolites,
polymers, activated carbons, and carbon nanotubes [18–21]. The use of polymers and
biopolymers as adsorbents has become a well-established purification method, providing
good efficiency to eliminate various toxic pollutants from water in a short time [22,23].
Biomass-based polymeric materials, such as rice husks, sugarcane bagasse, cotton sticks,
coconut shells, leaves and barks of different plats, waste teas, seeds of plants, and seed
shells of different fruits, provide a highly polymeric and porous structure that favors the
adsorption mechanism [24–28].

Recently, the use of activated carbon, magnetically active materials, nanomaterials,
chemically modified composites, and hybrid materials has gained more attention from
researchers due to their modified structures and extensive adsorption properties [29–31].
The chemical and polymeric blending and grafting of materials are trending due to their
excellent performance in wastewater treatment [32]. The synthesis of composites and
modification of polymeric materials have also been used to resolve the disposal issue of
waste slug, which is mostly produced during the treatment of water with simple or native
biomasses as adsorbents [33–36].

Hence, this work is focused on the fabrication of an FeCl3-NaBH4-modified mango
seed shell (MS)-based hybrid composite (FeCl3-NaBH4/MS) and sodium alginate-modified
mango seed shell (MS)-based composite beads (Na-Alginate/MS) for the adsorptive re-
moval of 2,4,6-trichlorophenol from aqueous media. The adsorption properties and struc-
tural changes on the surface of the polymeric structure of the adsorbents were determined
by FTIR, TGA, and SEM analytical techniques. The experimental work was performed
in batch and column modes for the optimization of various parameters. The reusability
and recovery of adsorbents after adsorption experiments is also a concerning process for
researchers; therefore, desorption experiments were also performed to check the reusability
and percentage of recovery of both adsorbents (FeCl3-NaBH4/MS and Na-Alginate/MS)
after experimentation.

2. Results and Discussion
2.1. Functional, Thermal, and Morphological Analysis of Composite Materials

FTIR spectra for both adsorbents (FeCl3-NaBH4/MS and Na-Alginate/MS) before and
after adsorption for the comparative study are given in Figure 1a,b. The examination of the
different functional groups shows that there were a different number of groups present such
as a broad peak observed at 1030 cm−1 associated with C-O stretching vibration in primary
and secondary alcohols some other peaks observed at 1575–1735 cm−1 mostly for the
aromatic bending of the C=C groups associated with the aromatic ring, and some medium-
intensity peaks observed at 1420 cm−1, indicating the presence of O-H bending associated
with phenol [37–39]. Similarly, a strong and broad peak was observed at 3330 cm−1 for
the O-H stretching in the aromatic ring [40,41]. Some bands’ intensities were found to be
decreased after the adsorption spectra, indicating the decline in the number of functional
groups after the adsorption of the 2,4,6-TCP contaminants.

Thermo-gravimetric analyses were performed to determine the thermal stability
of both composites at an increasing temperature rate of 10 ◦C/min. As illustrated in
Figure 1c,d, the decompositions of the composites’ structures due to the elimination of
volatile compounds occurred at high temperatures. A very small reduction in weight
was observed at the initial 150 min of the temperature stage due to the removal of the
loosely bound moisture content from the surface of the composites. The Na-Alginate/MS
composite beads have a high moisture content compared to the FeCl3-NaBH4/MS hybrid
composite and it experiences a consistent decrease in weight loss from the start of the
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reaction. The initial stages of weight loss were observed due to the elimination of the lignin
and hemicellulose functional groups from the structure of the composites after 230 ◦C [42].
Another prominent stage of weight loss of about 80% was observed in the case of FeCl3-
NaBH4/MS just after 350–400 ◦C due to the elimination of aromatic derivatives from the
base structure (Figure 1c) [43], but in the case of the Na-Alginate/MS composite beads,
only a 60% weight loss was observed at this point and the composition of Na-Alginate/MS
showed better structural stability up to 560 ◦C (Figure 1d). In addition, a >80% weight loss
was found after 400 ◦C in the case of FeCl3-NaBH4/MS and about an 80% weight loss was
observed after 600 ◦C in the case of Na-Alginate/MS. However, the remaining backbone
structure with 20% weight remained stable even after 800 ◦C.

Figure 1. FTIR spectra of (a) FeCl3-NaBH4/MS hybrid composites and (b) Na-Alginate/MS compos-
ite beads, both for loaded and unloaded 2,4,6-TCP, and TGA thermograms for (c) FeCl3-NaBH4/MS
hybrid composites and (d) Na-Alginate/MS composite beads.

The surface morphological structural characteristics were determined by SEM-EDX
analysis for both adsorbents (FeCl3-NaBH4/MS and Na-Alginate/MS). Figure 2a,b present
the rough and porous structure of the adsorbents that facilitates the adsorption of pollutant
molecules. The rough and porous surface of the adsorbents is related to their efficiency in
the uptake of pollutants and the porous surface is usually capable of enhancing adsorption
capacity [30]. In addition, the presence of different functional groups on the surface (as
determined by FTIR) also played an important role in the adsorption performance of the
2,4,6-TCP molecules on the surface of the adsorbents.

2.2. Batch Experimental Study
2.2.1. Influence of pH

In the batch adsorption study, the pH is considered an important factor that influences
the capacity of the adsorbent [44,45]. The current study was carried out to check the
efficiency of adsorbents in acidic and basic media. To determine the dependency of the
adsorption reaction on the pH, the reactions were performed at a pH range of 2–10 with
both adsorbents. It was observed from the qe values that were obtained at the end of each
experiment, that the adsorption capacities of 2,4,6-TCP were more favorable in the basic
media. As 2,4,6-TCP was founded as a neutral molecule at pH 6.15, the anionic form of
2,4,6-TCP on the increasing pH influenced by the electrostatic force between the negatively
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charged TCP anion and the adsorbent molecules (FeCl3-NaBH4/MS and Na-Alginate/MS
composites) results in an increase in adsorption capacity up to pH 10 (Figure 3a). Further
increases in the pH cause the aggregation of pollutant molecules that affects the capacities
of the adsorbents [46,47]. Olu-Owolabi and coworkers carried out the adsorption of 2,4,6-T
on KAC and PCK and found an increase in adsorption capacity with increasing adsorbent
doses up to pH 9 [48]. The variability of the pH was found to be high for PCK compared to
KAC at a pH between 6 and 10. This could be due to the increase in electrostatic attraction
between 2,4,6-T and KAC in this pH region, which enhanced the adsorption capacity,
although the PCK showed less adsorption efficiency in the acidic pH region due to the
limited functional groups on the surface.

Figure 2. SEM micrographs of (a) FeCl3-NaBH4/MS hybrid composites and (b) Na-Alginate/MS
composite beads.

Figure 3. Influence of (a) pH, (b) dose, (c) contact time, (d) 2,4,6-TCP initial concentration, and
(e) temperature on 2,4,6-TCP adsorption capacities of adsorbents and (f) 2,4,6-TCP contaminant
desorption efficiency of adsorbents in desorbing agents.
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2.2.2. Influence of Adsorbent Dosage

The increase in the adsorbent dose provides the opportunity for the pollutants to attach
to the maximum available active sites of the adsorbent. The effect of increasing the adsor-
bent dose for the adsorption of 2,4,6-TCP onto FeCl3-NaBH4/MS and Na-Alginate/MS
composites was determined in this study. It was found that by increasing the amount of the
adsorbent from 0.1 to 0.4 g, the adsorption capacities were decreased as shown in Figure 3b.
As there were a high number of active sites for the adsorption of the pollutant molecules
for the available concentration of the 2,4,6-TCP molecules, these molecules occupied all
available sites and on further increasing the dose [49,50], the number of active sites in-
creased but as the concentration was fixed, this led to decreased qe values [51]. A similar
phenomenon was observed previously [52] for phenolic compounds, where a decrease
in sorption capacity (qe) with increasing adsorbent doses was considered a reason for the
unsaturation of active binding sites in an adsorption phenomenon. The same trend was also
reported by El-Naas and coworkers for the adsorption of phenol onto date-pit activated
carbon [53]. They found that the phenol concentration decreased with the increasing adsor-
bent dose, which provided more adsorption sites for phenol and increased the adsorption
rate. However, at a specific level, the available active sites were more than the available
phenol molecules, which resulted in a decline in adsorption capacity.

2.2.3. Influence of Contact Time and Kinetic Study

The rate of the adsorption reaction between the adsorbents and 2,4,6-TCP molecules
was investigated under various time intervals. The adsorption capacity of 2,4,6-TCP at
a concentration of 25 mg/L with 0.05 mg of composites was determined. As shown in
Figure 3c, at the start of the reaction for both adsorbents, a rapid increase in the rate of
adsorption was observed (in the first 30–60 min of reaction) because all of the surface sites
became occupied by the available pollutant molecules; after saturation of the active sites
(up to 60 min), the adsorption process slowed down due to the hindrance of the occupying
pollutant molecules and stopped at a point where maximum adsorption occurred [54–56].
The adsorption kinetic models, pseudo-first-order and pseudo-second-order, and the in-
traparticle model of diffusion were applied to predict the adsorption of the 2,4,6-TCP
contaminants onto the FeCl3-NaBH4/MS and Na-Alginate/MS composites. Linear plots of
ln (qe − qt) vs time were obtained to determine the rate constant [8]. The linear equation
(Equation (2)) derived from Equation (1) can be used to calculate the constant values for
the pseudo-first-order reaction

dq

dt
= k1(qe − qt) (1)

log(qe − qt) = log qe −
k1

2.303
t (2)

In the above equations, k1 (min−1) is the first-order rate constant, qe and qt (mg/g) are
the equilibrium adsorption capacities for 2,4,6-TCP, and t (min) is the adsorption time [57].
Similarly, the differential and linear form of pseudo-second-order reactions can be written
as Equations (3) and (4):

dt

qt
= k2(qe − qt)

2 (3)

t
qt

=
1

k2q2
e
+

t
qt

(4)

In the above equations, qe and qt (mg/g) are the adsorption capacities at the equilib-
rium and time (t), whereas, k2 is used to represent the rate constant of the pseudo-second-
order reaction.

The intraparticle diffusion model was used to determine the diffusion of the phenolic
molecules into the inner pores of the adsorbents. This model shows the interaction of
molecules towards the binding adsorption sites and influences the biosorption efficiency

89



Catalysts 2022, 12, 972

of adsorbents [58]. The equation used to calculate the values of the intraparticle diffusion
constants is given below:

qt = kpit1/2 + Ci (5)

The values for the kinetic rate constants (k) and correlation coefficients (R2) are given
in Table 1 and the kinetic linear plots are illustrated in Figure 4a–c. If the values of R2

were found close to unity (≥0.999), they showed the best fitness of the respective kinetic
models. In the current study, the R2 values of the pseudo-second-order reactions found
as the maximum (0.999 for both adsorbents), as well as the closeness of calculated and
experimental qe values also showing the best fitness of the pseudo-second-order kinetic
model (Table 1).

Table 1. Kinetic constant parameters for the adsorption of 2,4,6-TCP onto FeCl3-NaBH4/MS and
Na-Alginate/MS composites.

Kinetic Model FeCl3-NaBH4/MS Na-Alginate/MS

Pseudo 1st order

qe exp. (mg/g) 24.11 23.75
qe cal. (mg/g) −0.363 −0.091

K1 (min−1) 0.014 0.028
R2 0.632 0.922

Pseudo 2nd order

qe exp. (mg/g) 24.11 23.75
qe cal. (mg/g) 24.39 24.93

K2 (g mg−1 min−1) 0.022 0.012
R2 0.999 0.999

Intraparticle diffusion

Kpi 0.411 0.735
R2 0.923 0.920
Ci 19.99 16.64

2.2.4. Influence of Initial Concentration and Equilibrium Studies

The number of pollutants highly influenced the adsorption capacities of the adsor-
bents. In order to investigate this influence, various concentrations (10, 15, 20, 25, 30, and
35 mg/L) of 2,4,6-TCP were investigated at fixed amounts of adsorbents (0.05 g). As shown
in Figure 3d, it was found that with the increasing concentration of the pollutant, the ad-
sorption capacities increased up to the saturation of all adsorption sites and this saturation
was achieved at a 30 mg/L concentration of 2,4,6-TCP. The mechanism followed by the
adsorption reaction was determined by applying various theoretical equilibrium models
such as Langmuir, Freundlich, Temkin, Harkins-Jura (H-J), and Doubinin-Radushkevich
(D-R) to the experimental data. The optimized contact time that allowed us to study the
mechanism of the reaction was 120 min for each experiment.

The linear form of the Langmuir isotherm was used, which is based on the formation
of a monolayer between the finite number of adsorbate-adsorbent identical sites having a
homogeneous distribution of energy overall binding sites [59]. Equation (6) presents the
linear form of the Langmuir isotherm:

Ce

qe
=

1
qmb

+
Ce

qm
(6)

where qm and qe (mg/g) are the maximum and equilibrium adsorption capacities, respec-
tively, and b (L/mg) and Ce (mg/L) are the binding energies and equilibrium concentrations.
The Freundlich isotherm provided the idea for the heterogeneity of surface binding sites

90



Catalysts 2022, 12, 972

and favored the multilayer adsorption mechanism [60]. The linear form presented in
Equation (7) was used to calculate the values of the Freundlich parameters:

log qe = log kF +
1
n

log Ce (7)

In the above equation, kF is the Freundlich constant, and qe (mg/g) and Ce (mg/g)
are the adsorption capacities and concentrations at equilibrium. Another equilibrium
isothermal model named Temkin expresses homogeneous energy distribution on the ac-
tive sites and heat of the adsorption [61]. Equation (8) presents the linear form of the
Temkin isotherm:

qe = B ln A + B ln Ce (8)

Both A and B are Temkin’s constants. A plot between qe and lnCe (equilibrium ad-
sorption capacities and concentrations) was drawn to calculate the values of the Temkin’s
constants (A and B). Another equilibrium model the H-J isotherm based on the multilayer
adsorption phenomena on the heterogeneous distribution of energy sites was also used [62].
The linear form of this model is given in Equation (9) and was used to calculate the values
of the H-J constants (A and B):

1
q2

e
=

(
B
A

)
−

(
1
A

)
log Ce (9)

The D-R model rejected the idea of the Langmuir model (homogeneous energy distribu-
tion) and used a linear equation to estimate the apparent free-energy binding sites on the ad-
sorbent surfaces [63]. The linear form of the D-R model as given in Equations (10) and (11)
helps to calculate the biosorption energy (β) and Polanyi potential (ε) of the D-R isotherm:

ln qe = ln qm − βε2 (10)

ε = RT ln
(

1 +
1

Ce

)
(11)

In Equation (11), R is the general gas constant (8.314 J·mol−1K−1) and T (K) is the
absolute temperature. Similarly, the value of mean free energy (E) can be calculated by
Equation (12):

E =
1√
2β

(12)

The Elovich model explains the multilayer adsorption phenomenon of the pollutants
on the exponentially increasing active binding sites on the surface of the adsorbents. The
linear form of the Elovich model [64,65] is presented in Equation (13):

ln
qe

Ce
= ln KEqmax −

qe

qmax
(13)

where, KE presents the Elovich constant (L/mg), Ce is the equilibrium 2,4,6-TCP concentra-
tion, and qm shows the maximum calculated adsorption capacity (mg/g) from the Elovich
isotherm. The values of KE, qmax, and the regression coefficient R2 were calculated by
plotting a graph, ln (qe/Ce) vs. qe (Table 2).

The calculated and experimental values for all isotherms along with their correlation
values are given in Table 2. By comparing the regression values of all isothermal models,
we determined the fitness of the best model in order to find the mechanism that was being
followed by the batch experiment at various concentrations of pollutants. The R2 values
of the Langmuir model showed the best fitness of this model on the experimental data
with very high R2 values (0.999 and 0.996) for both adsorbents (FeCl3-NaBH4/MS and
Na-Alginate/MS) compared to the other isothermal models. Furthermore, the fitness of the
Langmuir model can be verified by comparing the calculated and experimental qe values.
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In addition, the D-R model also showed good fitness with a high R2 value (0.945) for only
the FeCl3-NaBH4/MS hybrid composite.

Figure 4. Kinetic plots for 2,4,6-TCP adsorption (a) Pseudo 1st order, (b) Pseudo 2nd order,
(c) Intraparticle diffusion, and (d) adsorption thermodynamics of 2,4,6-TCP above FeCl3-NaBH4/MS
and Na-Alginate/MS composites.

2.2.5. Influence of Temperature and Thermodynamics Studies

To determine the effect of increasing temperature on the uptake of 2,4,6-TCP onto
the FeCl3-NaBH4/MS and Na-Alginate/MS composites, experiments were performed
at different temperatures ranging from 297 to 333 K. It was found that the adsorption
capacities of the FeCl3-NaBH4/MS hybrid composite decreased after 308 K, but increased
for the Na-Alginate/MS composite bead up to 323 K, showing the stability of the active
sites for the adsorption of 2,4,6-TCP molecules at this temperature (Figure 3e). The values
for the various thermodynamic parameters (enthalpy “∆H”, entropy “∆S”, and Gibbs
free energy “∆G”) were calculated to determine the nature of the chemical reaction that
occurred on the surface of the adsorbents [66] using Equations (14)–(16):

∆G◦ = ∆H◦ − T∆S◦ (14)

∆G◦ = −RT ln Kd (15)

In the above equation, R is a gas constant (8.314 J·mol−1K−1), T (K) is the temper-
ature, and Kd is a thermodynamics constant. The value of Kd can be determined using
Equation (16):

ln(Kd) =
∆S◦

R
− ∆H◦

R
× 1

T
(16)

As shown in Table 3, in the case of the 2,4,6-TCP adsorption performance on the
Na-Alginate/MS composite beads, the decreasing values of ∆G on increasing temperatures
up to 333 K were noticed due to the spontaneous nature of the reaction. The positive values
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of ∆H show the endothermic nature of the reaction as the heat evolved and the entropy
(∆S) of the system increased [37,40]. On the other hand, in the case of the FeCl3-NaBH4/MS
hybrid composite, the adsorption only favorable at temperature up to 308 K, hence the
values of ∆G first decreased then increased after 308 K (Figure 4d). The value of ∆H was
negative, showing the exothermic nature of the reaction; as the heat contents decreased the
value of ∆S also decreased compared to the value observed in the case of adsorption with
the Na-Alginate/MS composite beads.

Table 2. Equilibrium isothermal constant parameters of 2,4,6-TCP onto FeCl3-NaBH4/MS and
Na-Alginate/MS composites.

Isothermal Models Composites

Langmuir FeCl3-NaBH4/MS Na-Alginate/MS

KL 0.998 0.013
b 0.0005 2.119

qmax Cal. (mg/g) 28.99 29.49
qmax Exp. (mg/g) 28.77 27.42

R2 0.999 0.996

Freundlich

KF (mg/g) 0.144 0.096
n 7.018 3.114

R2 0.771 0.786

D-R

qm (mg/g) 8.1×1011 4.2×1011

β 104(mol2/kL2) 0.00001 0.0001
E 235.71 70.71

R2 0.863 0.945

Temkin

A 9.284 3.23
B 2.73 5.85
R2 0.852 0.848

Harkins–Jura

A 0.001 0.109
B 0.267 0.226
R2 0.503 0.775

Elovich

KE (L/mg) 12.838 1.4898
qmax Cal. (mg/g) 3.911 11.299
qmax Exp. (mg/g) 28.77 27.42

R2 0.784 0.647

Table 3. Thermodynamic parameters for the adsorption of 2,4,6-TCP onto FeCl3-NaBH4/MS and
Na-Alginate/MS composites.

FeCl3-NaBH4/MS Na-Alginate/MS

Temp. (K) ∆G◦
(kJ·mol−1)

∆H◦
(kJ·mol−1)

∆S◦
(kJ/mol·K)

∆G◦
(kJ·mol−1)

∆H◦
(kJ·mol−1)

∆S◦
(kJ/mol·K)

297 −7.49

−20.74 0.042

−4.24

26.19 0.103

303 −8.20 −5.01
308 −9.31 −5.91
313 −7.77 −6.33
318 −7.33 −6.83
323 −6.94 −6.997
333 −6.68 −8.01
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2.3. Desorption Study

Desorption is an important parameter to check the efficiency of adsorbents for a
number of repeated cycles [67]. This study was carried out in the presence of different
molar concentrations (0.2, 0.4, 0.6, 0.8, and 1 M) of HCl solutions. The percentage of
pollutant desorbed was calculated using the percent desorption formula in Equation (17):

Desorption% =
Amount of pollutant desorbed

(
mg
g

)

Amount of pollutant sorbed
× 100 (17)

For the desorption analysis of the 2,4,6-TCP pollutants, the molar solutions of HCl
were used for both adsorbents because the best adsorption capacities in batch experiments
were observed in basic media. From Figure 3f, it was found that on increasing the HCl
concentration up to 1 M, the 2,4,6-TCP desorption capacities were increased [16,24] and up
to 75% of Na-Alginate/MS and 69% of FeCl3-NaBH4/MS were successfully recovered.

2.4. Influence of Electrolytes and Heavy Metals

The effect of different electrolytes and heavy metals on the adsorption capacity of both
adsorbents was investigated. In these experiments, the effects of different electrolytes, such
as Na+, K+, Al3+, Mg2+, and Ca2+, and heavy metals, such as Cr Cu, Co, Pb, and Cd, at
fixed 2,4,6-TCP concentrations (25 mg/L) were examined. The amounts of adsorbents were
also kept optimum (0.05 g) and the reactions were performed at ambient temperatures for
120 min. It was observed that the presence of electrolytes Ca2+ and Al3+ slightly fluctuated
the adsorption capacities of both adsorbents compared to the control values (Figure 5a).
Similarly, the presence of heavy metals caused a prominent decrease in the adsorption
capacities with the FeCl3-NaBH4/MS hybrid composite but a slight reduction with the
Na-Alginate/MS composite beads as shown in Figure 5b. This small fluctuation was due
to the aggregation of metal ions in the solution phase that resisted the attachment of the
pollutant molecules on the surface of the adsorbents but was enhanced in the presence of
electrolytes [30,37].

Figure 5. (a) Effect of different electrolytes, (b) effect of various heavy metals towards adsorption
performance of 2,4,6-TCP onto FeCl3-NaBH4/MS and Na-Alginate/MS composites, and (c,d) effect
of bed height on the uptake of 2,4,6-TCP by the FeCl3-NaBH4/MS hybrid composite.
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2.5. Column Study

The efficiency of the selected adsorbent (FeCl3-NaBH4/MS) based on the best adsorp-
tion power was also investigated in column study experiments. The effects of different
process parameters, such as bed height and pollutant concentration, were investigated at
a fixed flow rate of 1.8 mL/min. The salient feature of continued study experimentation
is its breakthrough time, which helps to investigate the effectiveness of the adsorbent’s
bed height and the renaissance time of the column [68]. The breakthrough time (Q50) was
calculated by Equation (18) using the values of breakthrough time (BT), flow rate, the
concentration of 2,4,6-TCP (Ci), and the mass of the FeCl3-NaBH4/MS hybrid composite in
the column bed:

BT capacity(Q50%) =
BT time(at 50%)× flowrate × Ci

Mass of adsorbent in bed(g)
(18)

The calculated values of breakthrough time and capacities are given in Table 4 along
with bed height concentrations and flow rates.

Table 4. Breakthrough point and capacities at various conditions for 2,4,6-TCP uptake by FeCl3-
NaBH4/MS hybrid composite.

Inlet Conc.
(ppm)

Bed Height
(cm)

Flow Rate
(mL·min−1)

Breakthrough Point
(50%) (min)

Biosorption
Capacity (mg/g)

30 4 1.8 400 14.4
40 2 1.8 100 14.4
40 3 1.8 210 15.12
40 4 1.8 360 17.28
50 4 1.8 300 18

2.5.1. Influence of Bed Height

The effect of the column study parameter bed height was determined using differ-
ent amounts of the FeCl3-NaBH4/MS adsorbent at a fixed-inlet 2,4,6-TCP concentration
(40 mg/L) with a fixed flow rate (1.8 mL/min). As seen in Figure 5c, the adsorption capacity
of FeCl3-NaBH4/MS increased on increasing the bed height from 2 to 4cm; the maximum
recorded adsorption capacity of FeCl3-NaBH4/MS was 17.28 mg/g at 360 min. It was
also found that the shifting of the breakthrough time toward higher values was due to the
availability of an increased number of vacant sites with the increasing bed height of the
column [45,69]. This increasing number of active sites favored the uptake of more pollutant
(2,4,6-TCP) molecules by intra-particulate diffusion. A higher breakthrough time means a
longer stay for the pollutants in the column and as a result, more effluent was being treated.
The calculated values of the breakthrough time are given in Table 4.

2.5.2. Influence of 2,4,6-TCP Initial Dye Concentration

The effect of another parameter pollutant of the 2,4,6-TCP concentrations was also
investigated in the column study experiments. Measurements of different concentrations
of 30, 40, and 50 mg/L of 2,4,6-TCP were taken by keeping the bed height and flow rate
constant, at 3 cm and 1.8 mL/L, respectively (Figure 5d). It was concluded that on the
increasing concentration of 2,4,6-TCP, the adsorption capacity was also increased from
14.4 mg/g (with 30 mg/L) to 18 mg/g (with 50 mg/L of pollutant concentration). The
decrease in the breakthrough time was noticed due to the presence of a high concentra-
tion gradient at an increased concentration of 2,4,6-TCP as it increased the rate of the
reaction [70,71]. The available active sites saturated faster with the available concentration
of 2,4,6-TCP as this concentration was enough to saturate the active sites by reducing the
breakthrough time. This effect steepened the curve by reducing the BT volume due to the
availability of weak driving forces for the mass transfer from the bulk to the surfaces of the
adsorbents [72].
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2.5.3. Models for Column Study

Two kinetic models including the Thomas and BDST (bed-depth service time) models
were applied to the experimental data in the column study of the two parameters in order
to investigate the performance of the adsorbent in the column.

The Thomas model is based on the concept of the Langmuir isotherm and second-
order reversible kinetics at equilibrium followed by the driving force present between the
pollutants and adsorbent molecules. The second-order kinetics (reversible) and Langmuir
isotherm can be used under favorable or unfavorable conditions [73]. The linear form of
the Thomas model used for the calculations of different constants is given in Equation (19),

ln
(

Co

Ct
− 1

)
=

KTh × qo ×W
Q

− KTh × Co × t (19)

In the above equation, KTh (mL/min.mg) is a rate constant of the Thomas model, the
Co (mg/L) for the inlet and Ct (mg/L) for the outlet are the 2,4,6-TCP concentrations, qo
(mg/g) is for the 2,4,6-TCP uptake at equilibrium, W (g) is the mass of the FeCl3-NaBH4/MS
adsorbent, t (min) is the time and Q (mL/min) is the flow rate. The calculated values of the
parameters are presented in Table 5. The higher calculated values of R2 and close values of
the adsorption capacities (observed values with the calculated values) showed the fitness
of the Thomas model on the experimental data. It was also observed that with increasing
concentrations, the rate of the inter-phase mass transfer decreased [48,74].

Table 5. Thomas model parameters for the adsorption of 2,4,6-TCP onto FeCl3-NaBH4/MS hybrid
composite.

Inlet Conc.
(mg/L)

Bed Height
(cm)

Flow Rate
(mL/min)

KTh
(mL/min) × 103

qe cal.
(mg/g)

qe exp.
(mg/g) R2

30 4 1.8 0.00037 14.27 14.4 0.924
40 2 1.8 0.00035 14.85 14.4 0.980
40 3 1.8 0.00035 15.95 15.12 0.954
40 4 1.8 0.00025 17.14 17.28 0.982
50 4 1.8 0.00024 18.92 18 0.917

The BDST model was used to investigate the relationship between the amount of
adsorbent in the bed (bed-depth Z) and the adsorbent efficiency (service time t) and was
applied to the experimental values obtained from the column experimental studies (effect
of initial 2,4,6-TCP concentration and bed height). The service time in this model can be
defined as “this is the maximum time at which adsorbent remains able to remove pollutant
from solution before regeneration is required” or “the time taken by the column bed to
attain the breakthrough point” [19,75,76]. The calculations of the different parameters of
this model were carried out using the linear form given in Equation (20):

t =
NoZ
CoU

− 1
KaCo

ln
(

Co

Cb
− 1

)
(20)

In the above equation, Co and Cb (mg/L) are the initial and BT (breakthrough) concen-
trations of 2,4,6-TCP, U is the linear velocity, Ka is the rate constant of the BDST model, No
and Z (cm) are the biosorption capacity and bed height, respectively [71]. The values of the
parameters for the BDST model were calculated using the values of the slope and intercept
of the graph and are presented in Table 6.

t = aZ (21)

where,

Slope = a =
No

CoU
(22)

96



Catalysts 2022, 12, 972

Table 6. BDST model parameters for the adsorption of 2,4,6-TCP onto FeCl3-NaBH4/MS hybrid
composite.

Ct/Co A B Ka (L·mg−1·min−1) × 104 No (mg·L−1) × 10−4 R2

0.2 85 −151.6 0.00024 1938 0.998
0.4 100 −110 0.00012 2280 0.970
0.6 145 −168.3 0.00004 3306 0.990

And

Intercept = b =
1

KaCo
ln
(

Co

Cb
− 1

)
(23)

The values of R2 obtained at different bed heights illustrate the fitness of the BDST
model on the experimental data of the column study.

3. Synthetic Methodologies
3.1. Chemical Reagents and Biomass

Phenolic pollutants named 2,4,6-trichlorophenol (2,4,6-TCP) were supplied by AGROSOL
Ltd., Karachi, Pakista. All reagents and chemicals sodium borohydride (NaBH4), iron(III)
chloride hexahydrate (FeCl3·6H2O), ethanol, sodium alginate, polyvinyl alcohol (PVA), cal-
cium chloride (CaCl2), boric acid, NaCl solution (saline), NaOH, and HCl used throughout
the experiments were of analytical grade and purchased from Sigma-Aldrich (Saint Louis,
MO, USA). The mango seed shell biomass was purchased from the local market in the city
of Faisalabad, Pakistan.

3.2. Preparation of Composite and Composite Beads

Mango seed shell (MS) biomass-based FeCl3-NaBH4/MS hybrid composite and Na-
Alginate/MS composite beads were prepared following the reported methodology [54,77].
In order to prepare FeCl3-NaBH4/MS hybrid composites, first, 2 g of washed and ground
MS biomass (particle size 300 µm) was soaked in 0.1 M of HCl solution (200 mL) for 1 h
and 30 min. Then, the MS biomass was washed several times with deionized water and
oven dried at 60 ◦C. The dried MS biomass was added to a 0.05 M FeCl3.6H2O solution at a
1:1 ratio and stirred at 250 rpm on a magnetic stirrer. Then, 10 mL of 0.53 M (NaBH4) was
poured into the mixture and it was further stirred at 150 rpm. Products (precipitates) were
filtered, washed with ethanol, and dried in an oven at 50 ◦C overnight.

Similarly, the MS biomass-based sodium alginate composite beads (Na-Alginate/MS)
were synthesized by preparing a solution of PVA (3.5 g) and sodium alginate (1 g) in
deionized water. This solution was stirred at 50 ◦C for 30 min, and then 1.5 g of biomass
was added and it was further stirred for 1 h under the same experimental conditions. Then,
0.1 M of CaCl2 (500 mL) and boric acid were prepared. The mixture of biomass-PVA and Na-
Alginate was poured drop-wise into this solution for the formation of the Na-Alginate/MS
composite beads. The as-prepared composite beads were separated from the solution after
24 h, washed with saline solution several times, and stored in saline solution at 5 ◦C.

3.3. Characterization of Composites

FTIR Cary-630 (Fourier transform infrared spectrometer) (Agilent Technologies, Clara,
CA 95051, USA) was used to determine the functional group modifications that occurred on
the surface of the MS biomass after the formation of the composites; spectra were recorded
in the IR region 4000–500 cm−1 before and after the adsorption. The surface textures and
morphological properties of the adsorbents were determined by a JMT-300 SEM-EDS (scan-
ning electron microscopy paired with energy dispersive X-ray) (JEOL Ltd. Akishima, Tokyo,
Japan). Surface information was obtained at 1.0 kx–25.0 kx magnifications and 11 mm focus
distances. Similarly, a TGA/DSA Axxx multi-analyzer (Metter Toledo, Columbus, OH,
USA) was used to analyze the thermal stability of the composites. Approximately 40–70 mg
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(300 µm size) samples were taken into the sampler and heated at a temperature range of
10–900 ◦C with an increasing temperature rate of 10 ◦C/min under a nitrogen atmosphere.

3.4. Preparation of 2,4,6-TCP Stock Solution

A stock solution of 2,4,6-TCP was prepared by dissolving 1 g per 1000 mL of deionized
water. Further diluted solutions of low concentrations of 10–25 mg/L (25 ppm) were
prepared from this stock solution for the batch experiments.

3.5. Experimental Batch Study

Batch experimental work was performed to check the effect of the different batch-
adsorption parameters on the adsorption behavior of both adsorbents (FeCl3-NaBH4/MS
and Na-Alginate/MS). The effect of the pH was examined at a pH range of 2–9; contact
time experiments were performed at different time intervals such as 5, 10, 15, 20, 30, 45,
60, 90, and 120 min; the effects of the pollutant concentrations were checked at a range
of 2,4,6-TCP initial concentrations of 10, 25, 30, 40, and 50 mg/L; and the temperature
effect experiment was carried out at room temperature (about 297 K), 303, 308, 313, 318,
323, and 333 K. Similarly, the effect of different adsorbent doses of 0.05, 0.1, 0.15, 0.2, 0.25,
and 0.3 g were investigated for both adsorbents. Other effects such as the presence of
different electrolytes and heavy metals were also examined in the batch study experiments.
Different studies were carried out for the adsorption of the phenolic compounds in the
batch experiments. The adsorption capacity values of some reported adsorbents [55,78–80]
for the adsorption of the phenolic compounds are given in Table 7. The process diagram
for the batch adsorption reaction is presented in Figure 6a.

Table 7. Comparison of adsorption capacities reported in current work and adsorption capacities of
other adsorbents reported by various researchers.

Pollutants Adsorbent Initial Concentration
(mg/L)

Adsorption
Capacity (mg/g) Reference

2,6-dichlorophenol Modified plantain peel adsorbents 50–100 15.9 [54]

Para-Chlorophenol Magnetic powdered activated carbon 100–150 66.5 [78]

2,4,6-Trichlorophenol Modified polypropylene hollow
fiber composites 40–100 66.49 [79]

2,4,6-Trichlorophenol chitosan/fly-ash-based magnetic composites 100–150 68.89 [80]

Bisphenol A chitosan/fly-ash-based magnetic composites 50–150 31.92 [80]

2,4,6-Trichlorophenol Fe3+- and Fe2+-enriched magnetic composites 35–50 31.27 [55]

2,4,6-Trichlorophenol FeCl3-NaBH4/MS 10–35 28.77 This Study

2,4,6-Trichlorophenol Na-Alginate/MS 10–35 27.42 This Study

3.6. Desorption Study

The efficiency of the adsorbents depends on the reliability and reusability of the
adsorbents at different cycles. The percentage of desorption of the adsorbents after the
adsorption experiments is directly related to the efficiency of the adsorbents. Desorption
experiments were performed using different HCl molar concentrations (as desorbing
agents) for the recovery of the composites.

3.7. Column Study

The column study was carried out in a glass column with a diameter of 1.2 cm and
a path length of 42 cm. The effects of the different column study parameters, such as
bed height and the concentration of 2,4,6-TCP, were investigated at a fixed flow rate of
1.8 mL/min. The inlet pollutant concentrations (30, 40, and 50 mg/L) and bed heights
(1.5, 2.5, and 3.5 g) of the adsorbents at 1, 2, and 3 cm column lengths were investigated
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with the FeCl3-NaBH4/MS hybrid composites. A bit of glass wool was used to hold the
adsorbent inside the column. All the experiments were carried out at room temperature
and with a solution at pH 9, which was obtained from the batch study experiments. The
outlet concentrations after adsorption were analyzed at 10 min intervals of time by a Uv-Vis
spectrophotometer to calculate the Ci/Co ratios. The process diagram for the fixed-bed
column experiments is given in Figure 6b.

Figure 6. Flow sheet diagram for (a) Batch study experiments and (b) column study experiments.

4. Conclusions

In summary, mango seed shell biomass-based hybrid composite and composite beads
(FeCl3-NaBH4/MS and Na-Alginate/MS) were successfully investigated for the removal
of 2,4,6-TCP pollutants from wastewater. Both composites were considered efficient and
low-cost adsorption materials for the removal of phenolics from wastewater. The batch
experiments illustrate that the best working adsorption conditions were pH: alkaline
9–10, dose: 0.05 g, adsorption equilibrium time: 120 min at temperatures of 308 K (for
FeCl3-NaBH4/MS) and 333 K (for Na-Alginate/MS), and 2,4,6-TCP initial concentration:
25 mg/L. The results obtained in the batch experiments were also tested by applying kinet-
ics, equilibrium, and thermodynamic models and the best-fitting models were the pseudo-
second-order and Langmuir for both the kinetics and equilibrium data. The thermodynamic
models showed the exothermic, endothermic, and spontaneous or non-spontaneous nature
of the chemical reactions. The best-working adsorbent (FeCl3-NaBH4/MS) was selected
for column study experiments and investigated by applying the column study parameters,
bed height, and increasing initial concentration parameters. The experimental data were
also best fitted with the column study models (Thomas and BDST) with high R2 values.
From the results, it can be concluded that the as-designed FeCl3-NaBH4/MS hybrid com-
posite and Na-Alginate/MS composite beads can be considered efficient adsorbents for
the adsorptive removal of 2,4,6-TCP or other phenolic compounds from wastewater at the
commercial level.
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Abstract: The conversion of ethanol to 1,3-butadiene was carried out using a treated Zr-based catalyst
at a temperature of 350–400 ◦C with different weight hourly space velocities in a fixed bed reactor.
The catalysts used are commercial, but they underwent pretreatment. The commercial catalysts used
were ZrO2, Zr(OH)2, 2% CaO-ZrO2, 30% TiO2-ZrO2, 50% CeO2-ZrO2 and 10% SiO2-ZrO2 in their
modified or treated form. The characterizations of the catalysts were carried out using XRD, XPS, and
TGA. The results indicated that ethanol conversion, yield, and selectivity of 1,3-butadiene operated
weight hourly space velocity of 2.5 h−1 using 10% SiO2-ZrO2 were 95%, 80%, and 85%, respectively,
at 350 ◦C. Using 50% CeO2-ZrO2 converted 70% ethanol with a 1,3-butadiene yield of 65%. The best
Zr-based catalyst was 10% SiO2-ZrO2 as it gives a steady 1,3-butadiene yield, the Si-composition
with ZrO2 gives a good catalytic pour of the catalyst-bed structure; hence, the life span was good.
Using 30% TiO2-ZrO2 has an ethanol conversion of 70% with a 1,3-butadiene yield of 43%.

Keywords: 1,3-butadiene; ethanol; zirconium; acetaldehyde; ethylene

1. Introduction

The chemical 1,3-butadiene is very important in the manufacturing of isomers in rub-
ber industries. It can be used in the large-scale production of organic chemicals in synthetic
chemical reactions, e.g., the Diels–Alder reaction. Since it belongs to the lower hydrocarbon
group, its production is mostly from condensation reactions in the form of cracking. Since
the butadiene vintage hinges principally on the type of biomass or the reactant in the
condensation cracker, butadiene fabrication is vulnerable to market unpredictability or
styles in the gasoline business, notably the evolving routine of gas, which might lead to
butadiene deficiencies. The insufficiency of greenhouse gas-emitting fuel reserves is an-
other long-running issue with the present hydrocarbon production methodology, in terms
of profitable and environmental property. These staples have recently revived an interest in
the century-old, heterogeneous chemical process transformation of alcohol to hydrocarbon,
within which vaporized alcohol is primarily reworked to hydrocarbon (butadiene).

The ethanol to butadiene production process can occur in two basic steps: one-step
and two-step processes. The Lebedev process often used a one-step process, by which
ethanol is processed in the gas-phase form and later is converted to butadiene [1]. The
Ostromislensky process is also known as the two-step process. In this process, ethanol
is in a ration with acetaldehyde in a gas phase in which the dehydrogenation of ethanol
is ideal [2]. The one-step process typically favors the production of acetaldehyde with
little butadiene yield. Meanwhile, acetaldehyde can be recycled in industries to produce
butadiene in further reaction synthesis with a specifically designed catalyst.

Consequently, even in the one-step process, it is indispensable to test feeds containing
acetaldehyde to assess the comportment of the catalytic system in acetaldehyde-containing
mixtures, nevertheless, in lower quantities compared to the two-step process [3–7]. Since
ancient times, humans have used sugar fermentation to produce ethanol, one of the earliest
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of several biotechnologies [8]. Bioethanol made from the microbial fermentation of the
biomass was changed from the sugar into ethanol and the same happens with petrochemi-
cal raw materials to produce ethanol, which can be produced from fermentation processes
using renewable substrates such as glucose, starch, and others. The dehydration of ethanol
can replace steam-cracking fossil fuels to produce ethylene and 1,3-butadiene [5,6,9]. In
addition, with the progress of bioethanol technology and the popularization of bioethanol
industrial equipment, the production of butadiene from bioethanol has become a sustain-
able green chemical route for the supply of butadiene.

Generally, ethanol dehydration to butadiene or ethylene is conducted using solid
acidic or basic catalysts. The Zr-based catalyst was its reactivity and stability over the
Mg-based catalyst since those are the catalysts in our preliminary study. Also, treating Zr
with oxalic acid gives well-coordinated acidic and basic surroundings if necessary. ZrO2,
Zr/Si, and CaO/Zr-containing catalysts are usually used at a temperature of 300–425 ◦C,
at standard pressure [10–13]. It was suggested that the catalyst activity could be correlated
with the number of strong Brønsted acid sites in the catalyst. Table 1 highlights the
use of Zr-containing catalyst for 1,3-butadiene production from ethanol. Modifying the
Cu/Zr-Si catalyst with lanthanum increases their activity in aqueous ethanol conversion
into 1,3-butadien [14]. Sushkevich et al. discuss the use of Zr-based catalyst in combination
with zeolites beta catalyst which was obtained using synthetic modification methods, the
result yielded a high selectivity of 1,3-butadiene (74 mol%), and the acidic nature of the
catalyst was a key determinant for the general reaction synthesis [15,16].

The novelty of this study gives a general understanding of the catalytic performance of
treated-Zr-based catalytic systems when using aqueous ethanol in an ethanol to butadiene
process. This study examines the effect of a treated-Zr-based catalyst in the production of
1,3-butadiene. It also gives the relevant information on oxalic acid used in the treatment
of each sample of the commercial catalyst [13,17]. The reason for selecting the Zr-based
catalyst was its reactivity and stability over the Mg-based catalyst, since those are the
catalysts at our disposal. Also, treating Zr with oxalic acid gives well-coordinated acidic
and basic surroundings if necessary. This study aims to improve the catalytic activity of the
commercial catalyst by treating it with oxalic acid, NaOH, and other essential acidic com-
pounds. As the results show, the treated commercial catalyst yielded a better 1,3-butadiene
production than the untreated. Also, the presence of oxalic acid in combination with NaOH
will provide a good desilication process and increase the catalyst’s acidic properties.

Table 1. Zr-containing catalyst for 1,3-butadiene production from ethanol.

Catalyst T (◦C) WHSV (h−1) TOS (h) XEtOH (%) Y1,3-BD (%) Refs.

4.9% Cu/MCF + 2.7% Zr/MCF 425 3.7 10 92 64.4 [18]
3.7% Ag/Zr/BEA 350 1.2–3.7 3 - - [15,19]

3% ZrO2/SiO2 350 1.8 - 45.4 31.6 [20,21]
3000 ppm Na/Zn1Zr10On 400 6.2 - 54.4 15.2 [22]

ZrO2 350 2.5 14 50 28 This study
Zr(OH)2 350 2.5 14 30 19

2%CaO-ZrO2 350 2.5 14 79 30
10% SiO2-ZrO2 350 2.5 15 95 80
30% TiO2-ZrO2 350 2.5 14 70 43
50% CeO2-ZrO2 350 2.5 14 70 65

X: ethanol conversion Y: 1,3 butadiene selectivity, WHSV: weight hourly space velocity, TOS: time on stream,
T: temperature.

2. Results and Discussion
2.1. Crystalline Properties of the Catalyst

The catalytic characterizations of ZrO2, Zr(OH)2, 10% SiO2-ZrO2, and 2% CaO-ZrO2
using XRD are shown in Figure 1. For ZrO2, Figure 1c shows a greater crystallinity pattern
(2θ = 25–28◦), decreasing between 60 and 80◦. The XRD pattern shows the crystalline phase
nature at a diffraction peak of 2θ values of 28.3◦, 32.6◦, 38.7◦, 50.2◦, and 59.9◦, corresponding
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to monoclinic ZrO2. Generally, ZrO2 has nanostructures of the monoclinic phase, possesses
nanograins, and has a low strain, as shown on the XRD pattern. This finding means the
thermal modification process helps to explain the phenomenon of crystallinity along the
lower degree, which gives more incredible lactic structure and acidity. Zr(OH)2 in Figure 1b
shows less crystallinity than ZrO2. The XRD pattern shows that the amorphous Zr(OH)2
was less crystalline after calcination than ZrO2. Thus, this dynamic character of zirconium
hydroxide-to-oxide thermal evolution is also in concordance with other authors [23]. The
powered content of Zr(OH)2 is high, and the intensity of the peak has a significant peak
(2θ = 20–30◦), which is the essential nature of the catalyst.
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Figure 1. XRD pattern of (a) 2% CaO-ZrO2, (b) Zr(OH)2, (c) ZrO2, (d) 10% SiO2-ZrO2,
(e) 30% TiO2-ZrO2, and (f) 50% CeO2-ZrO2.

The XRD pattern for 10% SiO2-ZrO2 shows a similar trend to Zr(OH)2. The XRD
pattern in Figure 1d shows that when the catalyst was calcined at 700 ◦C, a change in
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morphology of the crystal structure of ZrO2 is typical for the diffraction peak around 10◦

(2θ), which indicates mesoporous materials. The single diffused peak at 20–30◦ indicates
that 10% SiO2-ZrO2 catalyst maintains an amorphous structure at 700 ◦C calcination. The
crystallization of ZrO2 in the 10% SiO2-ZrO2 catalyst was prevented by 10% SiO2 during
the calcining process because Si-O-Zr bonds in 10% SiO2-ZrO2 xerogels retard the crystal
growth and phase transition [24]. Likewise, for 2% CaO-ZrO2, as shown in Figure 1a, the
XRD pattern shows that the catalyst has either a cubic or a tetragonal phase, which also
indicates that CaO was not amorphous nor well dispersed on the surface of the zirconia.
The presence of CaO shows a greater degree of crystal pattern and increases the angular
lattice point of interaction [25].

For 30% TiO2-ZrO2, as shown in Figure 1e, the XRD pattern of pure ZrO2 was
a monoclinic phase, and pure TiO2 showed an anatase phase, but the mixed oxide of
30% TiO2-ZrO2 was found to be X-ray amorphous, as Zou and Lin stated [26]. The XRD
pattern of the mixed oxide of 30% TiO2-ZrO2 exhibited poor crystallinity with the tetragonal
phase of ZrO2. Generally, under the same catalytic preparation with other commercial
catalysts, pure ZrO2 has a monoclinic phase, but with 30% TiO2, the component ZrO2
was stabilized as the tetragonal phase. For 50% CeO2-ZrO2, Figure 1f shows that the XRD
pattern is highlighted by a peak that appears to be ZrO2. It was remarkable that the XRD
peak positions and lattice parameters of Ce/ZrO2 were continuously shifted from CeO2 to
ZrO2 depending on the ratio of Ce/Zr in the precursor solution, as explained by Vegard’s
law [27]. Thus, from the results, the XRD pattern of 50% CeO2-ZrO2 shows that the crystal
sizes would be small and homogeneously well dispersed at the XRD detection level. The
XRD pattern for 50% CeO2-ZrO2 exhibited a mixed profile of cubic CeO2 and tetragonal
ZrO2 phase.

Generally, the crystallinity of the catalyst was calculated using the XRD data. The
equation is as follows:

Crystallinity =
Area of crystalline peaks

Area of all peak(crytalline + Amorphous)
× 100 (1)

Therefore, the crystallinity of ZrO2 was 78.3%, showing distinct peaks and hence its
crystalline nature. Zr(OH)2 has an amorphous morphology in which its crystallinity was
20.4%; The 2% CaO-ZrO2 catalyst has a crystallinity of 87.3%, which can also be identified
by the many distinct peaks and also the appearance of CaO structures. The 50% CeO2-ZrO2
catalyst has a crystallinity of 74.3%. The 30% TiO2-ZrO2 catalyst has 30.2% crystallinity,
while SiO2-ZrO2 has a crystallinity of 28.3%.

2.2. XPS Analytical Profile of the Catalyst

The XPS analyses of catalysts show the mass surface concentration of carbon, oxygen,
zirconium, and silicon (C 1s, O 1s, Zr 3d, and Si 2p) (Figure 2). Table 2 lists the percentage
of surface oxygen and carbon as about 47.3% and 28.0% for ZrO2; 53.2% and 23% for
2% CaO-ZrO2; 53.4% and 19% for 10% SiO2-ZrO2; 49.6% and 29% for Zr(OH)2; 54% and
22.8% for 30% TiO2-ZrO2 and 51.4% and 24.8% for 50% CeO2-ZrO2, respectively. The
silicon level is shown as 6.8% in 10% SiO2-ZrO2. Meanwhile, 10% SiO2-ZrO2 has increased
oxygen content compared to all the others. This effect explains the method of catalytic
preparation for the commercial catalysts using the treated methods. The carbon content
varies from 25% for ZrO2, which was the highest, to 19% for 10% SiO2-ZrO2. Since all
the catalysts have some amount of Zr, this effect influences ethanol conversion in various
degrees, from 25% for ZrO2 to the lowest 20.9% for 10% SiO2-ZrO2.

Comparing the spectra lines shows the band energies for Zr 3d and Si 2p. Differ-
ent binding energies are associated with each species, between 140 to 200 eV for Zr 3d,
105 to 100 eV for Si 2p, Ti 2p has a binding energy of 459 eV, and Ce 3d has a binding energy
of 884.5 eV. The decrease in the nature of the peak level for Si 2p shows the desilication
of the silicon group in the catalytic preparation methods. It indicated the performance of

107



Catalysts 2022, 12, 766

the catalyst during the reaction. The peak, shifting from the maximum binding energies,
indicated oxidized silicon elements’ general direct proportional ratio.
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Table 2. Weight percentage (%) of the elements by XPS analysis.

Catalyst O 1s
(%)

C 1s
(%)

Zr 3d
(%)

Si 2p
(%)

Ca 2p
(%)

Ti 2p
(%)

Ce 3d
(%)

ZrO2 47.3 27.9 24.9 -
2% CaO-ZrO2 50.3 23.0 23.8 - 2.9

10% SiO2-ZrO2 53.4 19.0 20.9 6.8
Zr(OH)2 49.6 29.0 21.4 -

30% TiO2-ZrO2 54 22.8 10.7 2.3 10.3
50% CeO2-ZrO2 51.4 24.8 13.4 10.4

2.3. BET Profiles of the Catalyst

Figure 3 shows the relative pore-diameter distribution of the catalyst before and after
the reaction. The characterization of the pore volume was investigated by N2 adsorption-
desorption methods. Tables 3 and 4 list the surface area and pore volume of the catalyst
before and after the reaction. For the ZrO2 sample, the pore volume (Vmeso) of 0.0012 cm3/g
increased to 0.0014 cm3/g after the reaction. The surface area of ZrO2 (SBET) was 98 m2/g
before the reaction. It decreased to 78 m2/g after the reaction. Zr(OH)2 has a pore area
of 50 m2/g and micro-pore volume of 0.004 cm3/g, which went down to 32 m2/g and
0.002 cm3/g after the reaction. The 10% SiO2-ZrO2 catalyst has a surface area of 90 m2/g
and micro-pore volume of 0.0172 cm3/g, decreasing to 88 m2/g and 0.142 cm3/g after
the reaction. The 2% CaO2-ZrO2 catalyst has a surface area of 195 m2/g and micro-pore
volume of 0.006 cm3/g, down to 100 m2/g and 0.004 cm3/g. For 30% TiO2-ZrO2, a surface
area of 293 m2/g and micro-pore volume of 0.0093 cm3/g decreased to 212 m2/g and
0.0087 cm3/g after the reaction.
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Table 3. Catalyst particle size and BET surface area before reaction.

Catalyst
Surface Area (m2/g) Pore Volume (cm3/g)

SBET
a Smicro

b Sext
b Vmicro

b Vmeso
c

ZrO2 98 - 116 - 0.0012
Zr(OH)2 50 5.5 45 0.0004 0.0002

2% CaO-ZrO2 195 3.4 191 0.0006 0.0004
10% SiO2-ZrO2 90 7.4 83 0.0172 0.0013
30% TiO2-ZrO2 293 43 250 0.0093 0.0063
50% CeO2-ZrO2 205 - 218 - 0.0044

a BET method, b t-Plot method, c BJH method (adsorption branch).
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Table 4. Catalyst particle size and BET surface area after the reaction.

Catalyst
Surface Area (m2/g) Pore Volume (cm3/g)

SBET
a Smicro

b Sext
b Vmicro

b Vmeso
c

ZrO2 78 - 89 - 0.0014
Zr(OH)2 32 3.2 16 0.0002 0.0005

2% CaO-ZrO2 100 1.6 78 0.0004 0.0008
10% SiO2-ZrO2 88 6.8 100 0.0142 0.0015
30% TiO2-ZrO2 212 12.8 145 0.0087 0.0093
50% CeO2-ZrO2 178 - 164 - 0.0056

a BET method, b t-Plot method, c BJH method (adsorption branch).

The higher loss of micro-pore area in catalysts suggests that the coke precursors or
coke produced during the reaction procedure tend to deposit in the newly created micro-
pores. The deposition of coke could be due to the formation of ash. If the catalyst is
exposed to a high temperature for a long time, the ash or coke deposition can affect the
reactivity, decreasing the pore size or altering it, as suggested in previous literature [28,29].
Consequently, the newly created micro-pores may quarter the part of coke deposition,
sinking the materialization of coke deposition in its inherent micro-pores to some extent.
The coke deposition causes the decrease of Smicro and Vmicro. The strait obstruction by coke
deposition over the prepared catalyst limits the access of reactants/intermediates to the
core active sites on the catalyst. The surface area and pore volume size will distress the
catalyst for ethanol to 1,3-butadiene reaction. The coke deposition effect will be amplified
when the surface area and pore volume are small. When the coke effect is strong, the
catalyst activity will be decreased. Because the coke effect will block the surface area and
pore volume, the catalyst will be less active.

2.4. Measurement of Catalyst Deposition and Regeneration Using TGA

For the coke decomposition of the catalyst after reaction, TGA analysis was performed
on ZrO2, Zr(OH)2, CaO-ZrO2, and 10% SiO2-ZrO2. As shown in Figure 4, the total weight
loss follows a trend up to 800 ◦C. The weight loss of the catalysts is given as follows: ZrO2
has a weight loss of 4 wt%; Zr(OH)2 has a weight loss of 19 wt%; 2% CaO-ZrO2 has a
weight loss of 2 wt%, and 10% SiO2-ZrO2 has a weight loss of 9 wt%.
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Generally, if the catalyst loses weight at a lower temperature (i.e., below 170 ◦C), it
is normally associated with the effect of water absorption, since the catalysts are porous
in many aspects. The weight loss is due to the burning of the catalyst, which could
lead to the accumulation of coke at 250–800 ◦C in the reactor. Zr(OH)2 shows a more
significant amount of coke decomposition than all the others. The 2% CaO-ZrO2 catalyst
has more thermal stability compared to other catalytic systems. Hence, it has low coke
formation. The TGA profile also shows some regenerative nature in all the catalysts (ZrO2,
Zr(OH)2, 2% CaO-ZrO2, and 10% SiO2-ZrO2) because the weight loss remains mostly
constant for each of them at 200 ◦C. The TGA profiles also help to show that the ZrO2-
containing catalyst has a good regeneration characteristic and thermal stability. A TGA
sample for each catalyst was taken, and some present a similar pattern: 30% TiO2-ZrO2
has a similar curve to 2% CaO-ZrO2, and 50% CeO-ZrO2 has a similar curve to ZrO2. This
finding demonstrates that they have similar thermo-stability but different relativities, see
Figure S2 in Supplementary Materials.

2.5. Effect of Weight Hourly Space Velocity (WHSV)

Ethanol dehydration using catalysts dramatically affects the yield of 1,3-butadiene at
different WHSV. Space velocity is an essential factor in catalytic activity and explains the
concentration profiles [30]. The production rate of 1,3-butadiene is directly proportional to
ethanol’s WHSV [31]. Mass transfer increases are effective, resulting from increased space
velocity and gas velocity [9].

2.5.1. Effect of Catalyst at WHSV = 2.5 h−1

Figure 5 and Table 5 show the performance of different pretreated commercial catalysts
at different temperatures at WHSV = 2.5 h−1. The ethanol dehydration is incomplete at
lower temperatures; thus, ethanol conversion was low. The ethanol conversion was 40% at
250 ◦C for ZrO2, while the ethanol conversion increased to 60% at 400 ◦C. The same trend
can be observed for Zr(OH)2, which shows 10% ethanol conversion at 250 ◦C and 22% at
350 ◦C, but at 400 ◦C, the ethanol conversion drops to 8%. This finding could be explained
by the coke decomposition of the Zr(OH)2. For 10% SiO2-ZrO2, ethanol conversion was
50% at 250 ◦C, while ethanol conversions were 90% and 90% at 300 and 350 ◦C, respectively.
CaO-ZrO2 shows an ethanol conversion of 40% at 250 ◦C and 79% at 300 ◦C, respectively.

The product yields follow a different trajectory at WHSV of 2.5 h−1, ZrO2 catalytic
performance shows a 25% yield of 1,3-butadiene at 250 ◦C and 30% yield at 300 and 350 ◦C,
respectively, and at 400 ◦C, it drops to 20%. Moreover, ZrO2 gave better acetaldehyde
20% yield at 300 and 350 ◦C, although it decreased to 14% when the temperature was
400 ◦C. The ethylene yield was 6% at 250 ◦C and 10% at 350 ◦C. This result was due to the
structural morphology of the catalyst and its crystalline nature, which will effectively favor
more of an acidic reaction, and this effect will resist any new active sites to be developed
on the catalyst unless further modification takes over. For Zr(OH)2, 1,3-butadiene yield
is 18% at 250 ◦C, and shows a little increase at 350 ◦C (20%) and at 400 ◦C (22%). The
acetaldehyde yield was 10% at 250 ◦C, and it eventually increased to 14% at 350 ◦C and
400 ◦C, respectively. The ethylene yield was 24% at 350 ◦C.

The 2% CaO-ZrO2 catalyst favors an ethanol conversion of 40% at 250 ◦C and 80% at
300 and 350 ◦C, respectively, which shows a steady-state mechanism. Ethanol conversion
decreases to 60% at 400 ◦C. It generates a 1,3-butadiene yield of 30% at 350 ◦C and an
acetaldehyde yield of 15% at 300 and 350 ◦C. It gives an ethylene yield of 30% from 250 to
350 ◦C. This result is in concordance with [30] for ethylene production. The 10% SiO2-ZrO2
catalyst gives an ethanol conversion of 50%, 90%, 90% and 87% at 250, 300, 350 and
400 ◦C, respectively. The highest 1,3-butadiene yield was 80% at 350 and 400 ◦C. The
combination of SiO2 and ZrO2 tends to favor more ethylene production (9.8% at 300 ◦C)
than acetaldehyde.
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Figure 5. Plot of ethanol conversion (a), yields of 1,3-butadiene (b), ethylene (c), and
acetaldehyde (d) vs. reaction temperature for different pretreated commercial catalysts. WHSV:
2.5 h−1, catalyst: 0.4 g, N2: 30 mL/min.

Table 5. STY of 1,3-butadiene using different temperatures and pretreated catalysts.

WHSV (h−1)

Catalyst T (◦C) 1.25 2.5

ZrO2 250 256 456
300 328 528
350 343 503
400 87.6 97.6

Zr(OH)2 250 79.7 99.7
300 189 199
350 284 204
400 278 308

2% CaO-ZrO2 250 348 231
300 457 346
350 468 408
400 85.6 89.3

10% SiO2-ZrO2 250 549 449
300 557 589
350 566 578
400 580 558

30% TiO2-ZrO2 250 87.2 98.7
300 212 412
350 329 423
400 399 489

50% CeO2-ZrO2 250 99.7 249
300 254 348
350 444 459
400 522 579

Catalyst: 0.4 g, T (Temperature), X (Conversion), Y (Yield), STY (Space time yield) (gKg−1 h−1).

For ZrO2, the 1,3-butadiene yield was 23% at 250 ◦C, and the space-time yield (STY)
was 456 gKg−1 h−1. The STY decreased when the temperature was 400 ◦C (97.6 gKg−1 h−1).
Zr(OH)2 has a STY of 308 gKg−1 h−1 when the temperature was increased from 350 to
400 ◦C, and the 1,3-butadiene yield attained was 20%. CaO-ZrO2 shows a steady yield
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of 1,3-butadiene at 250 to 350 ◦C with a 30% yield, and the STY increases from 346 to
408 gKg−1 h−1. The 10% SiO2-ZrO2 catalyst has 80% 1,3-butadiene yield, and the STY
increased from 449 gKg−1 h−1 at 250 ◦C to 578 gKg−1 h−1 at 350 ◦C. At 400 ◦C, 30% TiO2
combined with ZrO2 realized an ethanol conversion of 79% with 65% 1,3-butadiene yield.
The 1,3-butadiene yield increases with an increase in temperature from 250–400 ◦C, and
the STY increases from 98.7 to 489 gKg−1 h−1 as temperature increases from 250 to 400 ◦C.
The same trend was observed for 50% CeO2-ZrO2 with 90% ethanol conversion at 400 ◦C
and 2.5 h−1 WHSV. The 1,3-butadiene yield increases with an increase in temperature. The
highest yield of 1,3-butadiene for CeO2-ZrO2 was 79% at 400 ◦C. An increase in temperature
also increases STY for CeO2-ZrO2 (249–579 gKg−1 h−1), as shown in Table 5.

2.5.2. Effect of Catalyst at WHSV = 1.25 h−1

Figure 6 and Table 5 show the different modified commercial catalysts’ performances
at different temperatures and WHSV of 1.25 h−1. For ZrO2, the modified catalyst, in this
instance, converted ethanol to a maximum of 60% at 350 ◦C. The 1,3-butadiene yield was
30% at 350 ◦C, acetaldehyde yield was 20% at 350 ◦C, and ethylene yield was 9.7% at
350 ◦C. Zr(OH)2 generates an ethanol conversion of 39% at 350 ◦C, and 1,3-butadiene yield
of 20% at 300 ◦C. The ethylene yield was 10%, while acetaldehyde was 14% at 350 ◦C. The
2% CaO-ZrO2 catalyst produces an ethanol conversion of 80% at 350 ◦C and a 1,3-butadiene
yield of 30% at 350 ◦C. The acetaldehyde yield was 14% at 300 ◦C. Surprisingly, it yields
more ethylene (30%) at 350 ◦C than acetaldehyde. This effect was due to the presence of CaO,
which allows the catalyst to behave with a more amphiprotic nature. The 10% SiO2-ZrO2
catalyst gives an ethanol conversion of 90% at 300 ◦C and 80% yield of 1,3-butadiene at 300
to 400 ◦C, respectively. It also gives an ethylene yield of 8.9% at 350 ◦C. Acetaldehyde yield
was less noticeable during this catalytic reaction.
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Figure 6. Plot of ethanol conversion (a), yields of 1,3-butadiene (b), acetaldehyde (c), and
ethylene (d) vs. reaction temperature for different modified commercial catalysts. WHSV: 1.25 h−1,
catalyst: 0.4 g, N2: 30 mL/min.

When WHSV is 1.25 h−1, ZrO2 has a 1,3-butadiene yield of 21% and STY of 256 gkg−1h−1

at 250 ◦C. The yield of 1,3-butadiene increases by 28% at 350 ◦C and a STY of 343 gkg−1h−1.
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When the temperature increases to 400 ◦C, the STY decreases to 87.6 gkg−1h−1, and the
1,3-butadiene yield drops to 15%. Using Zr(OH)2 generated 20.8% butadiene yield at
400 ◦C and 278 gkg−1h−1 STY, compared to ZrO2, which yielded less. CaO-ZrO2 has a
1,3-butadiene yield of 39% at a STY of 468 gkg−1h−1 at 350 ◦C, but at 400 ◦C, the STY is
decreased to 85.6 gkg−1h−1. The 10% SiO2-ZrO2 catalyst has a good 1,3-butadiene yield of
70% at 350 ◦C and STY of 580 gkg−1h−1.

The ethanol conversion at WHSV = 1.25 h−1 for TiO2-ZrO2 shows a similar trend to
WHSV of 2.5 h−1, but there was a decrease in the total ethanol conversion, which was 65%
at 400 ◦C compared to 2.5 h−1, which was 79% at 400 ◦C. However, the general increase
in ethanol conversion was realized as the temperature increased from 250–400 ◦C. The
1,3-butadiene yield was 50% at 400 ◦C, the highest for TiO2 catalyst at 1.25 h−1. Acetalde-
hyde and ethylene yields were 8% and 0.2%, respectively, at 400 ◦C. The STY was increased
from 87.2 gkg−1h−1 at 250 ◦C to 399 gkg−1h−1 at 400 ◦C for TiO2-ZrO2. CeO2-ZrO2 has an
ethanol conversion of 79% and 1,3-butadiene yield of 65% at 400 ◦C. The acetaldehyde and
ethylene yields were 12% and 0.3% at 350 ◦C. Also, an increase in STY was observed from
250 ◦C–400 ◦C (99.7–52 gkg−1h−1) (Table 5) for CeO2-ZrO2.

2.5.3. Effect of Catalyst at WHSV = 6.0 h−1

Figure 7 illustrates the performance of different modified catalysts for different tem-
peratures at WHSV of 6.0 h−1. Likewise, ZrO2 produces an ethanol conversion of 59%
at 350 ◦C and a 1,3-butadiene yield of 30% at the same temperature. The acetaldehyde
yield was 30% at 300 ◦C, while the ethylene yield was 5% at 350 ◦C. Zr(OH)2 shows an
ethanol conversion of 43% at 350 ◦C and a 1,3-butadiene yield of 19.2%. Acetaldehyde
and ethylene yields were 14% and 5%, respectively, at 350◦C. CaO-ZrO2 has a combination
effect, generating an ethanol conversion of 80% at 350 ◦C, but ethanol conversion decreases
to 67% at 400 ◦C. The 1,3-butadiene yield increases steadily from 20% at 250 ◦C up to 30%
at 350 ◦C and, eventually, it decreases to 18% at 400 ◦C. The 10% SiO2-ZrO2 catalyst shows
a greater ethanol conversion of 90% and 1,3-butadiene yield of 80% at 350 ◦C. Ethylene
yield was 9.5% at 300 ◦C.
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TiO2-ZrO2 has an ethanol conversion of 43% and 25% 1,3-butadiene yield. The ethanol
conversion was stable as the temperature was increased from 250 to 300 ◦C, but it increased
from 20% to 43% as the temperature was increased from 350 to 400 ◦C. The increase in
temperature also leads to an increase in 1,3-butadiene yield. Acetaldehyde yield was 5.5%,
while ethylene yield was 0.3% at 400 ◦C. CeO2-ZrO2 converted ethanol to 70% at WHSV of
6.0 h−1 and 400 ◦C, while it yielded 60% 1,3-butadiene. Acetaldehyde and ethylene yields
were 7.7% and 0.5%, respectively.

2.5.4. Effect of WHSV of Ethanol at 0.75 h−1

Figure 8 demonstrates the effect of 0.75 h−1 WHSV of ethanol during the catalytic
dehydration using different modified commercial catalysts. ZrO2 catalyst gave an ethanol
conversion of 50% to 55% at 350 ◦C and 400 ◦C, respectively, and 1,3-butadiene yield of
22% at 350 ◦C. Alternatively, the yield of acetaldehyde was 19% at 300 ◦C, and ethylene
yield was 5% at 400 ◦C. Zr(OH)2 realized an ethanol conversion of 50% at 300 ◦C and a
1,3-butadiene yield of 20% at 400 ◦C. At 350 ◦C, WHSV of 0.75 h−1, ZrO2 catalyst yielded 8%
and 6% of acetaldehyde and ethylene, respectively, while CaO-ZrO2 generated 69% ethanol
conversion with 23% 1,3-butadiene yield. 10% SiO2-ZrO2 catalyst shows an excellent
ethanol conversion of 90% at 350 ◦C and 80% 1,3-butadiene yield.
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At 0.75 h−1 WHSV, 30% TiO2-ZrO2 yielded 40% ethanol and realized a 25%
1,3-butadiene yield, while acetaldehyde and ethylene yield were 6% and 4%, respectively,
at 400 ◦C. CeO2-ZrO2 shows an ethanol conversion of 67% and 1,3-butadiene yield of
60% at 400 ◦C and 0.75 h−1 WHSV. Acetaldehyde yield increases linearly from 1.0% to
3.0% as temperature increases from 250–350 ◦C, while ethylene yield remains constant as
temperature increases from 250–400 ◦C. The TiO2/CeO2-ZrO2 catalytic system shows an
increase in STY as temperature increases.

2.6. Comparing the Effect of Treated and Untreated Commercial Catalysts

The treatment of ZrO2 parent catalyst with its substituent (SiO2, TiO2, CaO, or CeO2)
was conducted for ethanol dehydration to 1,3-butadiene, as shown in Table 6. The pro-
cess used to treat the Zr-catalyst and its combination was conducted using 0.2 M NaOH,
NH4NO3, and 0.5 M oxalic acid solution, as explained in the catalyst preparation methods.
These reagents provide either desilication, basic and acidic sites, Lewis acidic and basic
sites that are needed for the catalytic ethanol to 1,3-butadiene production [11,32,33]. By
comparing the output of ethanol conversion, the treated-commercial catalyst yielded higher
ethanol conversion than the un-treated commercial catalyst.

Table 6. Performance summary of treated and untreated commercial catalyst at 350 ◦C.

a Treated b Untreated c Treated d Untreated

Catalyst XEtOH (%) XEtOH (%) Y1,3-butadiene (%) Y1,3-butadiene (%)

ZrO2 60 34.5 30 10.6
Zr(OH)2 50 30.4 20 10

2% CaO-ZrO2 79.8 37.3 30 15.7
10% SiO2-ZrO2 88.8 40.6 75.9 20.3
30% TiO2-ZrO2 70.7 47 55 19.5
50% CeO2-ZrO2 74.5 47 65.3 16.8

a XEtOH: ethanol conversion for treated catalyst, b XEtOH: ethanol conversion for untreated catalyst,
c Y1,3-butadiene: 1,3-butadiene yield for treated catalyst, d Y1,3-butadiene: 1,3-butadiene yield for untreated catalyst,
WHSV = 0.75 h−1.

2.7. Effect of Time on Stream on Ethanol Dehydration

Figure 9 show the stability of the following catalysts, ZrO2, Zr(OH)2, 2% CaO-ZrO2,
30% TiO2-ZrO2, 50% CeO2-ZrO2 and 10% SiO2-ZrO2. The conversion of ethanol and selec-
tivity of 1,3-butadiene decreases with time. The parent catalyst ZrO2 as an acidic catalyst
and Zr(OH)2 as the basic catalyst show a lower ethanol conversion than 2% CaO-ZrO2
and 10% SiO2-ZrO2. The results highlight that ZrO2 has a selectivity of 57% at 10 h, and
Zr(OH)2 has a selectivity of 40% at 10 h time on streams. The introduction of CaO into
the ZrO2 catalytic system promotes the formation of extra dehydrogenation sites, making
the acetaldehyde condensation site, hence the rate-limiting step. The presence of SiO2 to
ZrO2 aids in increasing the yield of 1,3-butadiene. However, a limited amount of SiO2
(10%) is needed during this reaction because it will promote the diffusion of the metals on
the surface of the catalyst, and assists the formation of the active site for dehydration of
ethanol and crotyl alcohol reaction to 1,3-butadiene; thus, the selectivity of 1,3-butadiene
was 90%.

TiO2, in combination with ZrO2, as a catalytic system, gains more stability, and the
selectivity of 1,3-butadiene was 87%. The presence of CeO2 has a significant effect because
CeO2 has both Brønsted basic and Lewis basic sites, which aid in the creation of new active
sites during the reaction and poisons some acidic sites at high temperatures 1,3-butadiene
production to be realized. The 10% SiO2-ZrO2 catalytic system shows better stability than
other commercial catalysts.
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Figure 9. Conversion of ethanol (a), yield of 1,3-butadiene (b), selectivity of 1,3-butadiene (c), yields
of acetaldehyde (d), yield of ethylene (e), and selectivity of acetaldehyde (f) with time on streams.
WHSV: 2.5 h−1, 0.4 g of catalyst, N2 = 30 mL/min, Temp: 350 ◦C.
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3. Materials and Methods
3.1. Materials

The catalysts of ZrO2, Zr(OH)2, CaO-ZrO2, and 10% SiO2-ZrO2 were purchased from
Daiichi Kigenso Kagaku Kogyo (Tokyo, Japan), ethanol (98%) from Echo Chemical (Miaoli,
Taiwan), acetone and sodium hydroxide (NaOH) from Sigma Aldrich (St Louis, MO, USA),
hydrochloric acid and ammonium phosphate from Sigma (Utah’s Salt Lake, UT, USA), and
1,3-butadiene (10% in nitrogen) and ethylene (10% in nitrogen) from Ming Yang (Taoyuan,
Taiwan). The commercial catalysts were treated with oxalic acid in combination with
NaOH in a mole ratio of 2:1. The dried samples were then used for all the preparation of
the catalysts.

3.1.1. Preparation of ZrO2 Catalyst

Treated-ZrO2 commercial catalyst (5 g) was mixed with 50 mL distilled water. The
solution was filtered, and the residue was dried for 3 h in an oven. Later the residue was
dissolved into dilute HCl (0.05 mol), filtered, and dried for 4 h. Finally, the mixture was
calcined under air at 500 ◦C for 12 h.

3.1.2. Preparation of Zr(OH)2 Catalyst

Treated-Zr(OH)2 commercial catalyst (6 g) was added to 40 mL ZrCl4 in a beaker and
rested for 1 h, and then, 0.2 M NaOH was added and mixed vigorously for 30 min. The
mixture was filtered, and the residue dried in an oven for 24 h at 60 ◦C. The solid white
power Zr(OH)2 was calcined at 550 ◦C for 24 h.

3.1.3. Preparation of 10% SiO2-ZrO2 Catalyst

Treated-10% SiO2-ZrO2 was pretreated using a 0.4 M of acidic oxalic solution. The
commercial sample (2.0 g) was added to the NaOH aqueous solution (2.0 M, 100 mL). The
solution was heated to 100 ◦C for 4 h. Then, the sample was dried at 150 ◦C for 8 h in an
oven. The residue was later calcined at 500 ◦C for 24 h.

3.1.4. Preparation of 2% CaO-ZrO2 Catalyst

Treated-CaO-ZrO2 (7 g) was mixed with 0.5 M acetone in a 100 mL volumetric flask.
The sample was later dried and gently added to 0.1 M of NaOH solution, and the solution
rested for 3 h. Then, the solution was filtered and dried for 24 h in an oven. Finally, the
dried sample was calcined at 450 ◦C for 24 h.

3.1.5. Preparation of 30% TiO2-ZrO2 Catalyst

Treated-30% TiO2-ZrO2 (4 g) was mixed with 100 mL distilled water and stirred for 1 h.
The mixture was filtered and this was followed by the addition of 2.0 M NaOH in 100 mL
aqueous solution, and the mixture was left to stand for 12 h. The solution was filtered and
dried at 80 ◦C for 24 h. The sample was later calcined at 500 ◦C for 14 h.

3.1.6. Preparation of 50% CeO2-ZrO2 Catalyst

Treated-50% CeO2-ZrO2 consists of tetragonal ZrO2, which in combination with CeO2
produces CeO2-ZrO2. The commercial catalyst (5 g) was added into a ZrO(NO3)2 solution
(100 mL, 0.5 M). The solution was stirred at 25 ◦C for 1 h and allowed to settle for 24 h.
Later the precipitate was filtered and washed with deionized water and dried at 100 ◦C for
48 h. The sample was calcined at 500 ◦C for 5 h in air. Thus, the process was conducted
to form CeO2 with monoclinic ZrO2 as support during the catalytic reaction. CeO2 was
impregnated into ZrO2 to obtain precursors.

3.2. Dehydration of the Ethanol Using Fixed Bed Reactor

Ethanol dehydration to 1,3-butadiene is mainly an endothermic chemical reaction
process involving more heat energy and higher temperatures, as shown in Figure 10. The
reaction temperature is vital in this process because it gives the product selectivity. In
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this case, 1,3-butadiene is the target product while other products are expected, such as
ethylene and acetaldehyde, mostly termed as byproducts. The main product expected
for ethanol dehydration at lower temperatures was acetaldehyde or ethylene. At higher
temperatures, such as 350 ◦C the yield of 1,3-butadiene was realized, and also the method
of reactor design determines the selection of the main product. Following the specifics,
dehydration of ethanol was conducted with a fixed-bed reactor.
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Figure 10. Schematic flow of the reactor design: A: N2, B: H2, C: pump, D: evaporator, E:
evaporator, F1–F3: temperature controller, G: fixed-bed reactor in the furnace, H: gas sample,
J: gas chromatography.

The determination of ethanol was determined with the aid of a gas chromatography−
flame ionization detector (GC−FID; GC 14B, Shimadzu, Kyoto, Japan) equipped with a
column of Porapak-Q-141023J (length, 3 m; diameter: 2 mm; and film, 1 µm; Quadrex,
Bethany, CT, USA) under nitrogen carrier gas (30 mL/min), with N2 as the gas carrier. The
oven conditions were 60–150 ◦C in temperature with a 10 ◦C/min ramp rate. The sample
was analyzed using a continuous system directly connected to the gas chromatogram. The
data were collected depending on the time interval needed.

3.3. Analytical Method for Determination of Ethanol Conversion and 1,3-Butadiene Yield

The weight hourly space velocity (WHSV) is defined as the ratio of the hourly feed
flow rate of the ethanol and water mixture to the catalyst weight. This work presents the
catalytic performances in terms of ethanol conversion (%), product selectivity (%), and
product yield (%) based on molar carbon. The ethanol conversion was calculated as

X(%) =
n0EtOH − n1EtOH

n0EtOH

× 100 (2)

where n0EtOH is the number of moles fed into the reactor and n1EtOH is the number of moles
out of the reactor.

Selectivity is calculated by the following:

Si (%) =
ni × ci

2
(
n0EtOH − n1EtOH

) × 100 (3)

where ni is the number of moles of product i and ci is the number of carbon atoms in
product i (e.g., 1,3-BD is 4). The selectivity is given:

Y i (%) = Si × X ÷ 100 (4)
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The WHSV is defined as the ratio of the hourly feed flow rate of ethanol and the
catalyst weight:

WHSV (h−1) =
Flow rate of ethanol

( g
h

)

mass of catalyst (g)
(5)

The following activity measures can be used for comparative measurements such as
catalyst screening, process parameter determination, optimization of catalyst production
conditions, and deactivation studies. Catalysts are frequently studied in constantly operat-
ing test reactors, where conversion rates at a constant space velocity are correlated. The
volume flow rate V0 concerning the catalyst mass mcat is defined as the space velocity.

Space Velocity =
vo

mcat
(m3kg−1s−1) (6)

If the catalyst mass in Equation (5) is replaced with the catalyst volume, the space
velocity is proportional to the reciprocal of the residence time. A reactor’s performance
is often given relative to the catalyst mass or volume so that reactors of different sizes or
construction can be compared. This quantity is known as the space-time yield (STY):

STY =
Desired product quantity

Catalyst volume · time
(gkg−1h−1) (7)

3.4. Catalyst Characterization

The characterization of the catalyst was aided with XPS, XRD, and TGA. X-ray diffrac-
tion (XRD) patterns were acquired on a D2 phaser X-ray diffractometer, using monochro-
matic Cu Kα radiation and scanning 2θ from 10◦ to 90◦, and operated at 40 kV and 40 mA
using 0.1 g of the catalyst. The relative crystallinity is calculated according to the aggregate
intensities of the three peaks at 2θ of different degrees of angles. X-ray diffraction analysis
is an important basis for qualitative analysis of the catalyst. This analysis could identify
surface crystallinity and catalyst type. It also aids the identification of peak position and
signifies the characteristic properties of each catalyst. The catalytic surface chemistry was
studied using X-ray photoelectron spectroscopy (XPS). The sample analysis was undertaken
with the aid of 5700C (Perkin Elmer, Akron, OH, USA) model Physical and Electronics
apparatus, with MgKα radiation (1253.6 eV) using 0.1 g of the catalyst. The available data
fitting of the XPS peak was achieved using Gaussian squares or the Lorentzian peak geom-
etry. For the catalytic chemical reaction of ethanol to butadiene, the thermal property of the
catalyst after the reaction was analyzed using thermogravimetric (TGA) (TA instruments
Q50, USA). This suggestion is important to identify the coke deposition on the catalyst. The
sample was heated from 25 ◦C to 800 ◦C at a ramp rate of 10 ◦C/min under nitrogen gas
flow conditions.

3.5. Catalyst Testing

For the generation of 1,3-butadiene from ethanol, a fixed bed reactor system was used
under standard temperature and pressure. A sample of 0.4 g of the catalyst sample was
packed in the middle of the stainless tube (R 1/4 22 mm) and inserted into the furnace.
Using powered SiO2 was induced to increase the bed length, allowing the flow condition.
0.4 g of catalyst was inserted into the fixed bed. Later, ethanol was induced with nitrogen
gas with a 30 cm3/min flow rate bubbling into saturated ethanol vapor, carried into the
fixed bed reactor. The temperature of the bubbler was alternated by varying the WHSV
(0.75 h−1, 1.25 h−1, 2.5 h−1, and 6.0 h−1). Before the chemical reaction, the catalyst was
activated by heating to 400 ◦C. This suggestion was made to prevent both reactant and
product condensation. This heating process was conducted at 15 ◦C/min and kept at
400 ◦C for 1 h under a 30 cm3/min flow rate under nitrogen conditions. The main products
(1,3-butadiene, ethylene, and acetaldehyde) were monitored using GC-14B, FID detector.
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4. Conclusions

ZrO2 combined with SiO2 and CaO showed high catalytic activity and stable ethanol
dehydration to 1,3-butadiene in terms of yield and selectivity. At WHSV of 2.5 h−1,
SiO2-ZrO2 has a selectivity of 94% of 1,3-butadiene at 350 ◦C and 14 h time on stream.
2% CaO-ZrO2 has 90% selectivity of 1,3-butadiene at 350 ◦C and 12 h time on stream.
When the reaction conditions were at WHSV of 1.25 h−1 and a temperature of 300 ◦C, the
ethanol conversion was 87.9% for 10% SiO2-ZrO2 with a 79% yield and 85% selectivity of
1,3-butadiene. The 10% SiO2-ZrO2 catalyst shows no ethylene yield, as the catalytic reaction
tends to forward the yield of 1,3-butadiene. The Zr(OH)2 catalyst shows a low ethanol
conversion at 14 h time on stream with a 20% ethanol conversion. Zr(OH)2 exposed the
basic nature of the Zr-containing catalyst, and for the yield of 1,3-butadiene to be realized,
a catalyst should possess a balance between the acidic sites and Lewis sites.

The 2% CaO-ZrO2 catalyst showed a low coke formation, which means it
was more thermal stable than the rest, the order of thermal stability is as follows:
2% CaO-ZrO2 > ZrO2 > 10% SiO2-ZrO2 > Zr(OH)2. XPS shows the carbon particle deposi-
tion in the catalyst affects the coke formation process, as Zr(OH)2 has the highest carbon
deposition (28.95%), hence the lowest stability. While 10% SiO2-ZrO2 has the lowest carbon
deposition; hence, the highest instability and highest ethanol conversion.
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//www.mdpi.com/article/10.3390/catal12070766/s1, Figure S1 Low-temperature N2 adsorption-
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Abstract: Photocatalysis plays a prominent role in the protection of the environment from recalcitrant
pollutants by reducing hazardous wastes. Among the different methods of choice, photocatalysis
mediated through nanomaterials is the most widely used and economical method for removing
pollutants from wastewater. Recently, worldwide researchers focused their research on eco-friendly
and sustainable environmental aspects. Wastewater contamination is one of the major threats coming
from industrial processes, compared to other environmental issues. Much research is concerned with
the advanced development of technology for treating wastewater discharged from various industries.
Water treatment using photocatalysis is prominent because of its degradation capacity to convert
pollutants into non-toxic biodegradable products. Photocatalysts are cheap, and are now emerging
slowly in the research field. This review paper elaborates in detail on the metal oxides used as a
nano photocatalysts in the various type of pollutant degradation. The progress of research into metal
oxide nanoparticles, and their application as photocatalysts in organic pollutant degradation, were
highlighted. As a final consideration, the challenges and future perspectives of photocatalysts were
analyzed. The application of nano-based materials can be a new horizon in the use of photocatalysts
in the near future for organic pollutant degradation.

Keywords: organic contaminants; nanomaterials; wastewater; photocatalyst; degradation; optimizing
parameters

1. Introduction

Massive advancements in nanoscience and technology mean they emerged as promis-
ing solutions for environmental clean-up and the production of energy in recent decades.
Nanomaterials (NMs) have opened up many new possibilities for a variety of manufac-
turing/industrial applications over the years, including wastewater treatment and the
removal of hazardous contaminants from the atmosphere. The advancement in indus-
trialization leads to the release of toxins, with the emission of hazardous chemicals into
the atmosphere. In this regard, methods such as immobilization, biological and chemical
oxidation, and incineration were widely used to treat a variety of organic and toxic in-
dustrial contaminants. Nanomaterials have the peculiarity of changing the characteristics
of materials through their optical, magnetic, and electrical properties, and are helpful
in many processes and applications [1]. Nanomaterials are used in many fields, from
electricity to medicine, because of their unique physicochemical and biological proper-
ties [2]. Recently, visible light-induced heterogeneous photocatalysis developed rapidly,
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due to its advantage in the implementation of environmental remediation, particularly
in wastewater treatment [3]. Nowadays, anthropogenic chemicals used in agriculture,
medicine, the military, and industry directly enter the water stream easily, which causes
an adverse effect on the environment, and risks the contamination of both surface and
groundwater [4]. As a result of this water contamination, endocrine disruptors interfere
with the normal hormonal system, which causes adverse health effects such as birth defects
and developmental disorders in children, infertility, and cancerous tumors, and also causes
several water-borne diseases. According to the World Health Organization, half of the
world’s population will suffer due to the water crisis by 2025. Environmental pollution
is one of the most consequential issues currently faced all over the world and could be
resolved by creating the conditions to achieve a clean and healthy environment for a better
life in the world. In recent decades, population and global production growth resulted in
much higher production of chemicals, due to their daily entry into the environment and
resistance to biodegradation, resulting in the generation of hazards for various species. To
prevent water and environmental pollution caused by the arrival of polluted industrial
effluents, appropriate strategies for their treatment and reuse must be developed. Today,
safe and hygienic drinking water is a unique requirement of the global health community.
The clustering of densely populated and industrial areas close to water resources magnified
global issues. The new approach, e.g., via an oxidative pathway, makes a distinguishing
change in the removal of environmental pollutants. Photocatalysis is applicable at room
temperature and pressure consumes less energy and profits from process simplicity. Several
technologies are available in the wastewater treatment process, such as electrodialysis [5],
membrane filtration [6], precipitation adsorption [7], electrochemical reduction [8], and
electrodeionization [9]. They are very expensive and complicated, and by transferring
pollutants between fluids, various wastes and by-products are generated that make it
difficult to treat wastewater. Recently, photocatalysis became a viable technology for the
treatment of various pollutants present in wastewater [10].

Photocatalytic reactors may play an increasingly important role in new technologies
for the filtration of organic-polluted water [11–13]. The degradation of different organic
contaminants with better competence utilizes heterogeneous photocatalyst-based nanopar-
ticles. Photocatalysis gained a lot of interest in recent years, because of green energy and
environmental cleanup. As a result, there are numerous reviews on the subject, focused on
various types of photocatalysts and photocatalyst applications. Furthermore, there were
few basic developments in the concept, and no notable breakthroughs were observed in
photocatalyst plans in the past five years. There is still much work to do, both in terms
of making these materials practical (which is debatable for some applications), and in
terms of improving our understanding of the complex processes, particularly in some of
the more complicated ternary or quaternary photocatalysts proposed. Since key works
by Honda and Fujishima in 1972, and Reiche and Bard in 1979 [14,15], there was a surge
in interest in photocatalysis. Many other photocatalyst materials and uses were studied,
but commercial photocatalysis applications were uncommon. Low photocatalytic activity,
particularly under visible or solar illumination, is usually blamed for the lack of commercial
uses. As a result, significant resources were invested in the development of improved
photocatalyst materials. Material development techniques for different types of photo-
catalysts were focused on maximizing efficiency by targeting one or more phases in the
photocatalytic reaction. Several studies reported on the treatment of wastewater using
different photocatalysts. The photocatalytic degradation of pollutants is mainly focused on
the formation of highly reactive hydroxyl radical ions. These photocatalytic reactions are
triggered by the free radical mechanism initiated by the interaction of photons using the
catalysts. Therefore, in the present review paper, we mainly focused on the recent advances
in photocatalytic pollutant removal from wastewater, and also elaborated in detail on the
factors affecting the performance of the photocatalytic degradation of pollutants to remove
them from wastewater.
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2. Photocatalytic Degradation Mechanism of Dyes

A photocatalytic reaction is primarily determined by the wavelength of light (photon)
energy and the catalyst. Nanomaterials used as catalysts, such as NiO, TiO2, ZnO, ZnS, and
others, are referred to as nanocatalysts. The light can be irradiated directly or indirectly,
as a result of the catalyst reacting with the dye. The photocatalytic mechanism associates
dye degradation with the redox capabilities, or potential, of dyes and the energy level of
the conduction band of the semiconductor, or nanomaterial, used. Photocatalysis degrades
dyes via photosensitization, i.e., direct, or self, dye degradation and photo-oxidation by a
reactive species (catalyst), or indirect dye degradation. Both photocatalytic mechanisms
rely on electronic structures, specifically the band structure of the catalyst and the dye.
Due to their electronic structure, which is described by a filled valence band and an empty
conduction band, nanocatalysts act as chemical activators for the illumination of light-
animated redox processes. The photosensitization mechanism, also known as the direct
mechanism of dye degradation, absorbs visible light. The dye is excited from the ground
state to the triplet excited state, using visible light photons with wavelengths greater than
400 nm. An electron addition into the conduction band of nanocatalysts, transferred from
the valence band, converts this excited state of the original dye species into a semi-oxidized
radical cation (Dye+). The reaction between these trapped e-/h+ pairs and the dissolved
oxygen in the system results in the formation of superoxide radical anions (O2

−), and
the formation of hydroxyl radicals (OH). In nature, this hydroxyl radical is non-reactive,
and is primarily responsible for the oxidation of the organic compounds represented by
Equations (1) and (2) below:

Dye (ground state) + hv (visible light)→ dye* (triplet state) (1)

Dye* + nanocatalyst→ dye+(cation) + nanocatalyst − (anion) (2)

According to several researchers, visible light acts as a driving source in photosensi-
tization, which occurs at a very slow rate. In contrast, an indirect mechanism, known as
photo-oxidation/photocatalysis, in which a catalyst sensitizes the chemical reaction for dye
degradation, is found to be more prevalent than a direct mechanism. The mechanism of
dye degradation is based primarily on oxidation and the reduction of the photocatalyst, as
shown in Figure 1. When photons of light strike a material, they excite electrons from the
valance band to the conduction band, which results in the development of electron-hole
pairs. The electrons in the conduction band react with the oxygen molecule to form super-
oxide radical anions; however, the holes in the valance band react with effluent water to
form hydroxyl radicals.

Basic Principles of Z-Scheme Photocatalysis

In photocatalysis, the Z-scheme represents/mimics the natural photosynthesis sys-
tem, which has advantages such as charge separation and delayed recombination, which
increases the light harvest and improves redox ability [16], as shown in Figure 2. The light
absorption and production of photogenerated electron-hole pairs are the first steps. The
carriers of photogenerated electrons then move to the surface, where they recombine or par-
ticipate in surface redox processes. By ensuring effective charge separation, and increasing
surface redox reactions, photocatalytic performance improves to maximize light absorption,
maximize charge transfer at the surface, and minimize recombination. Common techniques
investigated for performance improvement include morphology optimization (which can
affect the surface active sites as well as charge separation), doping (which can reduce the
bandgap, and sometimes has negative effects on recombination losses), using sensitizers
and/or co-catalysts (to increase visible absorption, as well as provide more active sites and
affect carrier dynamics), and using different materials. Photocatalytic reactors can play
an efficient role in novel technologies for the purification of water polluted with organic
chemicals [13]. The degradation of various organic pollutants, using nanoparticle-based
heterogeneous photocatalysts with higher efficiency, is reported, and shown in Table 1.
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Table 1. Degradation of organic pollutants using photocatalyst-based nanomaterial.

Materials Pollutant Degradation
Efficiency References

CuO nanosheets Allura Red AC ∼96.99% in 6 min [17]

MFe2O4: (M = Co, Ni,
Cu, Zn)

Methyl red 78% in 50 min

[18]
Methyl orange 92% in 50 min
Methylene blue 89% in 50 min

Bromo green 93% in 50 min

α-Bi4V2O11 Rhodamine B 100% in 45 min [19]

m3D–TiO2–HP
Graphene

Hexavalent
Chromium 96% in 70 min [20]

TiO2–graphene Acid Black 1 dye 96% in 40 min [21]

TiO2–graphite
composite Paracetamol 100% in 120 min [22]

Mg–ZnO–Al2O3 Caffeine 98.9% after 70 min [23]

Zr/Ag–ZnO Acid Black 1 dye 99.3% after 40 min [24]

CeO2 Yellow 6G dye 100% within 30 min [25]

Al2O3–NP/SnO2 Methyl orange 93.95% in 50 min [26]

TiO2 Degussa P25 Rhodamine B 33% in 180 min [27]

CuO–GO/TiO2 2-Chlorophenol 86% in 210 min [28]

Copper nanoparticles Methylene blue 91.53% in 30 min
[29]

Copper nanoparticles Congo red 84.89% in 30 min

CuO nanorods Reactive Black Dye 98% in 300 min [30]

Cu/Cu (OH)2 Rhodamine B 99.99% in 120 min [31]

CuO–Cu2O/GO Tetracycline 90% after 120 min [32]

Copper nanoparticles Phenyl red 99.62% in 15 min [33]

Cds/CuS Methyl orange 93% in 150 min [34]

Bismuth-doped
copper aluminate Methylene blue 99.9% in 60 min [35]

3. Removal of Polybrominated Diphenyl Ethers (PBDEs)

Polybrominated diphenyl ethers (PBDEs) are the second most commonly used BFRs,
and their molecular structure is similar to polychlorinated biphenyls (PCBs). In general,
these BDEs are available commercially as mixtures in three different forms, namely, penta-,
octa-, and deca-mixes. Penta-BDE is used in polyurethane foams and textiles; octa-BDE
is used in styrenes, polycarbonates, and thermosets; and deca-BDE is used in synthetic
textiles and electronics. As a successful replacement for PCBs, these PBDEs are found in all
levels of ecosystems, and are able to redistribute globally among these ecosystems. They
pose a threat to the human population, indigenous peoples, and fish consumers, as they
bio-accumulate in the food chain and are highly lipophilic, similar to dioxins and PCBs [36].
Unfortunately, this accumulation of PBDEs affects motor skills and disturbs the metabolism
of the thyroid hormone; hence, it is classified as a high-risk pollutant that causes serious en-
vironmental pollution. Dietary intake and dust ingestion are the dominant human exposure
pathways. PBDEs were widely detected in human samples, especially in human serum and
human milk. Data shows that PBDEs are generally declining in human samples worldwide,
as a result of their phasing out. Due to the common use of PBDEs, their levels in humans
from the USA are generally higher than that in other countries. High concentrations of
PBDEs were detected in humans from PBDE production regions and e-waste recycling sites.
BDE-47, -153, and -99 were proven to be the primary congeners in humans. Human toxicity
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data demonstrates that PBDEs have extensive endocrine disruption effects, developmental
effects, and carcinogenic effects among different populations, as shown in Figure 3. Besides
bio-accumulation, exposure to this toxic chemical during its production, processing, and
recycling causes adverse effects in human beings. In fact, air and dust are proven to show
measurable PBDE concentrations, and inhaling it could account for up to one-quarter of
total exposure. Generally, several remediation techniques are followed for remediating
this harmful chemical; and these include hydrothermal, adsorption, photolysis, advanced
oxidative processes, and photocatalytic degradation, etc. Specifically, photocatalysis and
photocatalytic degradation are regarded as the most common and reported methods for
remediating these PBDEs. The most commonly studied PBDEs include their congeners
BDE-47 and BDE-209, owing to both their toxicity and their intermediate products. To
begin with, Azri et al. (2016) [37] use a tri-metallic catalyst, Cu/Ni/TiO2/PVC, prepared
using sol-gel and a hydrothermal method, and report the rate of degradation of PBDE
as 65.82% [37]. Likewise, Wang et al. (2019) [38] use a metal-doped TiO2 photocatalyst
for degrading dibrominated diphenyl ethers under photocatalytic degradation; while,
Li et al. (2014) [39] carry out the photocatalytic debromination of PBDEs using a Pd/TiO2
catalyst, and conclude that TiO2 enhances the rate of debromination upon increasing the
loading of palladium. Similarly, Lei et al. (2016) [40] prepare debrominated PBDEs using
Ag–TiO2 under the influence of UV light, and note that the debromination is rapid. This
study concludes that the effectiveness of debromination PBDEs using metal-doped TiO2 is
enhanced based on the metal additive; but reduces drastically upon using metal-doped
TiO2 catalysts exposed to air [39,40]. In addition, replacing Pd with Cu enhances the rate of
electron transfer from the conduction band of TiO2 to PBDEs [41]. It is worth mentioning
that the degradation of PBDE is carried out in two different processes, with electrons
sourced from striking photons favoring reduction debromination; holes or •OH generated
as a result of photocatalytic reaction favor oxidation debromination. Moreover, the redox
photoreduction of PBDEs using nanomaterial-based catalysts is adversely affected by the
recombination of holes and electrons. However, adding water and irradiation using UV
light simply enhances the rate of oxidative degradation of PBDEs, especially BDE-209 [42].
The degradation of various polybrominated diphenyl ethers, using nanoparticle-based
heterogeneous photocatalysts with higher efficiency, is reported and shown in Table 2.
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Table 2. Degradation of various polybrominated diphenyl ethers using nanoparticle-based heteroge-
neous photocatalysts.

Pollutant Photocatalyst Light Results References

BDE-209 TiO2 UV lamp
Debromination

efficiency of BDE-209
achieved, up to 95.6%

[43]

BDE-209 RGO/TiO2 UV lamp
Debromination

efficiency of BDE-209
achieved, up to 59.4%

[44]

BDE-47 RGO/TiO2 Xe lamp
Debromination

efficiency of BDE-47
achieved, up to 25%

[45]

BDE-209 CuO/TiO2 Xe lamp

Debromination of ten
PBDEs was achieved

under
anaerobic conditions

[46]

BDE-209 FeOCN-x Visible Xe
lamp

Higher photocatalytic
activity for

debromination of
PBDEs was achieved

[47]

BDE-209 AgI–TiO2 Xe lamp

The addition of silver
iodide to the surface of

TiO2 increased the
debromination

efficiency of BDE-209

[48]

BDE-47 Ag@Ag3PO4/g-
C3N4/rGO UV lamp

Debromination
efficiency of BDE-47

was achieved,
up to 93.4%

[49]

BDE-47 Nickel
nanoparticles Visible lamp

Debromination of
BDE-47 was achieved

completely under
visible irradiation

[50]

BDE-47 Ag/TiO2 UV lamp

Ag/TiO2 addition
accelerates BDE-47
photodegradation

efficiency

[51]

4. Removal of Phthalates and Their Derivative

Phthalates, or phthalate esters (PAEs), are di-esters of phthalic acid (1,2-benzene
dicarboxylic acid) and are used as plasticizers for polymers to reduce their glass transition
temperature, in order to induce softness and workability. In terms of classification, low-
molecular-weight phthalates (dimethyl phthalate (DMP), diethyl phthalate (DEP), and
dibutyl phthalate (DBP)) are used in small to medium scale commercial applications (plastic
containers, materials packaging, personal care products, solvents, adhesives, lubricants,
coatings, and varnishes); high-molecular-weight phthalates (such as di-n-octyl phthalate
(DOP) and di-(2-ethylhexyl) phthalate (DEHP)) are used in construction and furniture
industries, as shown in Figure 4. Interestingly, these phthalates are chemically bonded
during polymer manufacturing, and remain inert in leaching out into the environment;
they create physical bonds upon being used as plasticizers, thereby causing them to leak
into the environment. As a result, these phthalates are found all around the globe and are
treated as harmful environmental pollutants, as they disrupt the endocrine glands, causing
severe disturbances in the functioning of hormones inside the human body, in addition to
causing genetic and reproductive abnormalities in different living organisms [52–54]. The
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aforementioned phthalate compounds are deemed as high-risk pollutants and are cited
as the predominant source of phthalate exposure, via inhalation, dermal contacts, and
consuming contaminated foods.
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Numerous methods were suggested by different researchers, with the aim of reme-
diating this toxic organic chemical; however, photocatalytic degradation is considered
the optimum, as the catalysts provide alternative charge transfer pathways, instead of
electron-hole pair recombination, and increase the surface area for adsorption. Supporting
this, Kaur et al. (2019) [55] study the photocatalytic degradation of DEP using transition-
metal-doped (Ni, Mn, and Co) TiO2 nanoparticles based on their degradation rate; they
recommend Mn-doped TiO2 as an ideal catalyst, as it requires minimal excitation energy
(visible light activation), owing to the lowest optical band gap being 2.47 eV. Moreover,
this study concludes that doped TiO2 catalysts perform well when compared to their un-
doped counterparts [55]. Likewise, Akbari-Adergani et al. (2018) [56] suggest another
set of transition metals (Fe, Ag, and Co), doped in ZnO, as an effective photocatalyst
for remediating DBP; they perform well (90% degradation) under visible LEDs as a light
source. Similarly, Motlagh et al. (2020) [57] fabricate ZnFe-layered double hydroxides,
using sulfate-intercalated anion (ZnFe-SO4−LDH) modified with graphene oxide (GO) as
a photocatalyst for degrading phenazopyridine hydrochloride (PhP) under visible light
irradiation; they report a maximum rate of degradation as 60.01% [57]. In addition to immo-
bilizing photocatalysts, nanocomposites with magnetic nanoparticles, such as zero-valent
iron (ZVI) were developed, which simplified the post-degradation separation simply by
using magnetic properties [58,59]. Another method suggests the removal of TiO2 from the
reaction solution by an electrocoagulation technique using iron electrodes and reports 95%
of TiO2 removal under a neutral pH and 100 mA current supply. Here, the electrochemical
sludge is taken as a catalyst for activating peroxymonosulfate (PMS) in order to degrade
emerging contaminants because of the presence of iron species (i.e., Fe3O4) [60]. The degra-
dation of various phthalates and their derivatives, using nanoparticle-based heterogeneous
photocatalysts with higher efficiency, is reported and shown in Table 3.

Table 3. Degradation of various phthalates and their derivatives using nanoparticle-based heteroge-
neous photocatalysts.

Phthalates Photocatalyst Light Source Key Results References

DMP Bifunctional
TiO2 {001} UV light

Nearly 76% of DMP is
degraded

within 120 min
[61]
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Table 3. Cont.

Phthalates Photocatalyst Light Source Key Results References

DEP Bifunctional
TiO2 {001} UV light

Nearly 85% of DEP is
degraded

within 120 min
[61]

DEP TiO2 (anatase) Xenon lamp

Photocatalytic
degradation of DEP was

achieved up to 90%
within 50 min

[62]

DEP Zinc oxide Hg lamp

Photocatalytic
degradation of DEP was

achieved up to 80%
within 30 min

[63]

DMP Hydrothermal
(h-t) and TiO2

UV lamp
DMP removal under h-t
TiO2 (62.1%) s–g TiO2

(33.6%)
[64]

DBP TiO2 (P25) Xe lamp

DBP removal from
wastewater was

achieved up to 90%
within 30 min

[65]

DBP α-Fe2O3
nanoparticles Mercury lamp

Photocatalytic
degradation of DBP was

achieved up to 90%
within 120 min

[66]

BBP P25 TiO2 UV lamp

Photocatalytic
degradation of BBP was

achieved up to 80%
within 60 min

[67]

BBP Cl-doped TiO2 Xe lamp
Up to 92% of BBP was

degraded
within 240 min

[68]

BBP P-doped TiO2
thin-films Xe lamp

98% of BBP degradation
efficiency was achieved

within 180 min
[69]

DEHP Nx–TiO2−x Xenon

When compared to TiO2
Degussa P25, N-doped
TiO2 shows a faster rate
of DEHP degradation

up to 90%

[70]

DEHP Fe-Ag/ZnO Visible lamp
About 90% of DEHP

was removed
within 150 min

[71]

DMP N-doped TiO2
(UN/TiO2) Visible light

DMP is removed at a
degradation rate of 41%
and 58% using N/TiO2

and UN/TiO2
within 5 h

[72]

DEP
Ni/TiO2;
Mn/TiO2;
Co/TiO2

Hg lamp
DEP was degraded up

to 92% within
1hr 30 min

[73]
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Table 3. Cont.

Phthalates Photocatalyst Light Source Key Results References

DEP WO3/TiO2 UV light

The photodegradation
of DEP under visible

light is achieved, up to
90% within 60 min

[74]

DBP
Bi, Cu

co-doped
SrTiO3

Metal halide
lamp

Nanosized Bi, Cu
co-doped SrTiO3

showed significant
degradation efficiency
than bi-doped SrTiO3

[75]

DBP

m-TiO2-NTs
(mesoporous

TiO2
nanotubes)

Mercury lamp

DBP removal
degradation rate

constant for
m-TiO2-NTs; 7.7 times

greater than that of TiO2

[76]

DBP
Carboxymethylβ-

cyclodextrin
Fe3O4–TiO2

Mercury lamp

In comparison to
Fe3O4–TiO2,

CMCD–Fe3O4–TiO2
shows accelerated DBP
degradation within 1 h

[77]

DBP gC3N4/Bi2O2CO3;
g-C3N4/BiOCl

Halogen
tungsten lamp

DBP is removed up to
60% within 3 h [78]

DEP
Nanorod
ZnO/SiC

nanocomposite

UV and visible
lamp

DEP degradation was
achieved up to 90%

within 1h
[79]

5. Removal of Phenol and Phenolic Compounds

Phenol and phenolic compounds are primary toxic water pollutants; thereby requir-
ing effective remediation techniques to reduce their harmful effects on both humans and
the environment. Numerous studies were carried out in recent times to understand and
optimize the degradation of phenol and phenolic compounds. Accordingly, Hassan et al.
(2020) [80] report an efficiency of 90% upon degrading phenol using acetylacetonate, rather
than graphene nanocomposites, as the photocatalyst, assisted by visible light irradiation.
Likewise, Tang et al. (2021) [81] report 100% removal of phenol from different water sources,
including sewage wastewaters, upon using a bismuth-doped TiO2-based photocatalyst. For
better effectiveness in environmental degradation, the use of the Z-scheme photocatalytic
system is widely encouraged. Supporting this, Xu et al. (2021) [82] note enhanced photocat-
alytic degradation of phenolic compounds carried out using a Z-scheme charge transfer,
with LaFeO3/WO3 as the photocatalyst. In recent times, several researchers focused on
advanced oxidation processes (AOPs) for the complete mineralization of phenols, citing
its rapid rate of degradation with the active participation of the hydroxyl radical, and
phenol degrading into CO2 and water, instead of any harmful by-products. The process
associated with heterogeneous photocatalysis is a widely recognized AOP and requires (i) a
semiconductor photocatalyst, (ii) a light energy (UV or visible or solar) source, and (iii) an
electron donor or hole acceptor. In this process, hydroxyl radicals are generated upon
producing sufficient charge carriers (i.e., electron-hole pair) by supplying energy greater
than the bandgap of the semiconductor photocatalyst using the light energy source [83,84].

Specifically, titanium dioxide (TiO2) is the commonly preferred and highly perform-
ing photocatalyst amongst ZnO, CuO, and β-Ga2O3, for degrading phenols under the
influence of UV light irradiation, due to its non-toxicity, photo-stability, cost-effectiveness,
inertness towards chemical and biological systems, and insolubility [85]. Moreover, UV
irradiation on a lab-scale can be efficient; however, it is not recommended for commercial
and large-scale degradation of phenol, due to a lack of feasibility and cost-effectiveness [85].
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In addition, identifying an efficient, yet sustainable, source for UV light is very challenging,
as sunlight itself contains only a fraction of UV light (4% of solar spectrum) compared to
visible light (46% of solar spectrum) [86]. Hence, photocatalysts responding to sunlight
and any visible light must be developed for degradation, and this is achieved by modi-
fying existing photocatalysts using simple, known techniques such as doping, composite
semiconductors, dye sensitization, and synthesizing novel, undoped, single-phase mixed
oxide photocatalysts [87].

Furthermore, adding dopants such as iodine, nitrogen, sulfur, praseodymium, and
iron with TiO2 photocatalysts improves the photoresponses of the latter into the visible
spectrum, thus, making the degradation of phenol highly viable using visible light [88].
For composite semiconductors, a large bandgap semiconductor is coupled with a small
bandgap semiconductor, with a more negative conduction band level, thereby allowing
the injection of conduction band electrons from the small bandgap semiconductor for
better charge carrier separation, as shown in Figure 5. A few examples of composite
photocatalysts proven effective in degrading p-nitro phenols under visible light include
Co3O4, Bi4O5I2, and Bi5O7I [89]. Chowdhury et al. [90,91] showcase effective phenol
degradation using an eosin Y-sensitized Pt-loaded TiO2 photocatalyst; Qin et al. [92]
report the degradation of 4-chlorophenol using an N719 dye-sensitized TiO2 photocatalyst.
Likewise, 4-nitrophenol is degraded upon using two different photocatalysts, namely,
(i) Cu(II)-porphyrin and (ii) Cu(II)-phthalocyanine-sensitized TiO2, under visible light
irradiation. It is worth mentioning that dyes are active in visible light by nature, but
become excited upon illumination by any other light source. The degradation of various
phenols and their derivatives, using nanoparticle-based heterogeneous catalysts, is shown
in Table 4.
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Table 4. Degradation of various phenols and their derivatives using nanoparticle-based heteroge-
neous catalysts.

Phenol and Phenolic
Compounds

Photocatalyst and
Light Source

Degradation
Efficiency References

Phenol TiO2/CMK-3, UV lamps,
150 min 74% [93]

Phenol PAN-CNT/TiO2–NH2,
UV lamp, 7 min 99% [94]

Phenol UV/TiO2 and Vis/N,
C–TiO2, 60 min 76% [95]

Phenol
NIR irradiation, Nd-Er

co-doped tetragonal
BiVO4, 150 min

96% [96]

Phenol
Visible light,

N-BiOBr/NiFe2O4-15
nanocomposite, 60 min

87.5% [97]

Bisphenol A UV-light,
BiVO4/CHCOO(BiO), 5h 99% [98]

Phenol BiVO4/carbon,
Xenon lamp, 5 h 80% [99]

Phenol Bi4V2O10/BiVO4,
Xenon lamp, 60 min 95% [100]

Phenol CdS/TiO2
Xenon lamp, 3 h 78% [101]

4-chlorophenol TiO2/Zr, Xenon lamp, 4 h 95% [102]

4-fluorophenol Ag3PO4/H3PW12O4
Xenon lamp,10 min 100% [103]

Phenol Au/BiOBr/Grapheme,
Xenon lamp, 180 min 64% [104]

Phenol α-Fe2O3 nanorod/rGO,
visible light, 120 min 67% [105]

Phenol Bi7O9I3/rGO,
visible light, 150 min 78.3% [106]

Phenol AgBr/BiOBr/graphene,
visible light, 120 min 98% [107]

Phenol ZnO/TiO2,
visible light, 160 min 100% [108]

4-chlorophenol RGO/CaFe2O4/Ag3PO4,
visible light, 160 min 90% [109]

2,4 dichlorophenol Graphene/ZnO/Co3O4,
visible light, 150 min 91% [110]

6. Removal of Drugs and Antibiotics and Their Derivatives

In general, drugs are discharged as pollutants into the atmosphere in form of excreta
from individuals and animals, in addition to effluents discharged from pharmaceutical
industries. Specifically, these drug molecules have adverse effects on the ecosystem, affect-
ing aquatic life in terms of their lifecycle, growth retardation, and a reduction in friendly
microbes. Apart from these impacts, excessive consumption of these drugs causes kid-
ney problems in humans, in addition to increasing the immunity of pathogens towards
these drugs. Moreover, these antibiotics form unknown complex compounds with heavy
metals or other organic pollutants. To understand their severity, numerous researchers
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focus on degrading these antibiotics and drugs using photocatalysts; recently, the use of
TiO2 and Au-infused TiO2 nanoparticles can be used to degrade a total of eight antibi-
otics with higher conversion efficiency [111]. Though many studies report 100% removal
efficiency, Bekkali et al. (2017) [112] report 80% removal efficiency for sulfadiazine, amox-
icillin, and anthramycin, upon using photosensitive TiO2 irradiated using UV light. In
another study, the effect of degradation on natural and synthetic antibiotics is studied, and
Mohammad et al. (2020) [94] report the degradation efficiency, upon using immobilized
TiO2 under UV light, as 92.81% for synthetic, and 86.57% for natural, ciprofloxacin. An-
other catalyst, ZnO, is also used in UV-irradiated photocatalytic degradation, where better
efficiencies are reported for prolonged reaction durations [113]. They are encouraged for
large and commercial-scale applications and these catalysts were used for degrading sul-
famethazine in different shapes, forming flower-shaped, tetra-needle-shaped, and regular
ZnO nanoparticles, with T-ZnO reporting 100% conversion [113]. Likewise, 20 ppm of
levofloxacin was degraded under visible light irradiation using BiVO4, and reported 85%
efficiency within 90 min of the conversion [114]. Another set of drug pollutants includes
antineoplastic drugs used in anti-cancer treatments, which enter water bodies through
excretion and effluent discharge from pharma industries, thus, increasing the levels of toxi-
city [115]. The schematic representation of photocatalytic degradation of pharmaceutical
pollutants is shown in Figure 6.
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Interestingly, Hank Hui-Hsiang Lin and Angela Yu-Chen Lin (2013) [116] comment
that high conversion efficiency is reported for photocatalysis upon degrading 5-fluorouracil
and cyclophosphamide via a UV/TiO2-irradiated light source. UV–visible light-irradiated
photocatalytic degradation was carried out on a common antibiotic named tetracycline, us-
ing iron oxide nanoparticles as the potential photocatalyst [117]. Similarly, double-shelled
ZnSnO3 hollow cube nanoparticles were then used in degrading ciprofloxacin and sulfa-
monomethoxine [118]. Some of the commonly used photocatalysts for degrading these
antibiotics include Ag3PO4/Ag/BiVO4 Z-scheme photocatalysts [119], g-C3N4-doped porous
carbon nitride [120], Agl/Bi12O17Cl2, Ag2Mo2O7/MoS2 Z-scheme 1D/2D photocatalysts [121],
WO3/gC3N4 Z-scheme photocatalysts [122], and BiOCl/g-C3N4/Cu2O/Fe3O4 [123]. It is
worth mentioning that, in some cases, the simultaneous degradation of antibiotic pollu-
tants and generation of hydrogen is noted. In certain cases, non-toxic and less harmful
antibiotics were also remediated; supporting this, naproxen, a common non-steroidal anti-
inflammatory drug, was degraded using photocatalysts such as g-C3N4, carbon quantum
dots, and single-atom dispersed silver [120]. Similarly, a carbon nitride-based heterojunc-
tion photocatalyst was used to degrade ibuprofen, while TiO2 remains highly effective in
degrading carbamazepine, diclofenac, and ibuprofen upon irradiation using a visible light
source [124]. The degradation of various drugs and antibiotics, using nanoparticle-based
heterogeneous catalysts, is shown in Table 5.
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Table 5. Degradation of various drugs and antibiotics using nanoparticle-based heterogeneous catalysts.

Pollutant Photocatalyst Light Source

Drugs and
Antibiotics

Degradation
Efficiency

References

Acetaminophen
Levofloxacin

CdS sub-
microspheres Visible light, 4 h 85%

70% [125]

Paracetamol TiO2–graphite
composites UV lamp, 60 min 100% [126]

Doxycycline BiOBr/FeWO4
Xenon light,

60 min 90.4% [127]

Tetracycline
hydrochloride CdTe/TiO2

Halogen lamp,
60 min 78% [128]

Tetracycline
Fe-based

Metal-organic
frameworks

Xenon lamp,
180 min 96.6% [129]

Tetracycline
hydrochloride

ZnFe2O4 porous
hollow cube

Xenon lamp,
60 min 84.08% [130]

Tetracycline ZnWO4−x
nanorods

Xenon lamp,
80 min 91% [131]

Ofloxacin TiO2
Visible light,

60 min 98% [132]

Norfloxacin TiO2
Visible light,

60 min 99% [132]

Ciprofloxacin TiO2
Visible light,

120 min 91% [132]

Nitrofurantoin Nd2Mo3O9

Tungsten
incandescent,

45 min
99% [133]

7. Removal of Dyes and Their Derivative

Dyes are a group of chemicals used as coloring agents in the textile industry, but when
left untreated, these chemicals contaminate the aquatic ecosystem, causing mutation and
sterility in aquatic organisms. Presently, numerous conventional techniques are practiced
in wastewater treatment, but are found to be ineffective; however, the use of nanoparticle-
based heterogeneous photocatalysts reports better degradation efficiency [134]. Confirming
this, the rate of degradation of methylene blue using SnO2 as a photocatalyst, assisted with
UV light irradiation, has a maximum efficiency of 80–97%, along with high catalytic stability
and reusability [135]. Another study uses TiO2/WO3-coated magnetic nanoparticles for
degrading sixteen organic dyes, and notes a rapid rate of degradation, with complete
decolorization noted in the case of ten dyes upon irradiation in direct sunlight [136].
Another type of photocatalyst includes copper-based nanoparticles, which exhibit effective
degradability of organic dyes, as proven by Rao et al. (2019), who report 98% efficiency
upon degrading Reactive Black dye using copper oxide nanorods [30]. Furthermore, these
nanoparticles report similar degradation efficiencies upon remediating methyl orange,
methylene blue, and Congo red, simultaneously [137]. Other photocatalytic degradation
of dyes includes the degradation of rhodamine B using Cu/Cu(OH)2 nanoparticles [137],
the degradation of methyl orange using CdS/CuS nanoparticles [138], the degradation
of methylene blue via Hummers’ method using reduced graphene oxide doped with
copper nanoparticles [139], the degradation of methyl red, methyl orange, and phenyl red
using biologically prepared copper nanoparticles [140], and the degradation of methyl
orange using graphene oxide-doped CuO-Cu2O and Cu3N/MoS2 [141]. The degradation
of various dyes, using nanoparticle-based heterogeneous catalysts, is shown in Table 6.
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Table 6. Degradation of various dyes using nanoparticle-based heterogeneous catalysts.

Dye Photocatalyst Light Source Results References

Methylene blue ZnO/CuO Visible lamp,
25 min 96.57% [142]

Methylene blue
Rhodamine B

Carbon/BiVO4
Xenon light,

180 min

95%
[99]

80%

Rhodamine B
acid

Chrome blue

CdS-reduced
graphene oxide

Xenon light,
60 min

97.2%
[143]

65.7%

Rhodamine B WO3

Metal halide
lamp,

180 min
95% [144]

Rhodamine B rGO/RP-MoS2
Xenon light,

30 min 99.3% [145]

Acid Black 1 dye TiO2–graphene Visible light,
60 min 96% [146]

8. Factors Affecting the Degradation of Photocatalysis

The main factors that influence the photocatalytic degradation of organic pollutants
are (i) the load of the catalyst, (ii) doping (iii) pH, (iv) light intensity, and (v) the lifetime
and regeneration of the photocatalyst. The efficiency of the photocatalytic degradation of
pollutants is highly dependent on the number of operational parameters. Several studies
show the enhancement of the efficiency of the photocatalytic degradation of organic pollu-
tants. In this review paper, the major factors influencing the efficiency of the photocatalytic
degradation of pollutants are discussed below.

8.1. Catalyst Loading

The load of the catalysts is one of the key factors that influence the photocatalytic
degradation of pollutants. Due to the increase in the active sites, the rate of the photocat-
alytic degradation of organic pollutants increases with photocatalysts dosage [147–151].
This is because when the photocatalysts are irradiated in the presence of light, it results in
the formation of hydroxyl radical ions. When the concentration of the photocatalyst is low,
it affects the efficiency of the photocatalytic degradation of pollutants, since more light is
transmitted into the photocatalytic reactor, and less transmitted radiation is utilized in the
degradation of pollutants [152,153]. The optimization process of the catalyst load is one
of the major parameters that impact the whole catalytic process and its efficiency. Most of
the researchers concentrated on the process optimization parameters of the photocatalytic
degradation of pollutants. Based on the extensive literature survey, it is found that increas-
ing the catalyst load increases the degradation of pollutants, which proportionally produces
more hydroxyl ions and positive holes, and absorbs more photons, due to the availability
of a large number of catalyst surfaces. As a result, this increases the degradation rate at
a higher concentration, causing interference of the light to penetrate the solution, which
restricts the light in passing through the solution [154,155]. This reduces the degradation
percentage, and the phenomenon is known as the scattering of light [156]. In some cases, a
certain amount of catalyst loading results in solution turbidity and, thus, blocks the UV
radiation for the reaction to proceed, and finally decreases the degradation rate of the
pollutants [157–160]. Beyond the optimum amount of catalysts, loading may affect the
pollutant degradation rate, which is due to the increase in the opacity of the photocatalyst
suspension. Increasing the light scattering and infiltration depth of the photons results
in diminishing, meaning fewer photocatalysts may be activated, and also results in the
agglomeration of nanoparticles at a higher concentration of photocatalysts. The agglom-
eration of nanoparticles occurs due to the activation of a lower number of surface-active
sites during the photocatalytic degradation process, and also results in the deactivation of
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the activated molecules, leading to the collision of the activated molecules in the ground
state [161]. Table 7 describes the dependency of the photocatalytic activity on the catalysts
loading and their conversion efficiency.

Table 7. Dependency of the photocatalytic activity on the catalysts loading and their conversion efficiency.

Pollutant Photocatalyst Catalyst Load Efficiency Reference

Sulfamethoxazole BiVO4/CHCOO(BiO) 1 g/L 85% [98]

Methylene blue CuO/ZnO 1 g/L 96.57% [142]

Methylene blue BiVO4/carbon 1.0 g/L 95% [99]

Rhodamine B CdS-reduced
graphene oxide 0.4 g/L 97.2% [143]

Rhodamine B Bi4V2O10/BiVO4 1 g/L 100% [100]

4-fluorophenol
Methyl orange

Ag3PO4/H3PW12O40
3 g/L 100%

[103]
3 g/L 100%

Rhodamine B WO3 1 g/L 95% [144]

Rhodamine B RP-MoS2/rGO 0.4 g/L 99.3% [145]

4-chloro Phenol ZrTiO2 0.1 g/L 95% [102]

8.2. Doping

The efficiency of the photocatalyst can be increased by doping in the following ways:
bad gap narrowing; oxygen vacancies; formation of impurity energy levels; unique surface
area; electron trapping, etc. [162]. Generally, a catalyst with smaller bandgap energy is an
effective photocatalyst to produce more electron-hole pairs. The doping process prevents
the recombination of electrons and holes, and enhances photocatalytic activity by trapping
the photoinduced electrons [163]. The incorporation of dopant ions in the catalysts reduces
the radius of lattice ions and lattice space. Similarly, dopant ions are incorporated into
the catalyst crystal lattice to enhance the electronic property of the photocatalysts, and
also to improve the light absorption ability in the visible light region [164]. Increasing
the optimum level by adding a dopant to the catalyst reduces the photocatalytic activity.
Narrowing the charge space area increases the recombination of higher dopants than the
optimum level, reducing the surface area. The dopant then turns to the recombination
center, which ultimately decreases the activity of the photocatalyst [165]. In the case of
TiO2, adding too much dopant reduces the thermal stability of TiO2, which causes phase
transformation of TiO2 anatase to turn to rutile. A higher level of doping forms clusters in
the surface of the photocatalyst, which decreases the photocatalytic activity by reducing
the light penetration into the actual photocatalyst surface, and shields the surface area,
which causes agglomeration [162]. However, some reports suggest that adding a dopant
to the surface increases the mesoporous structure of the catalyst. In the case of using a
noble metal as a dopant, which separates the electron and hole pair by the phenomenon
of surface plasmon resonance under visible light, and also increases the adsorption of the
pollutant onto the surface of the catalyst, the traps are formed by the noble metal when it
acts as a dopant, which reduces the recombination by trapping. In metals, it increases the
lifetime of the catalyst by preventing corrosion, due to the organic metal reaction with the
surface of the photocatalyst [166]. Doping controls the specific surface area, morphology,
crystallinity of the photocatalyst, and particle size. There are different types of dopants,
such as anionic and cationic dopants; adding anionic dopants makes the process simple
by working under visible light with better stability, and gives a better yield under the
visible region compared to UV radiation [166]. Nitrogen, sulfur, phosphorous, carbon, and
fluorine are the anionic species that form impurity energy levels near the valence band, and
give greater efficiency. In both substitution and interstitial mode, nitrogen is incorporated
into the lattice of the photocatalyst. By adding activated carbon, the surface area of the

138



Catalysts 2022, 12, 544

catalyst increases and its efficiency increases. The crystalline property of the semiconductor
photocatalyst is reduced when adding a dopant to the surface; adding large amounts of
cerium and nitrogen decreases the crystallinity. Consequently, Chen et al. [167] study
the composition of rutile, increasing the doping concentration by reducing the thermal
stability of anatase. This results in the phase transformation of anatase into rutile. In the
case of mesoporous nanoparticles, doping materials decrease the photocatalytic activities,
due to the surface site being blocked by doping material. Under visible light irradiation,
higher photocatalyst efficiency is achieved by introducing impurity energy levels, which
narrow the bandgap and form oxygen-deficient sites and more electron-hole pairs [168].
The photocatalytic activity of the prepared catalyst depends on how well the recombination
of the photoinduced hole–electron pairs is prevented. Doping prevents the recombination
of electrons and holes and improves photocatalytic activity by trapping the photoinduced
electrons. By adding the dopant substitutionally and interstitially to the photocatalyst,
degradation of organic pollutants is enhanced [169]. Table 8 describes the removal of
various pollutants using different types of doped photocatalysts.

Table 8. Removal of various pollutants using different types of doped photocatalysts.

Pollutant Light Source Dopant
Material

Removal
Efficiency Reference

Methylene blue Visible light Ag–TiO2 96% [170]

Rhodamine B Solar light CeO2-doped
TiO2

99.8% [171]

POME Visible light Ag–TiO2 26.77% [172]

Phenol UV–Visible light Ag–TiO2 Up to 50% [173]

Malachite green UV–Visible light Fe–TiO2 75.81% [174]

Nitrobenzene UV light Fe–TiO2 99.7% [175]

Reactive red-198 Visible light Cu–TiO2 13% [176]

Bisphenol A Visible light Cu–TiO2 77% [177]

Methylene blue Visible light Ni–TiO2 63% [178]

Phenol Visible light Co–TiO2 81.72% [179]

Rhodamine B Solar light Bi–TiO2 97% [180]

4-Chlorophenoxy
acetic acid Visible light N–TiO2 73% [181]

Phenol Visible light N–TiO2 Up to 25% [182]

Phenol Visible light B–TiO2 12.33% [183]

Phenol UV light F–TiO2 78% [184]

8.3. pH of the Solution

In the photocatalytic degradation of pollutants in wastewater, the pH of the wastewater
significantly influences the photocatalytic efficiency process. Several studies report on the
effect of pH on the photocatalytic reaction. In the photocatalytic degradation process, the
pH of the reaction mixture mainly depends on the catalyst surface charge and the chemical-
charged particle present in the samples. In the case of wastewater treatment, the pH is
mainly dependent on the charge of the photocatalyst, the size of the aggregates, and the
position of the conductance and valence bands [185]. If the surface charge and adsorbate
have similar charges, resulting in a decrease in the rate of the photodegradation process,
the pH of the solution should be maintained to stabilize the photocatalytic degradation
of the pollutant [186,187]. It is reported that ZnO with SnO2 nanoparticles shows better
catalytic properties at a neutral pH than at acidic (pH = 4) or alkaline (pH = 10) pH
levels [188]. Similarly, if the material’s surface charge opposes the adsorption process
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because the adsorbate contains the same charge, the pH conditions reveal the optimal
adsorption [189]. The photocatalyst Mg–ZnO–Al2O3 was observed to degrade 20 mg/L
caffeine solution at pH 9.5 [23] . According to the researchers, changes in the surface charge,
and the ionization of caffeine molecules, increase the generation of hydroxyl radicals
and enhance the photocatalytic degradation of pollutants under varied pH conditions
of the reaction substrate [190]. Generally, pH parameters include many factors, such as
decomposition, and the non-favorable adsorption dissolution of the photocatalyst [191].
However, the pH of the solution is 9 in the optimal condition for the photodegradation
of the Acid Black 1 dye solution with a photodegradation efficiency of up to 90.1% using
a ZnO photocatalyst [24]. The removal effectiveness is lower at acidic pH levels, due to
photocatalyst dissolution. As the photocatalyst surface charge is inversely proportional to
the solution charge, the pH solution must be evaluated [191]. It was recently reported that at
a lower pH level, the maximum oxidizing capacity of titanium-based photocatalysts lowers
the rate of the reaction, due to the presence of excess H+ in the reactant solution. To enhance
the photocatalytic degradation of pollutants, pH optimization is very important, in order
to determine the rate of the reaction [192]. Kiomars Zargoosh et al. (2020) [193] report the
use of a nanocomposite of CaAl2O4:Eu2+:Nd3+ photocatalyst for the removal of methylene
blue dye, by varying the pH of the solution from 7 to 10. At a higher concentration of
hydroxyl ions under alkaline conditions, the rate of degradation is faster than in acidic
conditions. At pH values higher than 10, the reduction in the removal efficiency may
be due to the inactivation of the photocatalyst [193]. A. F. Alkaim et al. (2014) [194]
report that photocatalytic dye degradation efficiency is enhanced by varying the pH from
4 to 11. The photodegradation of pollutants is enhanced at pH 6 when using TiO2 as a
photocatalyst, as shown in Figure 7a. Generally, dye pollutants are negatively charged in
the base medium, and their adsorption may also be affected by an increase in the density of
the Ti–O group on the surface. This type of mechanism always occurs, due to coulombic
repulsion of the dye pollutant. Similarly, changing the pH from 6 to 7 demonstrates a
decrease in the photocatalytic degradation of dye in both acidic and alkaline pH, whereas
at high pH values the hydroxyl radicals are rapidly scavenged, and they do not have
the opportunity to react with dye pollutants [195]. Using zinc oxide as a photocatalyst
significantly enhances the photodegradation of dye at the high pH of 11, whereas at a low
pH, the photodecomposition of ZnO into Zn2+ in acidic, neutral, and alkaline conditions
results in the formation of hydroxyl radical ions, as shown in Figure 7b. In the case of
Co3O4, the photocatalytic dye degradation efficiency is reduced at a high pH of 11. The
same trend is observed in a CdS photocatalyst, as shown in Figure 7c,d. Based on the above
results, it is concluded that the pH of the reactant solution plays an important role in the
degradation of pollutants [196].

8.4. Light Intensity

The light intensity affects the efficiency of photocatalysts. When the intensity of the
light source is low, between 0–20 mW/cm2, the rate of the reaction increases in light inten-
sity. At the middle range of light intensity (25 mW/cm2), the rate of the reaction depends
on the square root of the light intensity, and at high intensities the rate of the reaction is
independent of light intensity. At low light intensity in the photocatalytic reaction, an
electron-hole pair separates and then recombines, which reduces the formation of free
radicals and results in the degradation of organic pollutants. Neppolian et al. (2003) [150]
report the photocatalytic degradation of Reactive Yellow 17, Reactive Red 2, and Reactive
Blue 4 dyes using titanium dioxide photocatalyst, under solar (or) UV radiation as a light
source. Compared with solar radiation, UV radiation is more effective in the degradation
of the selected dyes [150]. The energy of the UV radiation is large compared to the bandgap
energy of the catalysts. The reason behind this is a recombination of the electron-hole pair,
which is completely avoided in the presence of a UV source. Using sunlight as a source of
light energy in the photocatalytic degradation of pollutants means that only 5% of the total
radiation energy is used for the bandgap excitation of electrons. Hence, the percentage
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degradation is found to be less in solar radiation compared with the UV source of photo-
catalytic pollutant degradation [196]. Hung and Yuan (2000) [197] study the effect of light
intensity on the photocatalytic degradation of pollutants. The light intensity ranges from
215 to 586 µW/cm2, increasing the degradation efficiency of the pollutants with the increas-
ing light intensity. In the study of Chanathaworn et al. (2012) [198], the intensity of the black
light lamp is varied between the ranges of 0–114 W/m2, and the impact of light intensity
radiation efficiency on the degradation of the rhodamine B pollutant is analyzed. Based on
the experimental results, when the intensity of the light source increases, it enhances the ef-
ficiency of the pollutant degradation. Under three different light intensities (1.24 mW/cm2,
2.04 mW/m2, and 3.15 mW/m2) the decolorization of acid yellow 17 degradation is studied,
using a photocatalyst to enhance the pollutant efficiency [199]. For the enhancement of the
degradation rate of the pollutant using different types of photocatalyst, the light intensity
may be increased from a lower frequency to a higher frequency [200,201]. Similarly, Rao
et al. (2004) demonstrate that the rate of the photocatalytic degradation of acid orange 7 dye
pollutant is increased 1.5 times in a peak sunlight source compared to the artificial UV light
sources [202]. An overall observation of the stated research results is that the wavelength of
the irradiation affects the efficiency of the photocatalytic degradation process. The scientific
evidence clearly states that a shorter wavelength of irradiation stimulates the electron–hole
generation, and subsequently enhances the efficiency of the catalyst [203].
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8.5. Lifetime and Regeneration of Photocatalyst

The lifetime and regeneration of the photocatalyst are important to ensure the effi-
ciency and the quality of the synthesized catalyst. The photocatalytic degradation efficiency
affects the lifetime and regeneration of the photocatalyst. The quality of the photocatalyst is
important for the photocatalytic degradation of the contaminants, as it mainly depends on
the process of the catalyst synthesis, dopants, and selection of the catalyst. Several catalyst
performances reduce after a certain cycle, due to their corrosion properties. Photocatalyst
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must maintain good stability and reusability, which is an essential factor for the pollutant
degradation process. Most photocatalysts are deactivated after several cycles of the reaction
process. Many factors are responsible for the deactivation of the photocatalysts, such as
the loss of photocatalyst mass, especially during the washing/purification process. It has
been reported that some amounts of rod-shaped ZnO stacking occur on Cu2O/Ag3PO4
during filtration [204]. Leaching of dopants usually occurs during the reaction due to
photoetching [205]. A synthesized ZnO catalyst undergoes photodecomposition after three
cycles in the degradation of rhodamine B, and the nanosized photocatalyst has a high
porosity surface, because of the deactivation of catalysts. The highly stable, novel photocat-
alyst Ag2Nb4O11 has 40 times the reusable capacity for the degradation of rhodamine B,
methylene blue, and methyl orange [206]. The researchers discovered that the methylene
blue of organic intermediates is adsorbed on the photocatalyst surface during every cy-
cle [207]. In summary, the strength, durability, and stability of the catalyst are based on the
reaction parameters involved in the photocatalytic degradation process. This is to ensure
that the prepared catalyst has high reusability, and recycling the ability minimizes the cost
of the process.

9. Conclusions

The review mainly focused on photocatalysis technology used to solve environmental
problems. In the present paper, we explained the degradation of pollutants present in
wastewater. The major pollutants present in wastewater are polybrominated diphenyl
ether and its derivatives, phthalates and its derivatives, phenolic compounds, drugs and
antibiotics, and dye compounds, etc. These compounds were effectively removed using
nanomaterials in the presence of light. The study shows that metal oxides of titanium,
barium, copper, zinc, lanthanum, nickel, silver, cerium, iron, and others are effectively
used as photocatalysts in the removal of various pollutants. The removal of pollutants
from wastewater is based on the reaction conditions in the presence of various types of
photocatalysts. A potential photocatalyst is capable of degrading all types of pollutants
with higher efficiency, but using photocatalysts has some disadvantages. The recombination
rate is high and it works efficiently under UV light irradiation, but a catalyst that works
in the visible light to utilize the solar energy without any restraint is needed. This can
be rectified by doping and the Z-scheme effect, as both of these effectively rectify this
in the various types of heterogeneous nanoparticle-based photocatalysts with common
photocatalytic errors such as higher recombination rate, large bandgap, and the inability to
harvest visible light. Generally, titanium, copper, zinc, iron, and all other compounds are
also effective in degradation, with metal-doping enhancing the degradation efficiency. The
efficiency of the photocatalyst is mainly based on fundamental factors such as pH, doping,
catalysts loading, light intensity, and stability. These factors have a significant part in the
degradation of pollutants. The major functions of these parameters, and their impact on
the rate of photocatalytic degradation efficiency, were elaborated in detail in the present
paper. Finally, a photocatalyst is cheap and more stable compared to other conventional
catalysts, as well as being economical and environmentally friendly. With the growth
and extension of the research, photocatalysis technology was extended to many fields,
such as energy, health, environment, pollution control, and the synthesis of value-added
chemicals. As a result, the relevance of photocatalysis to human life is increasing steadily.
The grand challenge of photocatalysis today is to further expand the practical application
of photocatalytic technology in the industrial field.
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26. Ateş, S.; Baran, E.; Yazıcı, B. Fabrication of Al2O3 nanopores/SnO2 and its application in photocatalytic degradation under UV
irradiation. Mater. Chem. Phys. 2018, 214, 17–27. [CrossRef]

27. Soares, E.T.; Lansarin, M.A.; Moro, C.C. A study of process variables for the photocatalytic degradation of rhodamine B. Braz. J.
Chem. Eng. 2007, 24, 29–36. [CrossRef]

143



Catalysts 2022, 12, 544

28. Alafif, Z.O.; Anjum, M.; Ansari, M.O.; Kumar, R.; Rashid, J.; Madkour, M.; Barakat, M.A. Synthesis and characterization of
S-doped-rGO/ZnS nanocomposite for the photocatalytic degradation of 2-chlorophenol and disinfection of real dairy wastewater.
J. Photochem. Photobiol. A Chem. 2019, 377, 190–197. [CrossRef]

29. Fathima, J.B.; Pugazhendhi, A.; Oves, M.; Venis, R. Synthesis of eco-friendly copper nanoparticles for augmentation of catalytic
degradation of organic dyes. J. Mol. Liq. 2018, 260, 1–8. [CrossRef]

30. Rao, M.P.C.; Kulandaivelu, K.; Ponnusamy, V.K.; Wu, J.J.; Sambandam, A. Surfactant-assisted synthesis of copper oxide nanorods
for the enhanced photocatalytic degradation of Reactive Black 5 dye in wastewater. Environ. Sci. Pollut. Res. 2020, 27, 17438–17445.
[CrossRef]

31. Akram, N.; Guo, J.; Ma, W.; Guo, Y.; Hassan, A.; Wang, J. Synergistic catalysis of Co(OH)2/CuO for the degradation of organic
pollutant under visible light irradiation. Sci. Rep. 2020, 10, 1939. [CrossRef] [PubMed]

32. Zhang, Y.; Zhou, J.; Chen, J.; Feng, X.; Cai, W. Rapid degradation of tetracycline hydrochloride by heterogeneous photocatalysis
coupling persulfate oxidation with MIL-53(Fe) under visible light irradiation. J. Hazard. Mater. 2020, 392, 122315. [CrossRef]
[PubMed]

33. Deng, X.; Wang, C.; Yang, H.; Shao, M.; Zhang, S.; Wang, X.; Ding, M.; Huang, J.; Xu, X. One-pot hydrothermal synthesis of CdS
decorated CuS microflower-like structures for enhanced photocatalytic properties. Sci. Rep. 2017, 7, 3877. [CrossRef] [PubMed]

34. Kirankumar, V.S.; Sumathi, S. Photocatalytic and antibacterial activity of bismuth and copper co-doped cobalt ferrite nanoparticles.
J. Mater. Sci. Mater. Electron. 2018, 29, 8738–8746. [CrossRef]

35. Kirankumar, V.S.; Sumathi, S. Structural, optical, magnetic and photocatalytic properties of bismuth doped copper aluminate
nanoparticles. Mater. Chem. Phys. 2017, 197, 17–26. [CrossRef]

36. De Wit, C.A. An overview of brominated flame retardants in the environment. Chemosphere 2002, 46, 583–624. [CrossRef]
37. Azri, N.; Bakar, W.A.W.A.; Ali, R. Optimization of photocatalytic degradation of polybrominated diphenyl ether on trimetallic

oxide Cu/Ni/TiO2/PVC catalyst using response surface methodology method. J. Taiwan Inst. Chem. Eng. 2016, 62, 283–296.
[CrossRef]

38. Wang, R.; Tang, T.; Wei, Y.; Dang, D.; Huang, K.; Chen, X.; Yin, H.; Tao, X.; Lin, Z.; Dang, Z.; et al. Photocatalytic debromination of
polybrominated diphenyl ethers (PBDEs) on metal doped TiO2 nanocomposites: Mechanisms and pathways. Environ. Int. 2019,
127, 5–12. [CrossRef]

39. Li, Y.; Li, J.; Deng, C. Occurrence, characteristics and leakage of polybrominated diphenyl ethers in leachate from municipal solid
waste landfills in China. Environ. Pollut. 2014, 184, 94–100. [CrossRef]

40. Lei, M.; Wang, N.; Zhu, L.; Tang, H. Peculiar and rapid photocatalytic degradation of tetrabromodiphenyl ethers over Ag/TiO2
induced by interaction between silver nanoparticles and bromine atoms in the target. Chemosphere 2016, 150, 536–544. [CrossRef]

41. Lv, Y.; Cao, X.; Jiang, H.; Song, W.; Chen, C.; Zhao, J. Rapid photocatalytic debromination on TiO2 with in-situ formed copper
co-catalyst: Enhanced adsorption and visible light activity. Appl. Catal. B Environ. 2016, 194, 150–156. [CrossRef]

42. Yao, B.; Luo, Z.; Zhi, D.; Hou, D.; Luo, L.; Du, S.; Zhou, Y. Current progress in degradation and removal methods of polybromi-
nated diphenyl ethers from water and soil: A review. J. Hazard. Mater. 2020, 403, 123674. [CrossRef] [PubMed]

43. Huang, A.; Wang, N.; Lei, M.; Zhu, L.; Zhang, Y.; Lin, Z.; Yin, D.; Tang, H. Efficient Oxidative Debromination of Decabro-
modiphenyl Ether by TiO2-Mediated Photocatalysis in Aqueous Environment. Environ. Sci. Technol. 2013, 47, 518–525. [CrossRef]

44. Lei, M.; Wang, N.; Zhu, L.; Xie, C.; Tang, H. A peculiar mechanism for the photocatalytic reduction of decabromodiphenyl ether
over reduced graphene oxide–TiO2 photocatalyst. Chem. Eng. J. 2014, 241, 207–215. [CrossRef]

45. Lei, M.; Wang, N.; Guo, S.; Zhu, L.; Ding, Y.; Tang, H. A one-pot consecutive photocatalytic reduction and oxidation system for
complete debromination of tetrabromodiphenyl ether. Chem. Eng. J. 2018, 345, 586–593. [CrossRef]

46. Guo, S.; Zhu, L.; Majima, T.; Lei, M.; Tang, H. Reductive Debromination of Polybrominated Diphenyl Ethers: Dependence on Br
Number of the Br-Rich Phenyl Ring. Environ. Sci. Technol. 2019, 53, 4433–4439. [CrossRef]

47. Shao, Y.-Y.; Ye, W.-D.; Sun, C.-Y.; Liu, C.-L.; Wang, Q.; Chen, C.-C.; Gu, J.-Y.; Chen, X.-Q. Enhanced photoreduction degradation of
polybromodiphenyl ethers with Fe3O4-g-C3N4 under visible light irradiation. RSC Adv. 2018, 8, 10914–10921. [CrossRef]

48. Shao, Y.Y.; Ye, W.D.; Sun, C.Y.; Liu, C.L.; Wang, Q. Visible-light-induced degradation of polybrominated diphenyl ethers with
Agl-TiO2. RSC Adv. 2017, 7, 39089–39095. [CrossRef]

49. Liang, C.; Zhang, L.; Guo, H.; Niu, C.-G.; Wen, X.-J.; Tang, N.; Liu, H.-Y.; Yang, Y.-Y.; Shao, B.-B.; Zeng, G.-M. Photo-removal
of 2,2′4,4′-tetrabromodiphenyl ether in liquid medium by reduced graphene oxide bridged artificial Z-scheme system of
Ag@Ag3PO4/g-C3N4. Chem. Eng. J. 2019, 361, 373–386. [CrossRef]

50. Wei, Y.; Gong, Y.; Zhao, X.; Wang, Y.; Duan, R.; Chen, C.; Song, W.; Zhao, J. Ligand directed debromination of tetrabromodiphenyl
ether mediated by nickel under visible irradiation. Environ. Sci. Nano 2019, 6, 1585–1593. [CrossRef]

51. Huang, K.; Liu, H.; He, J.; He, Y.; Tao, X.; Yin, H.; Dang, Z.; Lu, G. Application of Ag/TiO2 in photocatalytic degradation of
2,2′,4,4′-tetrabromodiphenyl ether in simulated washing waste containing Triton X-100. J. Environ. Chem. Eng. 2021, 9, 105077.
[CrossRef]

52. Careghini, A.; Mastorgio, A.F.; Saponaro, S.; Sezenna, E. Bisphenol A, nonylphenols, benzophenones, and benzotriazoles in soils,
groundwater, surface water, sediments, and food: A review. Environ. Sci. Pollut. Res. 2015, 22, 5711–5741. [CrossRef]

53. Benjamin, S.; Masai, E.; Kamimura, N.; Takahashi, K.; Anderson, R.C.; Faisal, P.A. Phthalates impact human health: Epidemiologi-
cal evidences and plausible mechanism of action. J. Hazard. Mater. 2017, 340, 360–383. [CrossRef] [PubMed]

144



Catalysts 2022, 12, 544

54. Swan, S.H.; Main, K.M.; Liu, F.; Stewart, S.L.; Kruse, R.L.; Calafat, A.M.; Mao, C.S.; Redmon, J.B.; Ternand, C.L.; Sullivan, S.;
et al. Decrease in anogenital dis- tance among male infants with prenatal phthalate exposure. Environ. Health Perspect. 2005, 113,
1056–1061. [CrossRef]

55. Kaur, M.; Verma, A.; Setia, H.; Toor, A.P. Comparative Study on the Photocatalytic Degradation of Paraquat Using Tungsten-
Doped TiO2 Under UV and Sunlight. In Sustainable Engineering; Agnihotri, A., Reddy, K., Bansal, A., Eds.; Springer: Singapore,
2019; Volume 30, pp. 145–155. [CrossRef]

56. Akbari-Adergani, B.; Saghi, M.H.; Eslami, A.; Mohseni-Bandpei, A.; Rabbani, M. Removal of dibutyl phthalate from aqueous
environments using a nanophotocatalytic Fe, Ag-ZnO/VIS-LED system: Modeling and optimization. Environ. Technol. 2018, 39,
1566–1576. [CrossRef]

57. Motlagh, P.Y.; Khataee, A.; Hassani, A.; Rad, T.S. ZnFe-LDH/GO nanocomposite coated on the glass support as a highly efficient
catalyst for visible light photodegra- dation of an emerging pollutant. J. Mol. Liq. 2020, 302, 112532. [CrossRef]

58. Dong, W.; Zhu, Y.; Huang, H.; Jiang, L.; Zhu, H.; Li, C.; Chen, B.; Shi, Z.; Wang, G. A performance study of enhanced visible-light-
driven photocatalysis and magnetical protein separation of multifunctional yolk–shell nanostructures. J. Mater. Chem. A 2013, 1,
10030–10036. [CrossRef]

59. Chang, C.F.; Man, C.Y. Titania-coated magnetic composites as photocatalysts for phthalate photodegradation. Ind. Eng. Chem.
Res. 2011, 50, 11620–11627. [CrossRef]

60. Ghanbari, F.; Zirrahi, F.; Olfati, D.; Gohari, F.; Hassani, A. TiO2 nanoparticles removal by electrocoagulation using iron electrodes:
Catalytic activity of electrochemical sludge for the degradation of emerging pollutant. J. Mol. Liq. 2020, 310, 113217. [CrossRef]

61. Gu, X.; Qin, N.; Wei, G.; Hu, Y.; Zhang, Y.-N.; Zhao, G. Efficient photocatalytic removal of phthalates easily implemented over a
bi-functional {001}TiO2 surface. Chemosphere 2020, 263, 128257. [CrossRef]

62. Huang, W.-B.; Chen, C.-Y. Photocatalytic Degradation of Diethyl Phthalate (DEP) in Water Using TiO2. Water Air Soil Pollut. 2010,
207, 349–355. [CrossRef]

63. Liao, W.; Zheng, T.; Wang, P.; Tu, S.; Pan, W. Efficient microwave-assisted photocatalytic degradation of endocrine disruptor
dimethyl phthalate over composite catalyst ZrOx/ZnO. J. Environ. Sci. 2010, 22, 1800–1806. [CrossRef]

64. Jing, Y.; Li, L.; Zhang, Q.; Lu, P.; Liu, P.; Lü, X. Photocatalytic ozonation of dimethyl phthalate with TiO2 prepared by a
hydrothermal method. J. Hazard. Mater. 2011, 189, 40–47. [CrossRef] [PubMed]

65. Kaneco, S.; Katsumata, H.; Suzuki, T.; Ohta, K. Titanium dioxide mediated photocatalytic degradation of dibutyl phthalate in
aqueous solution—kinetics, mineralization and reaction mechanism. Chem. Eng. J. 2006, 125, 59–66. [CrossRef]

66. Liu, Y.; Sun, N.; Hu, J.; Li, S.; Qin, G. Photocatalytic degradation properties of α-Fe2O3 nanoparticles for dibutyl phthalate in
aqueous solution system. R. Soc. Open Sci. 2018, 5, 172196. [CrossRef]

67. Xu, X.-R.; Li, S.-X.; Li, X.-Y.; Gu, J.-D.; Chen, F.; Li, X.-Z.; Li, H.-B. Degradation of n-butyl benzyl phthalate using TiO2/UV. J.
Hazard. Mater. 2009, 164, 527–532. [CrossRef]

68. Wang, X.-K.; Wang, C.; Jiang, W.-Q.; Guo, W.-L.; Wang, J.-G. Sonochemical synthesis and characterization of Cl-doped TiO2 and
its application in the photodegradation of phthalate ester under visible light irradiation. Chem. Eng. J. 2012, 189–190, 288–294.
[CrossRef]

69. Mohamed, R.M.; Aazam, E. Synthesis and characterization of P-doped TiO2 thin-films for photocatalytic degradation of butyl
benzyl phthalate under visible-light irradiation. Chin. J. Catal. 2013, 34, 1267–1273. [CrossRef]

70. Anandan, S.; Pugazhenthiran, N.; Lana-Villarreal, T.; Lee, G.-J.; Wu, J.J. Catalytic degradation of a plasticizer, di-ethylhexyl
phthalate, using Nx–TiO2−x nanoparticles synthesized via co-precipitation. Chem. Eng. J. 2013, 231, 182–189. [CrossRef]

71. Eslami, A.; Akbari-Adergani, B.; Mohseni-Bandpei, A.; Rabbani, M.; Saghi, M.H. Synthesis and characterization of a coated
Fe-Ag@ZnO nanorod for the purification of a polluted environmental solution under simulated sunlight irradiation. Mater. Lett.
2017, 197, 205–208. [CrossRef]

72. Zhou, W.; Yu, C.; Fan, Q.; Wei, L.; Chen, J.; Yu, J.C. Ultrasonic fabrication of N-doped TiO2 nanocrystals with mesoporous
structure and enhanced visible light photocatalytic activity. Chin. J. Catal. 2013, 34, 1250–1255. [CrossRef]

73. Singla, P.; Pandey, O.P.; Singh, K. Study of photocatalytic degradation of environmentally harmful phthalate esters using Ni-doped
TiO2 nanoparticles. Int. J. Environ. Sci. Technol. 2016, 13, 849–856. [CrossRef]

74. Ki, S.J.; Park, Y.-K.; Kim, J.-S.; Lee, W.-J.; Lee, H.; Jung, S.-C. Facile preparation of tungsten oxide doped TiO2 photocatalysts using
liquid phase plasma process for enhanced degradation of diethyl phthalate. Chem. Eng. J. 2018, 377, 120087. [CrossRef]

75. Jamil, T.S.; Abbas, H.A.; Youssief, A.M.; Mansor, E.S.; Hammad, F.F. The synthesis of nano-sized undoped, Bi doped and Bi, Cu
co-doped SrTiO3 using two sol–gel methods to enhance the photocatalytic performance for the degradation of dibutyl phthalate
under visible light. Comptes Rendus. Chim. 2017, 20, 97–106. [CrossRef]

76. He, G.; Zhang, J.; Hu, Y.; Bai, Z.; Wei, C. Dual-template synthesis of mesoporous TiO2 nanotubes with structure-enhanced
functional photocatalytic performance. Appl. Catal. B Environ. 2019, 250, 301–312. [CrossRef]

77. Chalasani, R.; Vasudevan, S. Cyclodextrin-Functionalized Fe3O4@TiO2: Reusable, Magnetic Nanoparticles for Photocatalytic
Degradation of Endocrine-Disrupting Chemicals in Water Supplies. ACS Nano 2013, 7, 4093–4104. [CrossRef]

78. Shan, W.; Hu, Y.; Bai, Z.; Zheng, M.; Wei, C. In situ preparation of g-C3N4/bismuth-based oxide nanocomposites with enhanced
photocatalytic activity. Appl. Catal. B Environ. 2016, 188, 1–12. [CrossRef]

79. Meenakshi, G.; Sivasamy, A. Nanorod ZnO/SiC nanocomposite: An efficient catalyst for the degradation of an endocrine
disruptor under UV and visible light irradiations. J. Environ. Chem. Eng. 2018, 6, 3757–3769. [CrossRef]

145



Catalysts 2022, 12, 544

80. Hassan, H.M.; Betiha, M.A.; El-Sharkawy, E.A.; Elshaarawy, R.F.; El-Assy, N.B.; Essawy, A.A.; Tolba, A.M.; Rabie, A.M. Highly
selective epoxidation of olefins using vanadium (IV) schiff base-amine-tagged graphene oxide composite. Colloids Surf. A
Physicochem. Eng. Asp. 2020, 591, 124520. [CrossRef]

81. Tang, W.; Chen, J.; Yin, Z.; Sheng, W.; Lin, F.; Xu, H.; Cao, S. Complete removal of phenolic contaminants from bismuth-modified
TiO2 single-crystal photocatalysts. Chin. J. Catal. 2021, 42, 347–355. [CrossRef]

82. Xu, C.; Jin, Z.; Yang, J.; Guo, F.; Wang, P.; Meng, H.; Bao, G.; Li, Z.; Chen, C.; Liu, F.; et al. A direct Z-scheme LaFeO3/WO3
photocatalyst for enhanced degradation of phenol under visible light irradiation. J. Environ. Chem. Eng. 2021, 9, 106337. [CrossRef]

83. Prasad, C.; Liu, Q.; Tang, H.; Yuvaraja, G.; Long, J.; Rammohan, A.; Zyryanov, G.V. An overview of graphene oxide supported
semiconductors based photocatalysts: Properties, synthesis and photocatalytic applications. J. Mol. Liq. 2020, 297, 111826.
[CrossRef]

84. Hurtado, L.; Amado-Piña, D.; Roa-Morales, G.; Peralta, E.; Del Campo, E.M.; Natividad, R. Comparison of AOPs Efficiencies on
Phenolic Compounds Degradation. J. Chem. 2016, 2016, 1–8. [CrossRef]

85. Paschoalino, F.C.S.; Paschoalino, M.P.; Jordão, E.; Jardim, W.D.F. Evaluation of TiO2, ZnO, CuO and Ga2O3 on the Photocatalytic
Degradation of Phenol Using an Annular-Flow Photocatalytic Reactor. Open J. Phys. Chem. 2012, 2, 135–140. [CrossRef]

86. Shet, A.; Vidya, S.K. Solar light mediated photocatalytic degradation of phenol using Ag core—TiO2 shell (Ag@TiO2) nanoparticles
in batch and fluidized bed reactor. Sol. Energy 2016, 127, 67–78. [CrossRef]

87. Rueda-Marquez, J.J.; Levchuk, I.; FernándezIbañez, P.; Sillanpää, M. A critical review on application of photocatalysis for toxicity
reduction of real wastewaters. J. Clean. Prod. 2020, 258, 120694. [CrossRef]

88. Chowdhury, P.; Nag, S.; Ray, A.K. Degradation of Phenolic Compounds Through UV and Visible- Light-Driven Photocatalysis:
Technical and Economic Aspects. In Phenolic Compounds—Natural Sources, Importance and Applications; IntechOpen: London,
UK, 2017. [CrossRef]

89. Malefane, M.E. Co3O4/Bi4O5I2/Bi5O7I C-Scheme Heterojunction for Degradation of Organic Pollutants by Light-Emitting Diode
Irradiation. ACS Omega 2020, 5, 26829–26844. [CrossRef]

90. Chowdhury, P.; Gomaa, H.; Ray, A.K. Sacrificial hydrogen generation from aqueous triethanolamine with Eosin Y-sensitized
Pt/TiO2 photocatalyst in UV, visible and solar light irradiation. Chemosphere 2015, 121, 54–61. [CrossRef]

91. Chowdhury, P.; Moreira, J.; Gomaa, H.; Ray, A.K. Visible-Solar-Light-Driven Photocatalytic Degradation of Phenol with Dye-
Sensitized TiO2: Parametric and Kinetic Study. Ind. Eng. Chem. Res. 2012, 51, 4523–4532. [CrossRef]

92. Qin, G.; Wu, Q.; Sun, Z.; Wang, Y.; Luo, J.; Xue, S. Enhanced photoelectrocatalytic degradation of phenols with biofunctionalizedd
dye-sensitized TiO2 film. J. Hazard. Mater. 2012, 199, 226–232. [CrossRef]

93. Rahmani, A.; Rahimzadeh, H.; Beirami, S. Photo-Degradation of Phenol Using TiO2/CMK-3 Photo-Catalyst Under Medium
Pressure UV Lamp. Avicenna J. Environ. Health Eng. 2018, 5, 35–41. [CrossRef]

94. Mohamed, A.; Yousef, S.; Nasser, W.S.; Osman, T.A.; Knebel, A.; Sánchez, E.P.V.; Hashem, T. Rapid photocatalytic degradation of
phenol from water using composite nanofbers under UV. Environ. Sci. Eur. 2020, 32, 160. [CrossRef]

95. Górska, P.; Zaleska-Medynska, A.; Jan, H. Photodegradation of phenol by UV/TiO2 and Vis/N,C-TiO2 processes: Comparative
mechanistic and kinetic studies. Sep. Purif. Technol. 2009, 68, 90–96. [CrossRef]

96. Liu, T.; Tan, G.; Zhao, C.; Xu, C.; Su, Y.; Wang, Y.; Ren, H.; Xia, A.; Shao, D.; Yan, S. Enhanced photocatalytic mechanism of the
Nd-Er co-doped tetragonal BiVO4 photocatalysts. Appl. Catal. B Environ. 2017, 213, 87–96. [CrossRef]

97. Sin, J.-C.; Lam, S.-M.; Zeng, H.; Lin, H.; Li, H.; Tham, K.-O.; Mohamed, A.R.; Lim, J.-W.; Qing, Z. Magnetic NiFe2O4 nanoparticles
decorated on N-doped BiOBr nanosheets for expeditious visible light photocatalytic phenol degradation and hexavalent chromium
reduction via a Z-scheme heterojunction mechanism. Appl. Surf. Sci. 2021, 559, 149966. [CrossRef]

98. Zhang, Y.; Li, G.; Yang, X.; Yang, H.; Lu, Z.; Chen, R. Monoclinic BiVO4 micro-/nanostructures: Microwave and ultrasonic wave
combined synthesis and their visible-light photocatalytic activities. J. Alloy. Compd. 2013, 551, 544–550. [CrossRef]

99. Wang, X.; Zhou, J.; Zhao, S.; Chen, X.; Yu, Y. Synergistic effect of adsorption and visible-light photocatalysis for organic pollutant
removal over BiVO4/carbon sphere nanocomposites. Appl. Surf. Sci. 2018, 453, 394–404. [CrossRef]

100. Li, H.; Chen, Y.; Zhou, W.; Gao, H.; Tian, G. Tuning in BiVO4/Bi4V2O10 porous heterophase nanospheres for synergistic
photocatalytic degradation of organic pollutants. Appl. Surf. Sci. 2019, 470, 631–638. [CrossRef]

101. Deng, Y.; Xiao, Y.; Zhou, Y.; Zeng, T.; Xing, M.; Zhang, J. A structural engineering-inspired CdS based composite for photocatalytic
remediation of organic pollutant and hexavalent chromium. Catal. Today 2019, 335, 101–109. [CrossRef]

102. Mbiri, A.; Taffa, D.H.; Gatebe, E.; Wark, M. Zirconium doped mesoporous TiO2 multilayer thin films: Influence of the zirconium
content on the photodegradation of organic pollutants. Catal. Today 2019, 328, 71–78. [CrossRef]

103. Li, K.; Zhong, Y.; Luo, S.; Deng, W. Fabrication of powder and modular H3PW12O40/Ag3PO4 composites: Novel visible-light
photocatalysts for ultra-fast degradation of organic pollutants in water. Appl. Catal. B Environ. 2020, 278, 119313. [CrossRef]

104. Yu, X.; Wang, L.; Feng, L.-j.; Li, C.-h. Preparation of Au/BiOBr/Graphene composite and its photocatalytic performancein phenol
degradation under visible light. J. Fuel Chem. Technol. 2016, 44, 937–942. [CrossRef]

105. Pradhan, G.K.; Padhi, D.K.; Parida, K.M. Fabrication of α-Fe2O3 nanorod/RGO composite: A novel hybrid photocatalyst for
phenol degradation. ACS Appl. Mater. Interfaces 2013, 5, 9101–9110. [CrossRef] [PubMed]

106. Liu, H.; Su, Y.; Chen, Z.; Jin, Z.; Wang, Y. Bi7O9I3/reduced grapheme oxide composite as an efficient visible-light-driven
photocatalyst for degradation of organic contaminants. J. Mol. Catal. A Chem. 2014, 391, 175–182. [CrossRef]

146



Catalysts 2022, 12, 544

107. Singh, P.; Raizada, P.; Sudhaik, A.; Shandilya, P.; Thakur, P.; Agarwal, S.; Gupta, V.K. Enhanced photocatalytic activity and
stability of AgBr/BiOBr/graphene heterojunction for phenol degradation under visible light. J. Saudi Chem. Soc. 2019, 23, 586–599.
[CrossRef]

108. Abdullah, N.S.A.; So’aib, S.; Krishnan, J. Effect of calcination temperature on ZnO/TiO2 composite in photocatalytic treatment of
phenol under visible light. Malays. J. Anal. Sci. 2017, 21, 173–181.

109. Peng, W.-C.; Wang, X.; Li, X.-Y. The synergetic effect of MoS2 and graphene on Ag3PO4 for its ultra-enhanced photocatalytic
activity in phenol degradation under visible light. Nanoscale 2014, 6, 8311–8317. [CrossRef]

110. Hayati, F.; Isari, A.A.; Fattahi, M.; Anvaripour, B.; Jorfibc, S. Photocatalytic decontamination of phenol and petrochemical
wastewater through ZnO/TiO2 decorated on reduced graphene oxide nanocomposite: Influential operating factors, mechanism,
and electrical energy consumption. RSC Adv. 2018, 8, 40035–40053. [CrossRef]

111. Teixeira, I.; Quiroz, J.; Homsi, M.; Camargo, P. An Overview of the Photocatalytic H2 Evolution by Semiconductor-Based Materials
for Nonspecialists. J. Braz. Chem. Soc. 2020, 31, 211–229. [CrossRef]

112. Bobirică, C.; Bobirică, L.; Râpă, M.; Matei, E.; Predescu, A.M.; Orbeci, C. Photocatalytic Degradation of Ampicillin Using
PLA/TiO2 Hybrid Nanofibers Coated on Different Types of Fiberglass. Water 2020, 12, 176. [CrossRef]

113. Li, M.; Li, G.; Jiang, J.; Zhang, Z.; Dai, X.; Mai, K. Ultraviolet resistance and antimicrobial properties of ZnO in the polypropylene
materials: A review. J. Mater. Sci. Technol. 2015, 31, 331–339. [CrossRef]

114. Saidu, U. Synthesis and Characterization of BiVO4 nanoparticles and its Photocatalytic Activity on Levofloxacin Antibiotics.
ChemSearch J. 2019, 10, 104–111.

115. Yang, X.; Chen, Z.; Zhao, W.; Liu, C.; Qian, X.; Zhang, M.; Wei, G.; Khan, E.; Ng, Y.H.; Ok, Y.S. Recent advances in photodegradation
of antibiotic residues in water. Chem. Eng. J. 2021, 405, 126806. [CrossRef] [PubMed]

116. Lin, H.H.-H.; Lin, A.Y.-C. Photocatalytic oxidation of 5-fluorouracil and cyclophosphamide via UV/TiO2 in an aqueous environ-
ment. Water Res. 2014, 48, 559–568. [CrossRef]

117. Olusegun, S.J.; Larrea, G.; Osial, M.; Jackowska, K.; Krysinski, P. Photocatalytic Degradation of Antibiotics by Superparamagnetic
Iron Oxide Nanoparticles. Tetracycline Case. Catalysts 2021, 11, 1243. [CrossRef]

118. Dong, S.; Cui, L.; Zhang, W.; Xia, L.; Zhou, S.; Russell, C.; Fan, M.; Feng, J.; Sun, J. Double-shelled ZnSnO3 hollow cubes for
efficient photocatalytic degradation of antibiotic wastewater. Chem. Eng. J. 2020, 384, 123279. [CrossRef]

119. Wang, H.; Ye, Z.; Liu, C.; Li, J.; Zhou, M.; Guan, Q.; Lv, P.; Huo, P.; Yan, Y. Visible light driven Ag/Ag3PO4/AC photocatalyst
with highly enhanced photodegradation of tetracycline antibiotics. Appl. Surf. Sci. 2015, 353, 391–399. [CrossRef]

120. Guo, F.; Li, M.; Ren, H.; Huang, X.; Shu, K.; Shi, W.; Lu, C. Facile bottom-up preparation of Cl-doped porous g-C3N4 nanosheets
for enhanced photocatalytic degradation of tetracycline under visible light. Sep. Purif. Technol. 2019, 228, 115770. [CrossRef]

121. Zhou, C.; Lai, C.; Xu, P.; Zeng, G.; Huang, D.; Zhang, C.; Cheng, M.; Hu, L.; Wan, J.; Liu, Y.; et al. In Situ Grown AgI/Bi12O17Cl2
Heterojunction Photocatalysts for Visible Light Degradation of Sulfamethazine: Efficiency, Pathway, and Mechanism. ACS Sustain.
Chem. Eng. 2018, 6, 4174–4184. [CrossRef]

122. Xiao, T.; Tanga, Z.; Yang, Y.; Tang, L.; Zhou, Y.; Zou, Z. In situ construction of hierarchical WO3/g-C3N4 composite hollow
microspheres as a Z-scheme photocatalyst for the degradation of antibiotics. ACS Sustain. Chem. Eng. 2018, 220, 417–428.
[CrossRef]

123. Kumar, A.; Kumar, A.; Sharma, G.; Al-Muhtaseb, A.H.; Naushad, M.; Ghfar, A.A.; Stadler, F.J. Quaternary magnetic BiOCl/g-
C3N4/Cu2O/Fe3O4 nano-junction for visible light and solar powered degradation of sulfamethoxazole from aqueous environ-
ment. Chem. Eng. J. 2018, 334, 462–478. [CrossRef]

124. Kumar, A.; Khan, M.; He, J.; Lo, I.M. Visible–light–driven magnetically recyclable terephthalic acid functionalized g− C3N4/TiO2
heterojunction nanophotocatalyst for enhanced degradation of PPCPs. Appl. Catal. B Environ. 2020, 270, 118898. [CrossRef]

125. Al Balushi, B.S.; Al Marzouqi, F.; Al Wahaibi, B.; Kuvarega, A.T.; Al Kindy, S.M.Z.; Kim, Y.; Selvaraj, R. Hydrothermal synthesis of
CdS sub-microspheres for photocatalytic degradation of pharmaceuticals. Appl. Surf. Sci. 2018, 457, 559–565. [CrossRef]

126. Alberti, S.; Locardi, F.; Sturini, F.; Speltini, A.; Maraschi, F.; Costa, G.A.; Ferretti, M.; Caratto, V. Photocatalysis in Darkness:
Optimization of Sol-Gel Synthesis of NP-TiO2 Supported on a Persistent Luminescence Material and its Application for the
Removal of Ofloxacin from Water. J. Nanomed. Nanotechnol. 2018, 9, 1–6. [CrossRef]

127. Gao, J.; Gao, Y.; Sui, Z.; Dong, Z.; Wang, S.; Zou, D. Hydrothermal synthesis of BiOBr/FeWO4 composite photocatalysts and their
photocatalytic degradation of doxycycline. J. Alloy. Compd. 2018, 732, 43–51. [CrossRef]

128. Gong, Y.; Wu, Y.; Xu, Y.; Li, L.; Li, C.; Liu, X.; Niu, L. All-solid-state Z-scheme CdTe/TiO2 heterostructure photocatalysts with
enhanced visible-light photocatalytic degradation of antibiotic wastewater. Chem. Eng. J. 2018, 350, 257–267. [CrossRef]

129. Wang, D.; Jia, F.; Wang, H.; Chen, F.; Fang, Y.; Dong, W.; Zeng, G.; Li, X.; Yang, Q.; Yuan, X. Simultaneously efficient adsorption
and photocatalytic degradation of tetracycline by Fe-based MOFs. J. Colloid Interface Sci. 2018, 519, 273–284. [CrossRef]

130. Cao, Y.; Lei, X.; Chen, Q.; Kang, C.; Li, W.; Liu, B. Enhanced photocatalytic degradation of tetracycline hydrochloride by novel
porous hollow cube ZnFe2O4. J. Photochem. Photobiol. A Chem. 2018, 364, 794–800. [CrossRef]

131. Osotsi, M.I.; Macharia, D.K.; Zhu, B.; Wang, Z.; Shen, X.; Liu, Z.; Zhang, L.; Chen, Z. Synthesis of ZnWO4−x nanorods with
oxygen vacancy for efficient photocatalytic degradation of tetracycline. Prog. Nat. Sci. 2018, 28, 408–415. [CrossRef]

132. Suwannaruang, T.; Hildebrand, J.P.; Taffa, D.H.; Wark, M.; Kamonsuangkasem, K.; Chirawatkul, P.; Wantala, K. Visible light-
induced degradation of antibiotic ciprofloxacin over Fe–N–TiO2 mesoporous photocatalyst with anatase/rutile/brookite nanocrys-
tal mixture. J. Photochem. Photobiol. A Chem. 2020, 391, 112371. [CrossRef]

147



Catalysts 2022, 12, 544

133. Kumar, J.V.; Karthik, R.; Chen, S.-M.; Chen, K.-H.; Sakthinathan, S.; Muthuraj, V.; Chiu, T.-W. Design of novel 3D flower-like
neodymium molybdate: An efficient and challenging catalyst for sensing and destroying pulmonary toxicity antibiotic drug
nitrofurantoin. Chem. Eng. J. 2018, 346, 11–23. [CrossRef]

134. Thongam, D.D.; Chaturvedi, H. Advances in nanomaterials for heterogeneous photocatalysis. Nano Express 2021, 2, 012005.
[CrossRef]

135. Tammina, S.K.; Mandal, B.K.; Kadiyala, N.K. Photocatalytic degradation of methylene blue dye by nonconventional synthesized
SnO2 nanoparticles. Environ. Nanotechnol. Monit. Manag. 2018, 10, 339–350. [CrossRef]

136. Liua, H.; Guoa, W.; Lia, Y.; Heb, S.; Hea, C. Photocatalytic degradation of sixteen organic dyes by TiO2/WO3-coated magnetic
nanoparticles under simulated visible light and solar light. J. Environ. Chem. Eng. 2018, 6, 59–67. [CrossRef]

137. Huang, H.; Zhang, J.; Jiang, L.; Zang, Z. Preparation of cubic Cu2O nanoparticles wrapped by reduced graphene oxide for the
efficient removal of rhodamine B. J. Alloy. Compd. 2017, 718, 112–115. [CrossRef]

138. Aggarwal, S. Photo Catalytic Degradation of Methyl Orange by Using CdS Semiconductor Nanoparticles Photo catalyst. Int. Res.
J. Eng. Technol. 2016, 3, 451–455.

139. Aragaw, B.A.; Dagnaw, A. Copper/reduced graphene oxide nanocomposite for high performance photocatalytic methylene blue
dye degradation. Ethiop. J. Sci. Technol. 2019, 12, 125–137. [CrossRef]

140. Raina, S.; Roy, A.; Bharadvaja, N. Degradation of dyes using biologically synthesized silver and copper nanoparticles. Environ.
Nanotechnol. Monit. Manag. 2020, 13, 100278. [CrossRef]

141. Zhang, Z.; Sun, L.; Wu, Z.; Liu, Y.; Li, S. Facile hydrothermal synthesis of CuO–Cu2O/GO nanocomposites for the photocatalytic
degradation of organic dye and tetracycline pollutants. New J. Chem. 2020, 44, 6420–6427. [CrossRef]

142. Bharathi, P.; Harish, S.; Archana, J.; Navaneethan, M.; Ponnusamy, S.; Muthamizhchelvan, C.; Shimomura, M.; Hayakawa, Y.
Enhanced charge transfer and separation of hierarchical CuO/ZnO composites: The synergistic effect of photocatalysis for the
mineralization of organic pollutant in water. Appl. Surf. Sci. 2019, 484, 884–891. [CrossRef]

143. Wei, X.-N.; Ou, C.-L.; Guan, X.-X.; Peng, Z.-K.; Zheng, X.-C. Facile assembly of CdS-reduced graphene oxide heterojunction with
enhanced elimination performance for organic pollutants in wastewater. Appl. Surf. Sci. 2019, 469, 666–673. [CrossRef]

144. Adhikari, S.; Chandra, K.S.; Kim, D.-H.; Madras, G.; Sarkar, D. Understanding the morphological effects of WO3 photocatalysts
for the degradation of organic pollutants. Adv. Powder Technol. 2018, 29, 1591–1600. [CrossRef]

145. Bai, X.; Du, Y.; Hu, X.; He, Y.; He, C.; Liu, E.; Fan, J. Synergy removal of Cr(VI) and organic pollutants over RP-MoS2/rGO
photocatalyst. Appl. Catal. B Environ. 2018, 239, 204–213. [CrossRef]

146. Grzechulska, J.; Morawski, A.W. Photocatalytic decomposition of azo-dye acid black 1 in water over modified titanium dioxide.
Appl. Catal. B Environ. 2001, 36, 45–51. [CrossRef]

147. Gnanaprakasam, A.; Sivakumar, V.M.; Thirumarimurugan, M. Influencing Parameters in the Photocatalytic Degradation of
Organic Effluent via Nanometal Oxide Catalyst: A Review. Indian J. Mater. Sci. 2015, 2015, 601827. [CrossRef]

148. Senthilvelan, S.; Chandraboss, V.L.; Karthikeyan, B.; Natanapatham, L.; Murugavelu, M. TiO2, ZnO and nanobimetallic silica
catalyzedphotodegradation of methyl green. Mater. Sci. Semicond. Process. 2013, 16, 185–192. [CrossRef]

149. Karimi, L.; Zohoori, S.; Yazdanshenas, M.E. Photocatalytic degradation of azo dyes in aqueous solutions under UV irradiation
using nano-strontium titanate as the nanophotocatalyst. J. Saudi Chem. Soc. 2014, 18, 581–588. [CrossRef]

150. Neppolian, B.; Kanel, S.R.; Choi, H.C.; Shankar, M.V.; Arabindoo, B.; Murugesan, V. Photocatalytic degradation of reactive yellow
17 dye in aqueous solution in the presence of TiO2 with cement binder. Int. J. Photoenergy 2003, 5, 45–49. [CrossRef]

151. Mai, F.D.; Lu, C.S.; Wu, C.W.; Huang, C.H.; Chen, J.Y.; Chen, C.C. Mechanisms of photocatalytic degradation of Victoria Blue R
using nano-TiO2. Sep. Purif. Technol. 2008, 62, 423–436. [CrossRef]

152. Neppolian, B.; Choi, H.C.; Sakthivel, S.; Arabindoo, B.; Murugesan, V. Solar/UV-induced photocatalytic degradation of three
commercial textile dyes. J. Hazard. Mater. 2002, 89, 303–317. [CrossRef]

153. Pouretedal, H.R.; Norozi, A.; Keshavarz, M.H.; Semnani, A. Nanoparticles of zinc sulfide doped with manganese, nickel and
copper as nanophotocatalyst in the degradation of organic dyes. J. Hazard. Mater. 2009, 162, 674–681. [CrossRef] [PubMed]

154. Mathialagan, A.; Manavalan, M.; Venkatachalam, K.; Mohammad, F.; Oh, W.C.; Sagadevan, S. ; Sagadevan, S. Fabrication and
physicochemical characterization of g-C3N4/ZnO composite with enhanced photocatalytic activity under visible light. Opt.
Mater. 2020, 100, 109643. [CrossRef]

155. Qutub, N.; Singh, P.; Sabir, S.; Sagadevan, S.; Oh, W. Enhanced photocatalytic degradation of Acid Blue dye using CdS/TiO2
nanocomposite. Sci. Rep. 2022, 12, 5759. [CrossRef] [PubMed]

156. Muthukumaran, M.; Prasath, P.V.; Kulandaivelu, R.; Sagadevan, S.; Mohammad, F.; Oh, W.C. Fabrication of nitrogen-rich graphitic
carbon nitride/Cu2O (gC3N4@ Cu2O) composite and its enhanced photocatalytic activity for organic pollutants degradation. J.
Mater. Sci. Mater. Electron. 2020, 31, 2257–2268. [CrossRef]

157. Priya, R.; Stanly, S.; Dhanalekshmi, S.B.; Mohammad, F.; Al-Lohedan, H.A.; Oh, W.C.; Sagadevan, S. Comparative studies of
crystal violet dye removal between semiconductor nanoparticles and natural adsorbents. Optik 2020, 206, 164281. [CrossRef]

158. Sagadevan, S.; Lett, J.A.; Weldegebrieal, G.K.; Garg, S.; Oh, W.-C.; Hamizi, N.A.; Johan, M.R. Enhanced Photocatalytic Activity of
rGO-CuO Nanocomposites for the Degradation of Organic Pollutants. Catalysts 2021, 11, 1008. [CrossRef]

159. Priya, R.; Stanly, S.; Kavitharani, T.; Mohammad, F.; Sagadevan, S. Highly effective photocatalytic degradation of methylene blue
using PrO2-MgO nanocomposites under UV light. Optik 2020, 206, 164318.

148



Catalysts 2022, 12, 544

160. Muthukumaran, M.; Gnanamoorthy, G.; Prasath, P.V.; Abinaya, M.; Dhinagaran, G.; Sagadevan, S.; Mohammad, F.; Oh, W.C.;
Venkatachalam, K. Enhanced photocatalytic activity of Cuprous Oxide nanoparticles for malachite green degradation under the
visible light radiation. Mater. Res. Express 2020, 7, 015038. [CrossRef]

161. Li, G.; Lv, L.; Fan, H.; Ma, J.; Li, Y.; Wan, Y.; Zhao, X. Effect of the agglomeration of TiO2 nanoparticles on their photocatalytic
performance in the aqueous phase. J. Colloid Interface Sci. 2010, 348, 342–347. [CrossRef]

162. Yousefi, A.; Allahverdi, A.; Hejazi, P. Effective dispersion of nano-TiO2 powder for enhancement of photocatalytic properties in
cement mixes. Constr. Build. Mater. 2013, 41, 224–230. [CrossRef]

163. Pradeev Raj, K.; Sadaiyandi, K.; Kennedy, A.; Sagadevan, S. Photocatalytic and antibacterial studies of indium-doped ZnO
nanoparticles synthesized by co-precipitation technique. J. Mater. Sci. Mater. Electron. 2017, 28, 19025–19037. [CrossRef]

164. Shie, J.-L.; Lee, C.-H.; Chiou, C.-S.; Chang, C.-T.; Chang, C.-C.; Chang, C.-Y. Photodegradation kinetics of formaldehyde using
light sources of UVA, UVC and UVLED in the presence of composed silver titanium oxide photocatalyst. J. Hazard. Mater. 2008,
155, 164–172. [CrossRef] [PubMed]

165. Sobana, N.; Selvam, K.; Swaminathan, M. Optimization of photocatalytic degradation conditions of Direct Red 23 using nano-Ag
doped TiO2. Sep. Purif. Technol. 2008, 62, 648–653. [CrossRef]

166. Huang, S.; Chen, C.; Tsai, H.; Shaya, J.; Lu, C. Photocatalytic degradation of thiobencarb by a visible light-driven MoS2
photocatalyst. Sep. Purif. Technol. 2018, 197, 147–155. [CrossRef]

167. Chen, C.; Liu, J.; Liu, P.; Yu, B. Investigation of Photocatalytic Degradation of Methyl Orange by Using Nano-Sized ZnO Catalysts.
Adv. Chem. Eng. Sci. 2011, 1, 9–14. [CrossRef]

168. Schneider, J.; Matsuoka, M.; Takeuchi, M.; Zhang, J.; Horiuchi, Y.; Anpo, M.; Bahnemann, D.W. Understanding TiO2 Photocatalysis:
Mechanisms and Materials. Chem. Rev. 2014, 114, 9919–9986. [CrossRef]

169. Yu, T.; Tan, X.; Zhao, L.; Yin, Y.; Chen, P.; Wei, J. Characterization, activity and kinetics of a visible light driven photocatalyst:
Cerium and nitrogen co-doped TiO2 nanoparticles. Chem. Eng. J. 2010, 157, 86–92. [CrossRef]

170. Margarita Skiba, V. Vorobyova Synthesis of Ag/TiO2 nanocomposite via plasma liquid interactions and degradation methylene
blue. Appl. Nanosci. 2020, 10, 4717–4723. [CrossRef]

171. Kasinathan, K.; Kennedy, J.; Elayaperumal, M.; Henini, M.; Malik, M. Photodegradation of organic pollutants RhB dye using UV
simulated sunlight on ceria based TiO2 nanomaterials for antibacterial applications. Sci. Rep. 2016, 6, 38064. [CrossRef] [PubMed]

172. Ng, K.H.; Lee, C.H.; Khan, M.R.; Cheng, C.K. Photocatalytic degradation of recalcitrant POME waste by using silver doped
titania: Photokinetics and scavenging studies. Chem. Eng. J. 2016, 286, 282–290. [CrossRef]
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Abstract: A cost-effective and environmentally benign benzopyrano-pyrimidine derivative syn-
thesis has been established with the condensation of different salicylaldehyde derivatives, piperi-
dine/morpholine with malononitrile, in the presence of a catalyst containing p-toluene sulphonic acid
(PTSA) at 80 ◦C temperature. This procedure offers a new and enriched approach for synthesizing
benzopyrano-pyrimidine derivatives with high yields, a straightforward experimental method, and
short reaction times. The synthesized compounds were investigated for their nematocidal activity,
and the result shows that among the four compounds, compounds 4 and 5 showed strong nemato-
cidal activity against egg hatching and J2s mortality. The nematocidal efficacy of the compounds
might be due to the toxicity of chemicals which are soluble in ethanol. The nematocidal effectiveness
was directly related to the concentration of ethanolic dilutions of the compounds, i.e., the maximum
treatment concentration, the higher the nematocidal action, or the higher the mortality and egg
hatching inhibition. In the present study, with support from docking analysis, the relation between
chemical reactivity and nematocidal activity of compound 4 was inferred.

Keywords: benzopyrano-pyrimidine; malononitrile; piperidine; PTSA; molecular docking

1. Introduction

Heterocyclic compounds have been prepared from many methods which contain sig-
nificant biological activities in multicomponent reactions [1–5]. Selectivity, atom economy,
rapid reaction times, and ability are critical characteristics of multicomponent reactions.
Multicomponent reactions have recently been shown to be a significant development for
synthesizing structurally varied chemical collections of the drug since the products are
formed in a single step, and the variety can be achieved by simply moving each compo-
nent [6]. Nitrogen-containing heterocyclic pyrimidines and their fused derivatives serve
an essential function in medicinal chemistry and have been employed as drug develop-
ment scaffolds [7–15]. Benzopyrano-pyrimidine is an important pharmacore that exhibits
anti-thrombotic, anti-inflammatory, anti-aggregating, anti-platelet, and analgesic proper-
ties [16–20]. Many benzopyrano-pyrimidines contain anti-tumor activity and cytotoxic
activity against cancer cell lines [18]. Some quinazolines and pyrimidine derivatives [21]
are shown in various activities in Figure 1.
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solvent costs, and the difficulty of separating conventional acids from the product are all 
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rivatives and chiral phosphoric acids can be used to selectively synthesize heterocyclic 
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vantages, not only due to their synthetic range, but also due to lower price. The absence 
of metals in organocatalysts is undeniably advantageous from both a green chemistry and 
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with removing and recycling excess catalyst from the reaction mixture, as well as the rel-
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In the last decades, benzopyrano-pyrimidine one has been prepared via a three-
component reaction of malononitrile, salicylaldehyde, and piperidine/morpholine by use
of a catalytic amount of LiClO4 [22], Na2MoO4·2H2O [23], [Bim]BF4 [24], Fe3O4 and SBA-
15 [25], Fe(II)-benzoyl thiourea complex bound silica nanoparticles [Fe(II)-BTU-SNPs] [26],
TiO2–SiO2 [27], p-toluenesulfonic acid supported by polystyrene in a solvent-free sono-
chemical multicomponent synthesis [28], and Brønsted acidic ionic liquid [29]. Solid acid
catalysts have long been used in the oil refining industry, for example, in cracking processes
and chemical manufacturing. In contrast, a substantial variety of acid-catalyzed reactions,
including Friedel–Crafts reactions, esterification, hydration, and hydrolysis, are still cat-
alyzed by conventional acids such as AlCl3, H2SO4, and so on [30]. Chemical reactions
employing traditional acids, on the other hand, are frequently linked with issues such as
catalyst waste, corrosion, high toxicity, the use of huge volumes of catalyst, and separation
and recovery challenges. Similarly, prolonged reaction times, elevated temperatures, high
solvent costs, and the difficulty of separating conventional acids from the product are
all disadvantages of using them as homogeneous catalysts [31] in laboratory trials for
benzopyrano-pyrimidines synthesis. Additionally, organocatalysts such as proline and its
derivatives and chiral phosphoric acids can be used to selectively synthesize heterocyclic
compounds due to their achiral or chiral nature. Besides that, they have a number of
advantages, not only due to their synthetic range, but also due to lower price. The absence
of metals in organocatalysts is undeniably advantageous from both a green chemistry and
economic standpoint. However, the high catalyst loading, the time and cost associated
with removing and recycling excess catalyst from the reaction mixture, as well as the
relatively young field, all work against widespread use of organocatalysts [32,33]. Con-
sequently, a more efficient, ecologically friendly, and practical method of production of
benzopyrano-pyrimidines was considered.

The use of p-toluene sulphonic acid (PTSA) as a solid catalyst for benzopyrano-
pyrimidines synthesis via a three-component reaction in ethanol at 80 ◦C has been rec-
ommended as a non-explosive, non-toxic, and easily accessible option. After forming
benzopyrano-pyrimidine derivatives, various spectroscopic techniques, including X-ray
crystallographic, 1H NMR, 13C NMR, FT-IR, elemental analysis, and mass spectropho-
tometry, were employed to confirm the structure of the synthesized compounds. The
2-(4-(piperidine-1-yl)-5H-chromeno[2,3-d]pyrimidin-2-yl) phenol (2) structure was further
confirmed by single-crystal X-ray diffraction with good conformity with earlier reports [32].
The synthesized compounds were also investigated for their nematocidal activity. The
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results show that compounds 4 and 5 showed strong nematocidal activity against egg
hatching and J2s mortality among the four compounds. The nematocidal efficacy of the
compounds might be due to the toxicity of chemicals which are soluble in ethanol. The
nematocidal activity of the compounds in ethanolic dilutions was directly proportional to
their concentration, i.e., the maximum treatment concentration, the higher the nematocidal
action, or the more significant the mortality and egg hatching inhibition. In the current
work, molecular docking of the active compound obtained from the experimental inves-
tigation was used to understand the mechanistic approach of non-bonding interactions
with receptors and determine active amino acids’ participation in receptors. The computer-
generated 3D structure of ligands is docked into a receptor structure in various orientations,
conformations, and sites via molecular docking. A molecular recognition strategy can help
with medicine innovation and medicinal chemistry [34].

2. Results and Discussion

A small series of benzopyrano-pyrimidine derivatives were synthesized in this paper
using p-toluene sulphonic acid in ethanol under reflux conditions. This approach out-
performs other available synthetic methods in terms of yield, reaction timings, product
purity, and catalyst stability. These synthetic benzopyrano-pyrimidine derivatives possess
different applicability and are well-matched with several other functional groups.

2.1. Chemistry

Based on FT-IR, NMR (1H & 13C), and mass spectra analyses, the structure of all
synthesized benzopyrano-pyrimidine derivatives was determined and found to be in
good agreement with the anticipated structure. Furthermore, the spectroscopic data of
compounds 2 and 4 matches those described in the literature quite well [27,28]. The reaction
occurs at the carbonyl and hydroxy moieties of one mole of salicylaldehyde, as evidenced
by the FT-IR spectra, which reveal that the produced molecule has no aldehyde group
frequency. Furthermore, the entire compound showed a characteristic peak for the group,
appearing at approximately 3418, 2857.4, 1619, and 1600.83 cm−1, indicating the formation
of benzopyrano-pyrimidine derivatives. The saturated proton in each synthesized molecule
resonance had a sharp singlet at approximately δ 4.35 ppm, at around δ 9.0–12.5 ppm with
a broad peak accounted to the-OH proton of a benzene ring, and the benzene ring proton
displayed a multiplet at around 6.98–8.75 ppm in the 1H NMR spectra of the synthesized
compounds. 13C NMR spectra display signals at about δ 119–165, which have been shown
aromatic carbon, with a peak display at around δ 155–159 to -C=N and 161–165 to –C-O of
pyrano moiety. Similarly, the signal resonated at δ 22–50 has been ascribed to a saturated
carbon. The mass analysis of the prepared series was very suitable in conformity with the
design structure.

2.2. Crystal Structure

Compound 2 crystallizes in the asymmetric unit (ASU) in the monoclinic P21/n space
group (Figure 2). All of the bonds in the ASU have a considerable range of bond lengths,
viz. N2–C1 (1.476(3) Å), N2–C5 (1.452(2) Å), N2–C6 (1.373(3) Å), N1–C6 (1.336(2) Å), N1–
C16 (1.341(3) Å), N3–C15 (1.329(2) Å), N3–C16 (1.316(3) Å), O2–C14 (1.398(3) Å), O2–C15
(1.359(3) Å) and O1–C18 (1.313(4) Å). The molecule is non-planar with a dihedral angle of
33.17◦ between the mean planes of C1–N2–C5 and C7–C6–N1. Meanwhile, the dihedral
angle between the mean planes of N3–C16–N1 and C9–C10–C11 is 22.80◦.
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Figure 2. The asymmetric unit of compound 2 with atom labeling and displacement ellipsoids are
drawn at the 50% probability level.

2.3. Mechanism

A tentative mechanism pathway for the p-toluene sulphonic acid (PTSA)-catalyzed
synthesis of the benzopyrano-pyrimidine derivative has been described based on the
literature [28] as shown in Scheme 1. First, the reaction is started by protonating the
carbonyl group from the p-toluene sulphonic acid catalyst, which produces an active
electrophilic intermediate I and makes the carbonyl carbon more electrophilic, lowering
its pKa value. Further, the conjugate base of the catalyst generated in situ in the reaction
mixture acts as a nucleophile which abstracts a proton from the active methylene carbon
of malononitrile. This step facilitates the formation of a tetrahedral intermediate II. In the
next step, elimination of the water molecule forms intermediate III. Then, intermolecular
cyclization occurs by attaching the phenolic group of salicylaldehyde to the cyanide group,
and intermediate IV is obtained. In the next step, piperidine attaches onto intermediate
IV, and intermediate V is formed. In the last step, the second molecule of salicylaldehyde
attaches to intermediate V. Finally, the formation targets the benzopyrano-pyrimidine
derivatives with the removal of the catalyst (Scheme 1).Catalysts 2022, 12, x FOR PEER REVIEW 5 of 19 
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2.4. Optimization of Reaction Conditions

Firstly, the focus was on optimizing the reaction conditions for the current protocol
concerning the reaction temperature, the amount of catalyst, and the choice of solvent in our
study, and selecting a suitable catalyst for a chosen model reaction using salicylaldehyde,
malononitrile, and hetero/aromatic aldehyde from various catalysts to provide the best
possible reaction condition for the synthesis of the benzopyrano-pyrimidine derivatives.

2.4.1. Effect of Different Solvent

In the presence of p-toluene sulphonic acid, the effect of other solvents on the reaction
rate and yield of the product was investigated. Solvents such as CHCl3, CH3NO2, CH2Cl2,
and CH3CN were unsatisfactory. In water, the reaction did not proceed. In methanol, DMF,
and THF, the reaction completed in 8 h. In ethanol, the reaction produced the best results,
the minimum time for completion, and gave a good yield. The results are shown below in
Table 1.

Table 1. Effect of different solvents on the reaction a.
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Entry a Solvent Condition Time (h) b Yield c

1 H2O Reflux 24 Trace
2 CH3CN Reflux 10 32
3 CH3COCH3 Reflux 8 55
4 CHCl3 Reflux 8 35
5 CH3NO2 Reflux 8 45
6 CH2Cl2 Reflux 8 25
7 THF Reflux 8 66
8 DMF Reflux 7 55
9 MeOH Reflux 8 73
10 EtOH Reflux 40 min 95

a Reaction of 4-chloro-salicylaldehyde (1 mmol) with malononitrile (1 mmol) and piperidine (1 mmol) in the
presence of 10 mol% PTSA as a catalyst. b Reaction progress monitored by TLC. c Isolated yield.

2.4.2. Effect of Different Catalysts

There are many catalysts used in the optimization of model reactions. To emphasize
the efficiency of p-toluene sulphonic acid-catalyzation compared to other catalysts, the
reaction was carried out with various catalysts such as pyridine, AlCl3, FeCl3, ZnCl2, I2,
NH4OAc, and NaOAc. Without catalysts, the reaction occurs for a long time and has a low
yield. It is observed that the reaction performed with I2 and NH4OAc was complicated
after a long reaction time with a 72–80% yield. The model reaction was also carried out in
FeCl3 and AlCl3 with less reaction time but low yield, and the product obtained a minimal
amount. The reaction was completed with zinc chloride in a short time and with a moderate
yield. The model reaction was completed in a short reaction time when p-toluene sulphonic
acid was used with a high yield (Entry 9) (Table 2).
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Table 2. The influence of different catalysts on the model reaction under thermal solvent-free conditions.
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a Reaction of 4-chloro-salicylaldehyde (1 mmol) with malononitrile (1 mmol), piperidine (1 mmol) in the presence
of 10 mol% PTSA as a catalyst. b Reaction progress monitored by TLC. c Isolated yield.

2.4.3. Effect of Catalyst Loading

The effect of loading catalyst was tested in the model reaction. In optimization, we
analyzed the reaction by varying the loading amount of the catalyst in the model reaction
from 2 to 10 mol%. Finally, the results show that 10 mol% of the catalyst was sufficient to
give a better yield (entry 5) (Table 3).

Table 3. Effect of catalyst loading on the reaction.
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Entry a Catalyst (Mol%) Time (Min) b Yield c

1 2 2 h 60
2 3 1.5 h 75
3 5 1.0 h 80
4 10 40 88
5 10 40 min 95

a Reaction of 4-chloro-salicylaldehyde (1 mmol) with malononitrile (1 mmol), piperidine (1 mmol) in the presence
of 10 mol% PTSA as a catalyst. b Reaction progress monitored by TLC. c Isolated yield.

2.4.4. Catalytic Reaction

With these encouraging results in hand, we turned to explore the scope of the reaction
using different aromatic aldehydes (2a–g), malononitrile, and piperidine as substrates
under the optimized reaction conditions (Table 4). It was observed that the aromatic
aldehydes with electron-donating and electron-withdrawing groups reacted successfully to
furnish the final products 1–6 in good yields (Table 4).
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Table 4. Synthesis of benzopyrano-pyrimidine derivatives using PTSA at 80 ◦C temperature.

Entry Reactant (1) Reactant (2) Product Time (min) Yield (%) M.P.

1.
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2.4.5. Catalyst Recycling

Effective catalyst recovery from the reaction mixture is the most important aspect for
determining its usability for practical applications, from an environmental and economic
standpoint. As a result, catalyst recycling studies were performed to establish the degree
of recyclability of our catalytic system (Figure 3). As a model reaction, the reaction of
4-chloro-salicylaldehyde, malononitrile, and piperidine in the presence of 10 mol% PTSA
was used. After the reaction was completed, the catalyst was recovered by extracting
the mixture with ethyl acetate and then filtering it. After that, the catalyst was washed
with ethyl acetate and reused in consecutive cycles. In ethanol, the catalyst maintained its
activity for at least five reaction cycles, demonstrating excellent catalytic performance with
a product yield of over 95%.
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2.5. Nematicidal Activity

The data analysis in Table 4 indicates that mortality of juveniles of Meloidogyne javanica
was recorded (8) in absolute alcohol (control). However, all the concentrations of each
diluted compound, i.e., 2, 3, 4, and 5, significantly impacted mortality. Second stage (J2)
juvenile mortality was directly correlated to the concentrations and exposure period. The
highest mortality (98.9%) was observed in 100% concentration of compound 4 after 72 h of
exposure time. In contrast, the lowest mortality was found in compound 2 (7.6%) at 12.5%
concentration after the exposure period of 24 h (Table 5).

Table 5. Effect of different dilutions of organic chemicals on the mortality of juvenile root-knot
nematode Meloidogyne javanica in vitro.

Compounds Exposure
Period (Hours)

Percent Mortality in Different Concentrations
Regression Equation

100% 50% 25% 12.2% Control

2
24 72

(69.5)
60

(56.5)
51

(46.7)
15

(7.6) 8.00 Y = 17.19x − 13.91

48 79
(77.1)

65
(61.9)

58
(54.3)

18
(10.8) 8.00 Y = 18.93x − 14.37

72 83
(81.5)

79
(77.1)

70
(67.3)

23
(16.3) 8.00 Y = 20.78x − 12.30

3
24 80

(78.2)
68

(65.2)
53

(48.9)
17

(9.7) 8.00 Y = 19.59x − 16.77

48 86
(84.7)

74
(71.7)

63
(59.7)

20
(13.0) 8.00 Y = 21.21x − 16.21

72 91
(90.2)

85
(83.6)

76
(73.9)

29
(22.8) 8.00 Y = 22.52x − 11.86

4
24 90

(89.1)
68

(65.2)
55

(51.0)
30

(23.9) 8.00 Y = 20.35x − 13.61

48 93
(92.3)

86
(84.7)

75
(72.8)

35
(29.3) 8.00 Y = 22.4x − 9.78

72 99
(98.9)

90
(89.1)

81
(79.3)

55
(51.0) 8.00 Y = 21.99x − 0.71

5
24 86

(84.7)
65

(61.9)
50

(45.6)
26

(19.5) 8.00 Y = 19.58x − 14.80

48 91
(90.2)

77
(72.8)

63
(59.7)

34
(28.2) 8.00 Y = 20.9x − 10.92

72 95
(94.4)

82
(80.4)

67
(64.1)

39
(33.6) 8.00 Y = 21.96x − 9.78

Each value is an average of three replicates.
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In vitro nematicidal activity of compounds was displayed as an LC50 value with
95% confidence limits. The effect of organic chemicals on probit output and LC 50 was
calculated. As the concentrations of the compounds increased from 12.5% to 100%, juvenile
mortality also increased. The toxins of compound 4 convert nematode natality into mortality
with LC50 values 27.21, 17.91, and 11.89 percent after 24, 48, and 72 h of exposure time,
respectively. The findings indicated that compound 4 was highly toxic to mortality of M.
javanica at 100% concentration of 72 h time duration. Compounds 5, 3, and 2 followed. After
24, 48, and 72 h of exposure, compound 2 showed the least toxicity in terms of nematode
mortality, with LC50 values of 42.97, 34.36, and 24.44, respectively (Table 6).

Table 6. Nematicidal activity of different concentrations of compounds against juveniles of Meloidog-
yne javanica.

Compounds Exposure Time (Hours) LC50 Value in Percent
(95% CL)

2 24 42.97
48 34.36
72 24.44

3 24 35.10
48 27.97
72 19.62

4 24 27.21
48 17.91
72 11.89

5 24 31.79
48 21.93
72 18.70

Similarly, dilutions of each compound were also considered effective against M. ja-
vanica egg hatching. After 7 days of exposure, compound 4 was the most reactive of the
four compounds, whereas compound 2 was the least effective at a 12.5 percent dilution.
Compound 2 had the lowest amount of hatching (95.8, 89.7, 78.8, and 54.8%). On the other
hand, maximum egg hatching of M. javanica second-stage juveniles (J2) was shown by
compound 4 (100, 96.0, 87.6, and 62.7%) at different dilutions such as 100%, 50%, 25%,
and 12.5% concerning their control (ethanol). As per data analysis, the maximum percent
inhibition in Meloidogyne javanica egg hatching was indicated by compound 4 (100%) at
100% concentration (Table 7). Alternatively, the minimum hatchability of J2s was revealed
by compound 2 (54.8%) at 12.5% diluted form after seven days of time duration (Table 7).

Table 7. Effect of different ethanolic dilutions of various compounds on the egg hatching of Meloidog-
yne javanica in vitro after 7 days.

Compounds Number of Larvae Hatched in Different Dilutions

100% 50% 25% 12.5% Control

2 22
(95.8%)

55
(89.7%)

113
(78.8%)

241
(54.8%)

534
(0.00%)

3 16
(97.0%)

41
(92.3%)

87
(83.7%)

227
(57.4%)

534
(0.00%)

4 0
(100%)

21
(96.0%)

66
(87.6%)

199
(62.7%)

534
(0.00%)

5 9
(98.3%)

27
(94.9%)

78
(85.3%)

214
(59.9%)

534
(0.00%)

Each value is an average of three replicates, DW = Distilled Water (control). The value of percent inhibition in egg
hatching over control is given in parentheses.

Conclusions reached that compounds 4 and 5 showed strong nematocidal activity
against egg hatching and J2s mortality among the four synthesized compounds. The
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nematocidal efficacy of the synthesized compounds might be due to the toxicity of com-
pounds that are soluble in ethanol. The previous findings showed that salicylaldehyde
derivatives and other chemicals possess nematicidal potency against most damaging soil-
borne pathogens, i.e., Phyto parasitic nematodes [35–37]. In the current in vitro testing,
the ethanolic dilutions of compounds 2, 3, 4, and 5 showed significant nematotoxicity or
nematocidal potentiality against juvenile mortality and egg hatching of M. javanica. The
four ethanolic doses of the synthesized compounds were the most efficient in lowering
egg hatching and increasing mortality. Results analysis revealed that the nematocidal
efficacy was proportionate to the concentration of compounds in ethanolic dilutions, i.e.,
the maximum treatment concentration, the higher the nematocidal action, or greater the
mortality and egg hatching inhibition [38].

In vitro mortality investigation showed that compound 4 exhibited the highest ne-
matocidal potency against the survival of J2s of M. javanica after 72 h of exposure time.
Compound 4 had the least LC50 values compared to other compounds (5, 3, and 2) at
24, 48, and 72 hrs of exposure. The mortality of the second stage (J2) juveniles increases
with the increase of all compound concentrations, along with exposure time initiated from
24 to 72 h. Related results were described by [39], who report that aromatic aldehydes
such as salicylaldehyde, Phthaldehyde, and cinnamic aldehydes actively demonstrated
nematocidal activity against the root-knot nematode, M. incognita in in vitro study. So, it
can be concluded that the toxicity of synthesized compounds toward nematodes depends
on the concentrations of treatment and the exposure period (Figure 4).

Catalysts 2022, 12, x FOR PEER REVIEW 12 of 19 
 

 

 
Figure 4. Regression lines show a linear relationship between different dilutions of organic chemi-
cals against juvenile mortality M. javanica at another exposure period. 

2.6. Docking Analysis 
The crystal structure of yeast V1-ATPase in the autoinhibited form of Saccharomyces cere-

visiae was chosen for the docking investigation, and docking was conducted to identify the non-
bonding contacts between the compound that showed good nematocidal activity in this study 
and the receptor. Compound 4 was docked between β-strand β-21 and α-helix α4, containing 284–
287 and 357–360 residues, in a docking experiment (Figure 5). The best docked posed established a 
hydrophobic pocket at the receptor site with residues PHE538, ILE541, LEU235, PRO233, PRO540, 
and TRP542 adjacent to compound 4 with binding energy (8.3420 kcal/mol). 

Figure 4. Regression lines show a linear relationship between different dilutions of organic chemicals
against juvenile mortality M. javanica at another exposure period.

160



Catalysts 2022, 12, 531

2.6. Docking Analysis

The crystal structure of yeast V1-ATPase in the autoinhibited form of Saccharomyces
cerevisiae was chosen for the docking investigation, and docking was conducted to identify
the non-bonding contacts between the compound that showed good nematocidal activity
in this study and the receptor. Compound 4 was docked between β-strand β-21 and α-helix
α4, containing 284–287 and 357–360 residues, in a docking experiment (Figure 5). The best
docked posed established a hydrophobic pocket at the receptor site with residues PHE538,
ILE541, LEU235, PRO233, PRO540, and TRP542 adjacent to compound 4 with binding
energy (8.3420 kcal/mol).
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Figure 5. Molecular docking of the (a) receptor (PDB: 5D80) with (b) the compound 4, (c) the docked
compound into active site shown in the circle, (d) involvement of various amino acids interacting
with compound 4, and (e) compound 4 interacts with the receptor, forming non-bonding contacts
with the aromatic and non-aromatic skeletons.

The envelope of these active amino acids that interact with compound 4 is positioned
in the amino acids pocket in the proper orientation, to establish close contact with the
receptor and stop plant-parasitic nematodes from spreading. Furthermore, apart from
hydrophobic amino acids, hydrophilic amino acids are present around the ligands such as
LYS 272, TYR 273, SER 274, ASN 275, ASN 475, and GLU 304 are also involved in various
interactions such as van der walls, pi-pi-T-shaped, pi-alkyl, and so on, as shown in Figure 5.
These interactions boosted the compound’s stability as well as its biological activity.

3. Materials and Methods

All chemicals were purchased from Merck and Sigma-Aldrich (Mumbai, India) as
“synthesis grade” and used without further purification. Kofler apparatus (Nageman,
Germany) was used to determine melting points and are uncorrected. A Carlo Erba
analyzer model 1108 (Milan, Italy) was used to analyze elemental analysis (C, H, N). The
Shimadzu IR-408 instrument (Shimadzu Corporation, Kyoto, Japan) recorded the IR spectra,
and the values were set in cm−1. For the 1H NMR and 13C NMR spectra, a Bruker Avance-
II 400 MHz instrument (Bruker Instruments Inc., Billerica, MA, USA) was used, and the
spectra run in DMSO-d6 with TMS as an internal standard, and the J values were measured
in Hertz (Hz). Chemical shifts were reported in ppm (δ) relative to TMS. A JEOL D-300
mass spectrometer was used to record the Mass spectra. Thin-layer chromatography (TLC)
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glass plates (20 × 5 cm) were coated with silica gel G (Merck) (Darmstadt, Germany) and
exposed to iodine vapors to check the homogeneity as well as the progress of the reaction.

3.1. General Procedure for the Synthesis of Benzopyrano-Pyrimidines Derivatives (1–6)

A mixture of salicylaldehyde 1 (1 mmol), malononitrile 2 (1 mmol), and piperi-
dine/morpholine (1 mmol) was added to p-toluene sulphonic (10 mol%). The reaction
mixture was refluxed and stirred at 80°C for the required time. The completion of the
reaction was monitored by thin-layer chromatography (TLC) using n-hexane and ethyl
acetate (8:2). After completing the reaction as indicated by TLC, the reaction mixture was
treated with ice-cold water. The mixture was filtered to collect the crystal. Separation
of the catalyst was completed by filtration and the resulting solution was extracted with
ethyl acetate. The aqueous organic layer was washed with brine, poured onto anhydrous
Na2SO4, and filtered under reduced pressure. The pure product obtained was crystallized
with ethanol chloroform to afford pure crystal (Scheme 2).
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3.2. Spectral Data of Synthesized Compounds

Spectroscopic and elemental analysis data for the heterocyclic compounds (1–6) syn-
thesized and reported in the literature are given as Supplemental Materials.

3.3. X-ray Crystallographic Studies

Additional information to the structure of compound 2 is specified in Table 8.

Table 8. Crystallographic data and experimental details compound 2.

Parameters Compound 2

Empirical Formula C22 H21 N3O2
Formula weight 359.42
Crystal size/mm 0.30 × 0.36 × 0.40
Crystal system Monoclinic

Unit cell dimensions

a = 9.9377 (2) Å
b = 15.8917 (3) Å
c = 12.1806 (3) Å

α = γ = 900
β = 108.7810

Space group P21/n
Z 4

Temperature (K) 293
Wavelength (Å) 0.71073 Å

Volume (Å3) 1821.22 (7)
Density (g cm−3) 1.311

µ/mm−1 0.086
F(000) 760

Measured reflections 44244
Independent reflections 4015 (Rint = 0.112)

Observed reflections [I ≥ 2σ(I)] 2667
Goodness-of-fit on F2 1.149

Radiation type MoKα

h, k, l max 12, 20, 15
Final R indices

[I ≥ 2σ(I)]
R1 = 0.078

wR2 = 0.280

3.4. Inoculum Maintenance

The pure culture of root-knot nematode, Meloidogyne javanica, was multiplied on the
brinjal plant under the greenhouse of the Department of Botany, Aligarh Muslim University,
Aligarh (India). Infected roots were separated from the adhering soil, washed gently in tap
water, and kept in a distilled water tray (DW). The root-knot nematode species M. javanica
identification was carried out based on the technique of the perineal patterns [40]. The roots
were cut into small segments, and egg masses were handpicked from the root for hatching
purposes. These egg masses were transferred to Petri dishes (40 mm) containing DW at
27 ± 2 ◦C in a BOD incubator. The suspension containing the juveniles was collected after
the fifth day of hatching, and fresh DW was added. The concentration of freshly hatched J2
juveniles of M. javanica was standardized as per the requirement for in vitro testing.

3.5. In Vitro Nematicidal Activity Bioassays
3.5.1. Hatching Test

Five new and uniform-size egg masses of M. javanica were handpicked from the
infected roots of brinjal. The collected egg masses were transferred to Petri dishes (40 mm)
containing 10 mL of each synthesized compound in different concentrations (100%, 50%,
25%, and 12.5%). Distilled water containing egg masses served as a control. Each treatment,
including the control, had three replicates. All the Petri dishes were incubated in a BOD
(biological oxygen demand) incubator at 28 ◦C for seven days. After seven days, hatched
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juveniles in the treated and control samples were recorded using a counting dish with the
help of a stereomicroscope.

3.5.2. Mortality Test

For mortality, 0.4 mL of DW containing 100 juveniles of M. javanica was transferred
into the Petri dishes containing 9.6 mL of synthesized compounds of four different con-
centrations (100%, 50%, 25%, and 12.5%). Petri dishes containing juveniles in DW were
considered as the control. Each treatment, including the control, was replicated three times.
All the Petri dishes were kept at 28 ◦C in BOD. The number of dead juveniles was counted
with the help of a counting dish under a stereomicroscope at different time intervals (24,
48, and 72 h). The mortality of the juveniles was confirmed by transferring immobilized
juveniles into fresh DW water for 1 h and observing if any movement was shown by
nematode. If there was no mobility, then they were considered dead. Probit analysis was
used to compute the LC50 values for all treatments based on percent mortality data and
concentration [41].

The following formula was used to compute the percent inhibition in egg hatching or
juvenile mortality:

% inhibition or mortality =

(
C0 − Tα

C0

)
× 100%

where, in terms of egg hatching, Tα = number of juveniles hatched in each concentration of
the compound dilutions, C0 = number of juveniles hatched in the control. In the case of
mortality, Tα = number of live nematodes after 24, 48, and 72 h of exposure, C0 = number
of juveniles living in the control.

3.6. Docking Study

Molecular docking between compound 4 and the V1-ATPase crystal structure receptor
downloaded from the RCSB Protein Data Bank was performed with YASARA software [42]
using the dock_run.MCR module that was available in YASARA-Structure. Initially, the
receptor’s PDB file was imported into YASARA, and water molecules and ions from the
receptor were removed from the structure. The missing hydrogen atoms and residues
were added to the receptor. One of the multiple receptor structures was saved for docking
studies. Chem Draw was used to sketch the 2D structure of compound 4, which was then
transformed to a 3D structure by Chem3D before being optimized using molecular mechan-
ics using the MM+ force field and saved in sd format for the docking study. YASARA View
was used to illustrate the best dock pose from the docking experiment, which was then
converted to PDB format for Molecular graphics by a BIOVIA Discovery Studio Visualizer
(Discovery Studio Visualizer, version 16.1.0; Dassault Systemes, BIOVIA Corp., San Diego,
CA, USA).

4. Conclusions

The protocol provides not only a high yield of products and a shorter reaction time
but also high purity, mild reaction conditions, operational simplicity, a cleaner reaction
profile, increased reaction rates, and a simple workup approach. We hope that this syn-
thetic protocol will provide a more feasible alternative to the other available methods for
synthesizing benzopyrano-pyrimidine. Compounds 4 and 5 had a significant nematocidal
effect on egg hatching and J2s mortality. The nematocidal efficacy of the compounds might
be due to the toxicity of chemicals which are soluble in ethanol. The analysis revealed
that the nematocidal efficacy was proportionate to the concentration of the compounds in
ethanolic dilutions, i.e., the maximum treatment concentration, the greater the mortality or,
the higher the nematocidal action, as well as egg hatching inhibition. For the investigation
of close contacts with active amino acids, the molecular docking of compound 4 against the
3D structure of V1-ATPase obtained from Saccharomyces cerevisiae was employed.
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Abstract: Sugarcane bagasse ash, which is waste from the combustion process of bagasse for electricity
generation, was utilized as received as a catalyst support to prepare the magnetic sugarcane bagasse
ash (MBGA) with different iron-to-ash ratios using a simple co-precipitation method, and the effects
of NaOH and iron loadings on the physicochemical properties of the catalyst were investigated using
various intensive characterization techniques. In addition, the catalyst was used with a low amount
of H2O2 for the catalytic degradation of a high concentration of tetracycline (800 mg/L) via a Fenton
system. The catalyst exhibited excellent degradation activity of 90.43% removal with good magnetic
properties and high stabilities and retained good efficiency after four cycles with NaOH as the eluent.
Moreover, the hydroxyl radical on the surface of catalyst played a major role in the degradation of TC,
and carbon-silica surface of bagasse ash significantly improved the efficiencies. The results indicated
that the MBGA catalyst shows the potential to be highly scalable for a practical application, with high
performance in the heterogeneous Fenton system.

Keywords: heterogeneous Fenton; tetracycline removal; magnetite; sugarcane bagasse ash

1. Introduction

Tetracycline (TC), the pharmaceutical antibiotic, has been widely used in many fields
such as human and livestock feeding. The TC contaminative wastewater from hospitals
and pharmaceutical industries is considered a threat to the aquatic system and human
health due to its exposure to microorganisms causing drug resistance [1–3]. Therefore, it is
imperative to efficiently remove TC from wastewater before discharge.

Various methods have been used to remove TC from aqueous systems. Adsorption is
among the most popular techniques [4–6]; however, although it shows high TC removal ef-
ficiency, TC residue is still trapped inside the adsorbents, and so it only changes the location
of TC. Coagulation is another method to remove TC from wastewater [7,8]. Nevertheless,
it requires large amounts of expensive chemicals, resulting in overall costly operation.
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Furthermore, after adsorption and coagulation processes, both the TC-loaded adsorbents
and TC-contaminated coagulants are defined as hazardous wastes, which leads to difficulty
in post-processing.

For the above reasons, alternative methods to efficiently remove TC from the water
system are still highly required. Advance oxidation processes (AOPs) are a kind of chem-
ical technology which degrades organic pollutants using highly reactive species such as
hydroxyl radicals (·OH). The OH radicals generated from AOPs can convert toxic organic
compounds in a non-selective way into the non-toxic inorganic products. Therefore, the
AOPs have become more attractive [1,9,10]. One of the most attractive AOPs which can
be operated at ambient temperatures and pressures is the Fenton process because of its
high degradation efficiency, simple and low-cost operation, and mild and green reaction
conditions [1,9–11].

The classical Fenton reagent consists of iron salts and hydrogen peroxide (H2O2) as an
oxidant in a homogeneous solution. However, the iron sludge produced after the treatment
is the main drawback of this homogenous catalyst, which is difficult to separate and can be
secondary contaminant to the treated water [9,10,12].

To solve this problem, heterogeneous Fenton processes using magnetic solid iron-
based catalysts have received broad attention for the elimination of various types of organic
pollutants [13–16].

The inverse spinel Fe3O4 (magnetite) is one of the most studied magnetic particles,
which can be used for a wide range of applications such as adsorption [17–21] and cataly-
sis [15,22–25]. Many previous reports revealed its highly efficient catalytic performance
in a heterogeneous Fenton system, where Fe2+ in magnetite structure can play a main
role in initiating the Fenton reaction in the presence of H2O2 according to the classical
Haber–Weiss mechanism [11,26–28]. With the presence of both Fe2+ and Fe3+, this allows
the Fe ions to be oxidized and reduced in a reversible loop and be kept reactive in the
Fenton system. Additionally, the magnetite particles possess strong magnetic properties;
therefore, they are considered suitable as a heterogeneous Fenton catalyst with rapid and
effective separation from aqueous solution using an external magnet.

However, the surface area is considered an important factor in a heterogeneous reac-
tion, while the surface area of magnetite particles is generally low. To enhance the catalytic
activity of magnetite particles, the magnetic solid iron-based catalysts on supports such as
silica [1,9,29,30], and carbonaceous materials [1,13,31–33] have widely been investigated
due to their high stability, low toxicity, wide availability, and low-cost materials. Never-
theless, the preparation techniques of those catalysts are complex and rely on multi-step
processes, including use of harmful chemicals and high temperatures [34–38]. Moreover,
the concentration of TC studied by many works is still comparatively low (<50 ppm), while
the catalyst dosages are comparatively high (0.5–1.0 g/L). This indicates that the actual
amount of TC in the solution for those studies was considered very low (0.2–10 mg).

The fact that no one reports on the removal efficiency for catalytic degradation in terms
of real absolute TC amount in mg leads to difficulty when comparing the performance
of catalyst with other works. Herein, the amount of TC removal per catalyst dosage was
calculated in this work to be compared clearly among literature reviews.

Sugarcane bagasse ash (BGA) is the remaining waste from the combustion process of
sugarcane bagasse for generation of electricity, which is considered as the simplest and most
cost-effective utilization of bagasse [39,40]. Because Thailand is one of the largest sugar
producers in the world, there is still a huge amount of sugarcane bagasse ash left from the
combustion process (around 365,000 tons/year) [41–43]. In fact, a common utilization of
this solid waste is mainly landfill disposal, which is unsustainable for the circular economy
concept [44]. Moreover, without the right care, the obtained fly ash—which is considered
particulate matter—can cause air pollution, leading to respiratory diseases [45,46].

Many researchers have used it as a substitute component for building material [47–49]
or as fertilizer to improve agricultural productivity [50,51], or directly used it as an adsor-
bent for wastewater treatment [52–54].
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However, the obtained sugarcane bagasse ash with a high surface area and chemical
stabilities is a promising material for catalyst support, and to the best of our knowledge,
only a few studies have been found on using ash as catalyst supports [24,30,55]. Moreover,
Fe3O4@ash from sugarcane bagasse has not been previously studied as a Fenton catalyst
for the removal of organic pollutants.

Generally, catalyst support can be obtained from multiple-step synthesis, not from
as-received precursors. This escalates more steps into the whole synthesis pathway. These
supports should be environmentally friendly, cost effective, sustainable, and have high
stability. BGA is typically obtained as waste through incomplete combustion of sugarcane
bagasse during the process of generation of electricity in biomass power plants. Unlike
other types of ashes, the main characteristic of BGA is the presence of high carbon and silica
content and suitable textural morphology. The presence of those elements, as well as the
high surface area of non-toxic BGA, can provide properties similar to those of good catalyst
supports without any pretreatment process. With the simple one-step co-precipitation
method, magnetic sugarcane bagasse ash can be prepared, which is easy and scalable.
Moreover, high temperatures and highly toxic chemicals are no longer required, with only
water-based reaction involved. This incorporation of BGA in the production of the catalyst
can mitigate the environmental impact of waste disposal while decreasing the production
cost and time of the magnetic Fenton catalysts.

In this work, magnetic sugarcane bagasse ash (MBGA) can be prepared via a simple
co-precipitation route using iron ions and BGA as precursors. The obtained MBGA was in-
tensively characterized and its catalytic Fenton efficiency was analyzed for the degradation
of tetracycline (TC), one of the toxic antibiotics generating problems nowadays. For the
first time, we report on the use of our catalysts in degradation of TC with extremely high
concentration (800 mg/L). The results indicate that nearly 100% of that TC concentration,
(or degradation of 40 mg of TC) could be achieved. This value is far higher than those
reported in many publications. Furthermore, our catalyst exhibited high degradation of
TC even upon four cycles with excellent magnetic properties being retained. The catalysts
purposed here are highly scalable.

2. Results and Discussion
2.1. Optimization of the Preparation Conditions

The raw sugarcane bagasse ash (BGA) was black, unlike the fly ash usually used as
catalyst supports. The black color of BGA indicated the presence of unburned carbon
particles, as confirmed by the elemental analysis. Morphological investigation using
SEM on the raw BGA revealed the existence of macropores even after combustion from
the sugarcane-based biomass power plant (Supplementary Materials, Figure S1). Such
microporosity in BGA could allow for the facile infiltration and deposition of iron ions
(both Fe2+ and Fe3+) into the inner pores and on the outside surfaces. Moreover, the polar-
oxygenated functional groups on the BGA surface can enhance immobilization of the iron
ions onto the BGA surfaces [43]. For this reason, BGA was selected as the catalyst support
for this work. Upon the deposition of Fe2+ and Fe3+ ions, the addition of NaOH with
heating at 80 ◦C can co-precipitate and transform them into magnetite (Fe3O4) particles
deposited on the BGA surfaces. After washing with DI water, magnetic sugarcane bagasse
ash composites (MBGA) are obtained. The effects of NaOH concentration and expected
Fe3O4 to BGA ratio on the appearance and the physicochemical properties of MBGA were
investigated. For the effect of NaOH concentration, all the samples (MBGA1-1, MBGA2-1,
and MBGA5-1) were similarly brown-black in color (Figure S2). However, only MBGA2-1
was easily attracted by an external magnet when dispersed in DI water (Figure S3), while
MBGA1-1 and MBGA5-1 showed only slight magnetic properties. For control, synthetic
Fe3O4 was glossy black and strongly attracted by a magnet. This agrees with the saturation
magnetization (Ms) from VSM analysis (Figure 1). The magnetization values for all samples
were summarized in Table 1. All the investigated samples show hysteresis loops in the
±10 kOe range at 300 K, exhibiting superparamagnetic characteristics. The Ms of MBGA1-1

170



Catalysts 2022, 12, 446

was only 1.02 emu/g, which was considered almost non-magnetic and is unsuitable for
practical applications. The reason for this involves the use of a low concentration of NaOH
to precipitate all iron ions into the magnetic particles, according to the stoichiometric ratio
in the preparation of Fe3O4. In contrast, MBGA2-1 possessed Ms as high as 28.71 emu/g.
Table 1 shows that the yields of the prepared catalysts were quite low for MBGA1-1 and
much lower for MBGA5-1. The reason for the very low yield of only 6.15% of MBGA5-1
resulted from the excessive use of NaOH, leading to the digestion of carbon and silica
(the main components in the BGA) under alkali conditions [56,57]. Although the magnetic
properties of MBGA5-1 were acceptable (Ms = 10.94 emu/g), their lowest yield must be a
problem for the real production and cost efficiency. According to the above reasons, in this
study, the optimum NaOH concentration was found to be 2 M.
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Table 1. Optimization of the preparation conditions and their physical and chemical properties.

Sample NaOH (M) Ratio of
Fe3O4/BGA

Overall
Yield (%)

Ms
(emu/g) %C (wt%) pHPZC SBET (m2/g)

BGA - - - - 11.68 2.62 55.2817
Fe3O4 5 - 53.93 ± 3.41 68.603 0.14 3.98 62.0286

MBGA2-0.5 2 1:2 26.37 ± 4.69 2.4508 7.45 3.62 85.4644
MBGA2-1 2 1:1 68.67 ± 5.49 28.705 5.53 4.14 96.0017
MBGA2-2 2 2:1 79.94 ± 3.91 33.878 3.44 4.32 60.0747
MBGA1-1 1 1:1 19.42 ± 2.54 1.0193 6.12 - -
MBGA5-1 5 1:1 6.15 ± 2.82 10.943 5.81 - -

The effect of expected Fe3O4 to BGA ratio on the physical appearances indicates that
all samples (MBGA2-0.5, MBGA2-1, MBGA2-2) show the same almost-black color as others
and can be attracted by a magnet (Figure S3). Ms values of this sample series were found to
be correlated with the amount of the irons used. Ms values of MBGA2-1 and MBGA2-2
were similar (~30 emu/g), but MBGA2-2 required two times the amount of iron (Figure 1).
MBGA2-0.5 showed Ms of only 2.45 emu/g due to its lowest iron sources content. Moreover,
the carbon content for all samples (Table 1) confirms there was carbon left from the raw
BGA, even after co-precipitation of the iron ions. This agrees with black color as a precursor
for BGA and all MBGA samples.
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2.2. Characterization of MBGA2-0.5, MBGA2-1, and MBGA2-2

To study in detail the morphology, surface chemistry, and the mechanisms for the
formation of iron oxides on BGA, various intensive characterization techniques were
employed.

The FESEM-EDX results for all samples (Figure S1) show macropores retained from
the natural xylem and phloem of raw bagasse. This fact suggests that the combustion
process in the power plant and subsequent magnetization with a co-precipitation method
did not change the macropore morphology of the bagasse, implying the existence of a stable
inorganic skeleton (mostly oxide compounds). These remaining macropores in BGA could
be the advantage which enhances the diffusion of gigantic molecules such as TC. Besides,
it is clearly seen that there were some nearly spherical silica particles in all samples. These
nearly spherical particles of about ~5–30 µm diameter originated from the combustion
process of bagasse and the inorganic components were changed to oxide compounds
such as SiO2, CaO, and Al2O3 [55,58]. This silica–carbon composite could enhance the
stability of catalyst support [59,60]. Moreover, the BGA surface was smoother than that of
MBGA catalyst samples because the iron oxide particles precipitated on the BGA surface,
resulting in a rough surface. Furthermore, the macropores may increase the diffusion
rates of pollutants into the inner pores, while the iron oxide particles act as active sites
for a heterogeneous Fenton reaction. The iron particles distributions for all samples were
homogeneous, as shown in the EDX mapping (Figure S1), and the average iron content
was 4.14, 9.84, and 13.70 wt% for MBGA2-0.5, MBGA2-1, and MBGA2-2, respectively.
This agrees well with FESEM images, which showed that the BGA surface tended to be
rougher when the iron-to-BGA ratio increased as a result of more iron oxide particles being
deposited on BGA surface. Furthermore, the carbon content was decreased as this iron
ratio increased, according to the trend determined by elemental analysis (Table S1). This
is also confirmed by XRD patterns in Figure 2A. The XRD patterns of magnetite (Fe3O4,
JCPDS No. 01-084-2782) and silica (SiO2, JCPDS No. 01-070-3755) can clearly be seen.
These patterns agree with the XRD of BGA and Fe3O4 prepared with the same method but
without BGA. Moreover, it is noted that MBGA2-0.5, MBGA1-1, and MBGA5-1 showed
low relative intensity of the characteristic peak of magnetite at 35.6◦ (311) which agreed
well with their low Ms values from VSM results.
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The surface chemistry of samples was studied by FTIR spectroscopy as shown in
Figure S4, and the band assignments are detailed in Table S2. The characteristic band of
cellulose around ~1055 cm−1.43 and considerable amounts of oxygenated functional groups
of carbonaceous surface from the unburned materials were retained on the surfaces of BGA
after the combustion process, which displays the absorption bands at 3435, 2924, 1631, and
~1055 cm−1, assigned to stretching vibrations of O-H, C-H, aromatic C=C or C=O, and
C-O and Si-O-Si bonds, respectively. Moreover, pHPZC measured with the Zeta potential
technique in Table 1 suggests that the surface of BGA and all MBGA samples was acidic.
This is in agreement with the oxygenated oxidic functional groups on the BGA surface.

The similarity of the FTIR spectra and pHPZC for all samples suggests that the oxy-
genated functional groups on the surface show no difference regarding the heterogeneous
Fenton reaction. It was found that the main oxygenated functional groups of MBGA sam-
ples from C 1s and O 1s high-resolution spectra were all similar, including carboxylic,
hydroxyl, and ether groups. This provides hydrophilic character, and the peak at 530 eV
binding energy that corresponds to magnetite (Fe3O4) [61]. The wide-scan XPS and high-
resolution C 1s and O 1s spectra of MBGA2-1 were shown in Figure 3. This is consistent
with the band for Fe-O bonds around ~604 cm−1 in the FTIR spectra and the magnetite
pattern in the XRD results. These confirm the presence of magnetite particles on the surface
of BGA. The provided detail of peak assignments for deconvoluted XPS peaks and the
elemental compositions from survey scan XPS spectra of MBGA2-1 were shown in Tables
S3 and S5, along with the binding energies.

To further investigate the presence of Fe3O4 particles in MBGA2-1, TEM-EDS analysis
was performed. The magnetite particles were homogeneously distributed on the BGA
support as observed in the TEM images as dark spherical particles with sizes of 15–40 nm
(Figure 2B,C). Furthermore, the SAED pattern for MBGA2-1 is shown in Figure 2D. The five
rings obtained from the SAED image are indexed to magnetite, which agrees with the XRD
results. Moreover, the EDS spectra in Figure S5 shows C, O, Fe, and Si elements distributed
homogeneously all over the samples, which agree well with EDX mapping.

For the chemical equation of the preparation of MBGA using a co-precipitation method,
it can be concluded that hydroxide ions react with ferrous and ferric ions as shown in
reaction (R1) [17,30,62]

Fe2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O (R1)

After that, the precipitated magnetite particles were deposited on the BGA surface,
resulting in the magnetic properties of a whole sample piece. This carbon–silica support
raised more chemical and mechanical stabilities of the catalyst [59,63]. Moreover, this
method provides a facile single-step and scalable technique to utilize the waste precursor
(BGA) as received from power plants without additional complex steps to manufacture
functional catalysts.
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2.3. Preliminary Catalytic Heterogeneous Fenton Reaction Test of Magnetic Sugarcane Bagasse Ash

To study the possibilities of the MBGA samples as the heterogeneous Fenton catalyst,
the catalytic degradation test of tetracycline (TC) was investigated. The reaction was
started by adding 5 mM of H2O2 into the 50 mL of 800 mg/L TC solution at natural pH (pH
3.2) with a catalyst concentration of 1 g/L. The result, as shown in Figure S6A, suggests

174



Catalysts 2022, 12, 446

that MBGA2-1 and MBGA2-2 have similar removal efficiency for TC after 12 h reaction
time; around ~90%. Even the iron content in MBGA2-2 was higher, while the removal
efficiency for MBGA2-0.5 was slightly lower due to a lower iron amount on the surface
of the catalyst. For control, only TC degraded with 5 mM of H2O2 without a catalyst was
also studied, and only 12.56% of TC was degraded. Furthermore, pure Fe3O4 (ground
into power with the particle size of ~50 µm) revealed only 47.66% removal. This confirms
that use of BGA as a catalyst support can significantly increase the removal efficiency.
Furthermore, the Fe leaching tests for all samples showed that MBGA2-2 had the highest Fe
leaching of 4.58 mg/L, while it was only 0.61 and 0.28 mg/L for MBGA2-1 and MBGA2-0.5,
respectively. The high leaching of iron from MBGA2-2 was due to the excess amount of
iron precursors which could not strongly attach to the surface of catalyst support and
could easily be dissolved in natural acidic TC solution. When taking BET surface area into
consideration, as shown in Table 1, as is known to all, the high BET specific surface area
is beneficial for more guest molecules to access active sites. The MBGA2-1 also showed
the highest BET surface area of 96 m2/g. According to all information and intensive
characterization techniques, MBGA2-1 was selected as a promising Fenton catalyst for the
catalytic degradation of TC because of the high removal efficiency with low Fe leaching,
and high stabilities with strong magnetic properties. Moreover, it also has the highest
BET surface area and suitable surface characters with low-cost preparation. For the effect
of catalyst concentration, as shown in Figure S6B, the degradation efficiency increased
with increasing catalyst loading. Therefore, it was fixed at 1 g/L for all other experiments
because it was the minimum amount of the catalyst which can be a representative for the
whole sample in the catalytic degradation experiments. This can be considered by the
standard deviation, in which 1 g/L shows the lowest value with ~90% efficiency, while
2 g/L shows only 5% higher efficiency but uses double the amount of catalyst.

2.4. Catalytic Degradation of TC by MBGA2-1: Effect of pH

Generally, solution pH can significantly influence the catalytic degradation in the
Fenton system [10,64]. The effect of pH on the catalytic degradation of TC by MBGA2-1
was investigated. The experiment was conducted as shown in Figure 4A. The studied pH
solution was 3.2 (natural pH), 5, 7, 9. The natural pH at 3.2 showed the highest removal
efficiency of 90.43% for MBGA2-1. It is worth noting that when pH is higher, the efficiency
decreased due to the reduced reactivity of radicals and the precipitation of iron ions [10].
Furthermore, MBGA2-1 shows over two times greater removal efficiency than pure Fe3O4,
again confirming the advantage of BGA as catalyst support. In absence of the catalyst, H2O2
alone in natural pH can degrade TC with only ~14%. In addition, 6 h is the equilibrium
time for all samples in this catalytic degradation of 800 mg/L TC solution. Therefore, the
unadjusted natural pH (3.2) was chosen to be the optimum pH for further experiments.

To evaluate the kinetics of TC catalytic degradation, the data were fitted with a linear
pseudo-first-order model shown as Equation (1):

ln Ct = −k1t + ln C0 (1)

where k1 is a rate constant for catalytic degradation in the pseudo-first-order model, and Ct
is the TC concentration at time t. The kinetics of the adsorption-co-catalytic degradation
of the MBGA samples were fitted well with pseudo-first-order reaction with good R2 and
the calculated pseudo-first-order rate constants, as shown in Figure S7. On the other hand,
under basic conditions, the degradation rate decreased, and the removal efficiencies at pH
7 and 9 were almost the same. Moreover, it is noted that the pseudo rate constant of the
MBGA2-1 at natural pH was 0.1047 h−1, which was 2.3 and nearly 4 times higher than
pH 5 and pH 7, respectively. This is due to Fenton reactions being favored under acidic
conditions.
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2.5. Catalytic Degradation of TC by MBGA2-1: Effect of H2O2 Concentration

To investigate the effect of H2O2 concentration on the catalytic degradation of TC,
the experiments with different H2O2 concentrations (0, 2.5, 5, 10 mM) were conducted as
shown in Figure 4B. In absence of the H2O2, the adsorption of MBGA2-1 alone can remove
only 11.4% of TC (actual adsorption capacity of 90.32 mg/g) due to the limited adsorption
sites. Note that even without addition of H2O2, the removal of TC could reach up to
90 mg/g due to the pure adsorption mechanism. This strongly suggests the importance of
using BGA as a catalyst support because of the ability of the carbon left from combustion
process to attract the TC molecules. The removal efficiency for MBGA2-1 increased with
the increasing H2O2 concentration. The removal efficiency can reach up to 80% at 6 h for
5 mM H2O2 concentrations. Nevertheless, while the H2O2 dosage rose from 5 to 10 mM,
the removal efficiency barely increased, and the same efficiencies were reached at 12 h. This
is because the excess H2O2 can compete with TC for ·OH as shown in reaction (R2–R3) [64].

H2O2 + ·OH→ HO2· + H2O (R2)

HO2· + ·OH→ O2 + H2O (R3)

Even though 10 mM shows the highest rate in the first few hours, the same efficiencies
were reached at 12 h. Therefore, to minimize the cost of operation, 5 mM of H2O2 was
selected as the optimum concentration.

176



Catalysts 2022, 12, 446

2.6. Catalytic Degradation of TC by MBGA2-1: Effect of Scavenger and Its Mechanism

To identify free radicals in Fenton oxidation experiments, different types of free-
radical-trapping agents were added into the reaction systems to identify the difference of
contributions to the degradation efficiency between different free radicals. In this experi-
ment, 0.3 M tert-butyl alcohol (TBA) was used as a hydroxyl radical (·OH) scavenger, while
20 mM p-benzoquinone (BQ) was used as a superoxide radical (·O2

−) scavenger [65,66].
As shown in Figure 4C, the introduction of TBA remarkably inhibited TC degradation
and the removal efficiency was only 35.87% at 12 h, while adding 20 mM BQ caused a
slight drop in the degradation efficiency from 90.43% without scavenger to 66.13% at 12 h.
This demonstrated that ·OH was the major reactive oxygen species in this heterogeneous
Fenton system.

To explain the mechanisms of the AOP by ·OH radicals in detail, two types of hydroxyl
radicals were used to distinguish them. First, 0.3 M isopropanol (IPA) was utilized to
individually trap free hydroxyl radicals (·OHfree), while it was well known that TBA could
quench both free ·OH in solution (·OHfree) and ·OH adsorbed onto the surface of a catalyst
(·OHads) [65,66]. Notably, the addition of IPA slightly suppressed the degradation of TC
and the removal efficiency showed only a 4.65% drop at 12 h, indicating that only a low
amount of ·OHfree was present in the system. Moreover, it can be concluded that ·OHfree,
·OHads, and ·O2

− contributed to the degradation of TC by a heterogeneous Fenton system.
However, ·OHads on the MBGA2-1 surface was the only major reactive species responsible
for the catalytic degradation of TC.

To confirm that the major mechanisms of the removal of TC mainly involved catalytic
degradation rather than adsorption, the total organic carbon (TOC) of the solution before
and after the catalytic degradation of TC was determined, and the TOC removal was
56.70%, indicating that a huge amount of TC in the solution was transformed into inorganic
compounds (CO2 and H2O). Moreover, the dramatic decrease in peak at m/z at 443.15 after
the complete catalytic degradation of TC analyzed by LC-MS in Figure S8 suggests that
the intermediates generated from the Fenton system were quickly oxidized into inorganic
compounds. It is worth noting that the low TOC after catalytic testing also suggests that
the BGA as a support released no organic compounds, unlike the release of polyaromatic
hydrocarbon molecules (PAHs) in aqueous systems from various solids obtained through
the combustion process. This further confirms the chemical stability of the support in this
work and could eliminate the concern over the toxic chemicals released from the BGA.

The catalytic mechanism of H2O2 via MBGA2-1 composite is proposed in Figure 5.
Firstly, the surface of the MBGA2-1 will rapidly form iron ions under acidic conditions
as shown in (R4), then the surface of catalyst was adsorbed by H2O2, and it was quickly
decomposed to ·OHads by the Fe(II) on the surface of MBGA2-1, as shown in reaction (R5),
while Fe(III) on the surface can react with H2O2 to generate perhydroxyl radicals (·OOH) or
superoxide radicals, and the regeneration of Fe(II) by the reduction of Fe(III) can continue
the catalytic cycle (R6–R9) [11,67,68].

MBGA≡ Fe−O + 2H+ →MBGA≡ Fe(II)/Fe(III) + H2O (R4)

≡Fe2+ + H2O2 →≡Fe3+ + OH− + ·OHads (R5)

≡Fe3+ + H2O2 →≡Fe2+ +·OOH + H+ (R6)

≡Fe3+ + ·OOH→≡Fe2+ +O2 + H+ (R7)

≡Fe3+ + H2O2 →≡Fe2+ +·O2
− + 2H+ (R8)

≡Fe3+ +·O2
− →≡Fe2+ + O2 (R9)
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However, the dissolution of iron ions in the solution was inevitable due to the acidity
of the solution, and the deposition of iron particles was on the surface of BGA, not in the
carbon matrix. Hence, the same mechanism mentioned above also occurred to generate
a little amount of ·OHfree indicating the low Fe leaching in the solution. Moreover, the
presence of ferrous ions from Fe3O4 on the surface of catalyst is especially favored under
acidic conditions, and they played the most important role in the formation of ·OHads in
the reaction, which was the main reactive oxygen species.

2.7. Catalytic Degradation of TC by MBGA2-1: Effect of TC Concentration

The effect of TC concentration on TC degradation is presented in Figure 6. It was
observed that the initial rate of degradation increased with the increase in the initial concen-
tration of TC, but it barely increased when the initial TC concentrations were higher than
800 mg/L, indicating that the active sites of catalyst were occupied by TC molecules, and
TC molecules cannot access the active sites at higher concentrations. This was confirmed
by the removal efficiencies at 12 h, at which the high initial concentrations of TC showed
lower efficiencies. Moreover, the removal capacity (Qe) also increased with the increased
initial TC concentration.

Furthermore, it is known that any heterogeneous reaction, as in the case of a Fenton
reaction, is highly affected by the interactions between pollutant molecules and catalysts,
including two consecutive steps. Firstly, the reactant molecules are adsorbed on the surface
of the catalyst and followed by immediate degradation. To confirm this mechanism, the
Langmuir–Hinshelwood equation was applied for MBGA2-1 as shown in the inset of
Figure 6, and the linear expression of the Langmuir–Hinshelwood plot was as follows [69]:

1
ν0

=
1

kKadsC0
− 1

k
(2)

where ν0 is the initial rate of TC degradation, mg/L·s; k is reaction rate constant, mg/L·s,
and Kads is the Langmuir–Hinshelwood adsorption equilibrium constant, L/mg. The good
fitness of the Langmuir–Hinshelwood equation with R2 of 0.9974 confirmed the above
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assumption and also agreed with the mechanism where ·OHads played the main role as the
reactive oxygen species for TC degradation. The rate constant and adsorption equilibrium
constant were reported in Table S5.
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The agreement of this model assumption with data indicates the important role of the
silica–carbon support, which not only had high chemical stability but also enhanced TC
adsorption by H-bond and π−π stacking, leading to the increase in the Fenton reaction’s
efficiency [43,60,70,71]. It could be proposed that after TC molecules were adsorbed on the
surface of catalyst, the catalytic degradation of TC occurred and degraded to inorganic
products, then the new incoming TC molecules adsorbed again on the surface of catalyst,
creating the circulation as also shown in Figure 5. This could explain why this catalyst was
able to degrade the high amount of TC almost completely in the solution (800 ppm TC).

Moreover, the TC level in real wastewater is generally low [72]. It is interesting to note
that all 40 mg/L TC in 50 mL solution was removed and could not be measured by UV-Vis
spectrophotometer. Therefore, 1000 mL of 40 ppm TC solution with the same amount of TC
molecules compared to 50 mL of 800 ppm TC was used in the catalytic experiment with the
same conditions as before. The result in Figure S9 indicates a removal efficiency of 85.47%
which was only 5% lower than the catalytic degradation of 800 ppm TC with the volume of
50 mL. This was because the natural pH of lower concentration of TC (40 ppm) slightly
increased (pH 4.4), leading to the decrease in the catalytic activity of the heterogeneous
Fenton reaction [10], and the lower initial concentration of the reactant (TC) can decrease
the initial reaction rate, according to the principles of rate law. Furthermore, the high
reaction volume can also slow down the reaction in which the catalyst has limited active
sites to be in contact with pollutant molecules. Moreover, the comparison studies were also
investigated, as shown in Figure S10. The adsorption process in dark conditions was first
carried out for 3 h to ensure that the TC molecules were fully adsorbed by the catalyst, then
the Fenton reaction started with the addition of H2O2. The results showed that the similar
removal efficiency was obtained for the first 3 h compared to the experiments without
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H2O2 in Figure 4B. Finally, the removal efficiency after 12 h was achieved at 90.24%, which
was very close to the prior experiment in the same conditions, but the H2O2 and catalyst
were added into TC solution simultaneously. This confirms that there is no significant
difference in the final efficiencies between both experiments.

2.8. The Regeneration of MBGA2-1

The recyclability of the catalyst is a crucial criterion for evaluating its practicability.
The catalytic degradation experiment of 800 ppm TC (50 mL) with MBGA2-1 was first
conducted using 5 mM H2O2 at natural pH. After that, the catalyst was regenerated by
using DI water and 0.1 M NaOH as eluting agents. As shown in Figure 7A, the initial
degradation efficiency of MBGA2-1 was 90%. After four regeneration cycles with NaOH
and DI water as the eluents, the degradation efficiencies of MBGA2-1 were dropped to
68.97% and 37.86%, respectively. The results show that the recyclability of the catalyst
was acceptable, with high efficiency in removal of TC. Additionally, 0.1 M NaOH was also
found to be a better eluent than DI water. More importantly, some of TC was detected
by UV-vis spectrophotometer from the eluate, confirming that simple adsorption also
contributes to the TC removal. This was consistent with the elemental composition from
the XPS result in Table S4. It was found that after regeneration for four cycles, MBGA2-1
had 1.73% wt nitrogen content, while it was not found on fresh MBGA2-1. Moreover,
it was found that NaOH is a great eluent for TC on carbon materials, leading to better
recyclability [43,73–75]. The alkaline solution can make the catalyst surface become more
basic and can suppress the iron dissolution, as confirmed in Figure 7B. The iron leaching for
each cycle using both DI water and 0.1 M NaOH as eluents shows the remarkable low Fe
leaching in range of 0.2–0.8 mg/L when using NaOH as an eluting agent, which was lower
than the EU discharge standards (<2 mg/L) [15] and also consistent with the recyclability
results. Furthermore, the used MBGA2-1 was also characterized by high-resolution XPS
and VSM analysis, as shown in Figure 3D–F and Figure S11. The surface chemistry based
on C 1s and O 1s (Table S3) of used MBGA2-1 was found to be the similar to that of fresh
MBGA2-1, while the iron content dropped insignificantly (Table S4), and the saturation
magnetization of used MBGA2-1 slightly decreased. Although the Ms decreased for used
MBGA2-1, the value was considered high, and the catalyst could still strongly be attracted
by an external magnet. This proved that the catalyst developed in this work is stable.
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2.9. Comparison Studies

In order to justify the MBGA2-1 as a good Fenton catalyst for the catalytic degradation
of TC, a comparison with previously published studies is shown in Table S6. The magnetic
Fenton catalyst in this work prepared using a simple co-precipitation method used low
toxic chemicals in water-based reaction. In contrast, others previous works have employed
complicated steps and large amount of chemicals, including the preparation of supports
themselves. The use of such synthetic catalyst supports has also led to difficulty in scaling
up, burdening the practical uses. Furthermore, in some works, toxic metals were introduced
to accelerate the Fenton cycle, leading to secondary contamination with the remaining,
highly toxic metals. In the present work, the utilization of Fe alone as active metal renders
the easily scalable application to pilot scale in industries because the Fe precursor is
relatively low cost, abundant, and non-toxic. With our catalyst, at 3 h, the removal efficiency
increased rapidly to 78%, and up to 90% within 12 h. In terms of the removal efficiency,
the removal amount of TC per catalyst dosage (Qe) was calculated and normalized to
compare the performance of TC degradation due to differences in initial TC concentration
and reaction volume from various works. Although the pseudo-rate constant of MBGA2-1
was lower compared to those of other catalysts, our catalyst showed the highest Qe of
721.32 mg/g among similar catalysts, both using a Fenton system and a photocatalytic
system. This value is considered to be extremely high. To the best of our knowledge, its
removal amount of TC per catalyst dosage (Qe) was the highest among all of the Fenton
catalysts so far. Moreover, the H2O2 concentration used in this work was considered low,
and only a simple Fenton process is needed without the requirement of visible, UV light, or
ultrasound, leading to cost-effectiveness in a real operation. In addition, the catalyst can
easily be recovered from the solution by an external magnet after the process. Therefore,
this MBGA2-1 is a promising Fenton catalyst to apply in practical industrial applications.

3. Experimental Section
3.1. Materials

Ferrous sulfate heptahydrate (FeSO4·7H2O, 99.5%) was purchased from Sigma-Aldrich
(Burlington, MA, USA), Ferric Chloride Hexahydrate (FeCl3·6H2O, 99.0%) was purchased
from Loba Chemie (Colaba, Mumbai). NaOH (97.0%) was purchased from RCI Labscan.
HCl (36.5–38.0%) was purchased from J.T. Baker (Phillipsburg, NJ, USA). Tetracycline
Hydrochloride (TC·HCl, >98.0%) was purchased from TCI America (Portland, OR, USA).
Sugarcane bagasse ash (BGA) was obtained from sugar plant of Eastern Sugar and Cane
Public Company Limited (Sa Kaeo, Thailand) and was thoroughly washed to remove
dirt and used as catalyst support without any further purification. All experiments were
performed using deionized (DI) water and all chemicals were AR grade.

3.2. Characterization of Samples

Field Emission Scanning Electron Microscope with energy dispersive X-ray spec-
troscopy (FESEM-EDX, Apreo, FEI, Brno-Černovice, Czech Republic) was operated to
study surface and porous morphology and magnetic particles. Fourier transform infrared
spectroscopy (FT-IR, Spectrum GX, Perkin Elmer, Waltham, MA, USA) with a KBr pellets
technique in wavenumber ranges of 4000–400 cm−1 and X-ray photoelectron spectroscopy
(XPS, AXIS Ultra DLD, Kratos Analytical Ltd., Manchester, UK) were performed to deter-
mine functional groups and iron species on the surface, both quantitatively and qualitatively.
N2 adsorption–desorption isotherms (ASAP2460, Micromeritics, Norcross, GA, USA) were
used to determined specific surface area. The samples were degassed at 120 ◦C for 16 h
prior to the measurements. X-ray Powder Diffraction (XRD, Philips, X’Pert MPD, Almelo,
The Netherlands) was performed to study crystal structure and the form of iron in samples.
The scan was run from 5◦ to 90◦ with a step size of 0.05◦. A vibrating sample magnetome-
ter (VSM, Lakeshore, Westerville, OH, USA) was used to study magnetic properties of
samples at 298 K. Transmission electron microscopy with Energy Dispersive Spectroscopy
(TEM-EDS, JEOL JEM-2010, Tokyo, Japan) was operated at 200 kV to study the uniformity
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of distribution, sizes, and other characteristics of the magnetic particles. Zeta potential
(Zeta Potential Analyzer, ZetaPALS, Brookhaven, Holtsville, NY, USA) was performed to
evaluate the point of zero charge (pHPZC) to study the acid base or total charge on the
surface of samples. The stability of the magnetic composite was studied by collecting the
composite after the reaction under different conditions. After that, the total number of Fe
ions left in the solution was measured by ICP-OES (AVIO 500, Perkin Elmer, Waltham,
MA, USA) to confirm the iron leaching from the composite. The solution after the experi-
ments was measured using a UV–Vis spectrophotometer and liquid chromatography-mass
spectra (ESI– mode, Agilent Technologies, Santa Clara, CA, USA). The decay of the total
organic carbon (TOC) in the solution was also evaluated by TOC analyzer (multi N/C 3100,
Analytik jena, Jena, Germany).

3.3. Preparation of Magnetic Fe3O4@ash Composite

Magnetic carbon materials were synthesized by the following steps. FeSO4·7H2O and
FeCl3·6H2O in 1:2 mol ratio were separately dissolved in 200 mL of DI water. Then, 5.00 g
sugarcane bagasse ash (BGA) with the particle size of 50 µm was added and the mixture
was stirred at 200 rpm and 80 ◦C in a magnetic stirring water bath. When the temperature
reached 80 ◦C, 100 mL of 1, 2, or 5 M NaOH was added dropwise into the suspensions,
then the mixture was aged for 3 h at 80 ◦C. After the suspensions were cooled down to
RT, they were washed with DI water until the pH was ~7. Next, the magnetic solid was
separated with an external magnet, then dried at 110 ◦C for 3 h. The magnetic sugarcane
bagasse ash composite (MBGA) was obtained. The impregnation ratios of Fe3O4/BGA
were 1:1, 2:1, and 1:2, varying the amount of iron precursor. The samples were designated
with the labeling type MBGAx-y, where x represents the concentration of NaOH in M, y is
the scaled ratio of Fe3O4/BGA; y = 1 for Fe3O4/BGA = 1:1; y = 0.5 for Fe3O4/BGA = 1:2;
and y = 2 for Fe3O4/BGA = 2:1. For comparison, Fe3O4 was also prepared as a control
experiment with the same ratio and under the same conditions as MBGA5-1 but without
the BGA. All the prepared materials were ground to ~100 µm particle size (as determined
by FESEM) before further experiments or characterization. The preparation of all samples
was replicated 5 times and standard errors are reported in Table 1.

3.4. Experimental Procedure

Kinetics: The batch kinetics experiments were performed in 100 mL conical flasks with
0.05 g of the magnetic catalyst (particle size of ~100 µm) and 100 mL of 800 mg/L TC
solution, on a thermostat shaker water bath (Model TOL09-FTSH-01, SCIFINETECH) at
28 ± 2 ◦C, at the natural (unadjusted) pH 3.2, for 0–12 h durations.

A certain amount of H2O2 was added to trigger the catalytic reaction and the pH was
adjusted with 0.1 M HCl or 0.1 M NaOH while investigating effect of pH on the tetracycline
removal.

To study the effect of TC concentration on the TC removal efficiency, the Fenton
catalytic degradation experiments were performed in 100 mL conical flasks with 0.05 g of
magnetic carbon material and 50 mL of 0–1200 mg/L TC solutions The mixture was shaken
for 12 h in the thermostat shaker water bath at 28 ± 2 ◦C, at the natural pH 3.2.

All the experiments were carried out under dark conditions. After complete reaction,
the solution was removed while the composite was separated from the mixture using a
magnet. The concentrations of TC before and after Fenton reaction were measured by a
calibrated method, using a UV-Vis spectrophotometer (UV 2600, Shimadzu, Kyoto, Japan)
at λ = 357 nm. The removal amount of TC (Qe) was calculated with the following equation
(Equation (3))

Qe =
(C0 − Ce)V

m
(3)

where C0 and Ce are the initial and equilibrium concentrations of TC (mg/L), respectively,
m is mass of the composite (g), and V is volume of the reaction solution (L).
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The degradation efficiency was calculated by the following formula (Equation (4))

%Efficiency =
(C0 − Ct)

C0
× 100 (4)

where Ct are the concentrations of TC at desired time intervals (mg/L)
Catalyst regeneration: The recyclability of the catalyst was performed the with MBGA2-

1, 50 mL of 800 mg/L TC solution for 24 h on the thermostat shaker water bath at 28 ± 2 ◦C
and natural pH (pH 3.2). The concentration of H2O2 added in the mixture was 5 mM. The
composite was then collected by an external magnet. The adsorbed TC molecules were
eluted from the composite by stirring the 0.5 g of the used composite in 50 mL of 0.1 M
NaOH at 200 rpm for 30 min, and the eluted composite was washed with DI water until
neutral pH was obtained. For comparison, the eluting agent was changed to DI water as a
control. Then, the composite was dried at 110 ◦C for 3 h. The adsorbent was subjected to
4 consecutive experiment cycles with the same volume and concentration as the first cycle.
It is noted that there was no color release observed from the composite.

4. Conclusions

Magnetic Fe3O4@ash composites were successfully prepared with a simple co-precipitation
method using low-cost sugarcane bagasse ash received as it was from the biomass electricity-
generation plants. The preparation protocol and characterization were systematically
studied with various techniques. The developed catalyst was used for catalytic degradation
of an ultra-high concentration of TC (800 ppm) using a Fenton system. The catalytic
performance showed that the MBGA2-1 catalyst had the highest degradation activity,
with good magnetic properties and high stabilities, compared to pure Fe3O4 and other
samples. It was discovered that the carbon left on the surface of the ash helped attract TC
molecules, enabling enhancement of the catalytic degradation process. The catalyst also
had good recyclability with low Fe leaching using 0.1 M NaOH as the eluent. Moreover,
the removal mechanism included two steps, starting with the TC adsorption on the catalyst
support with oxygenated functionalities. After that, ·OHads—which was the main reactive
oxygen species—attacked the molecules, leading to the degradation of TC. Additionally, we
developed a new potential approach for the utilization of low-cost BGA with the circular
economy concept. Considering its catalytic performance, magnetic properties, stabilities,
and easily scalable preparation, the MBGA2-1 has great potential for a practical application
with sustainability in wastewater remediation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal12040446/s1, Figure S1: FESEM-EDX analysis; Figure S2: Physical
images of all samples; Figure S3: Physical image of magnetic separation; Figure S4: FTIR spectra for all
samples; Figure S5: (A) TEM image in electron mode (B-E) EDS mapping of C, O, Fe, Si, respectively;
Figure S6: (A) Preliminary Catalytic Heterogeneous Fenton Reaction Test with Fe leaching for each
samples, (B) The effect of catalyst concentration on the catalytic degradation of TC for MBGA2-1;
Figure S7: Linear pseudo-first-order kinetics model for the catalytic degradation of TC for MBGA2-1
under different pH; Figure S8: LC-MS of the TC solution before- and after- catalytic degradation by
MBGA2-1; Figure S9: Comparative studies of the catalytic degradation of low concentration of TC for
MBGA2-1; Figure S10: The catalytic degradation of TC for MBGA2-1. The Fenton reaction starting by
the addition of H2O2 after the adsorption process in dark condition for 3 h; Figure S11: VSM hysteresis
loop of (black) fresh MBGA2-1, and MBGA2-1 after used 4 cycles by using (red) water and (blue)
0.1M NaOH as eluents; Table S1: The elemental compositions obtained from EDX spectra; Table S2:
Assignment of the peaks in FTIR spectra for all samples; Table S3: Assignment of the peaks in XPS
results (C 1s and O 1s) for MBGA2-1; Table S4: The elemental compositions (in wt%) for all samples,
as obtained from XPS results; Table S5: Fitted parameters in the Langmuir-Hinshelwood model;
Table S6: Literature curated data on the catalyst for TC removal and results from the current studies.
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Abstract: Microbial fuel cell, as a promising technology for simultaneous power production and
waste treatment, has received a great deal of attention in recent years; however, generation of
a relatively low power density is the main limitation towards its commercial application. This
study contributes toward the optimization, in terms of maximization, of the power density of a
microbial fuel cell by employing response surface methodology, coupled with central composite
design. For this optimization study, the interactive effect of three independent parameters, namely (i)
acetate concentration in the influent of anodic chamber; (ii) fuel feed flow rate in anodic chamber;
and (iii) oxygen concentration in the influent of cathodic chamber, have been analyzed for a two-
chamber microbial fuel cell, and the optimum conditions have been identified. The optimum
value of power density was observed at an acetate concentration, a fuel feed flow rate, and an
oxygen concentration value of 2.60 mol m−3, 0.0 m3, and 1.00 mol m−3, respectively. The results
show the achievement of a power density of 3.425 W m−2, which is significant considering the
available literature. Additionally, a statistical model has also been developed that correlates the three
independent factors to the power density. For this model, R2, adjusted R2, and predicted R2 were
0.839, 0.807, and 0.703, respectively. The fact that there is only a 3.8% error in the actual and adjusted
R2 demonstrates that the proposed model is statistically significant.
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1. Introduction

Microbial fuel cells (MFCs) are bio-electrochemical cells that use microbes as catalysts
to produce renewable energy/bioelectricity by consuming a wide range of biodegradable
organic matter [1]. MFCs have received a great deal of attention in recent years due to the
multitude of benefits associated with this technology [2]. MFCs provide an environmentally
friendly and low-cost green energy option by utilizing waste. To get energy from waste,
different thermal technologies, such as pyrolysis, gasification and incineration, are often
used; however, these technologies are also often criticized due to associated health concerns,
economical imbalance, operational complications and greenhouse gas generation [3]. On
the other hand, MFC is a non-thermal technology that operates at low temperatures (below
20 ◦C), and is referred as the safest technology to utilize various wastes and generate
energy with no toxic byproducts [3,4]. Another benefit of using MFC is its efficiency
towards pollutant removal from waste, with better effluent quality [5]. It must be noted
here that in various anaerobic fermentation processes, subsequent anaerobic treatment of
sludge is required due to the high chemical oxygen demand (COD) that increases energy
consumption and operating costs [6]. However, in the case of MFCs, the COD removal
efficiency is much higher, even at the low effluent rate, which makes MFC a promising
future technology [5,7]. Despite being such an amazing and promising technology, MFCs
are still not commercially viable. The major hurdles in MFC’s way to the industrial sector
includes low power density output and scaling up issues [8–10]. To cope with these issues,
the techniques of mathematical modeling and optimization of MFCs can be adopted.

All engineering systems or processes can be regarded as operations in which certain
parameters are provided as inputs to the systems. After passing through an operation, the
input parameters provide a desired response or output. Researchers are always interested
in varying input parameters in such a way that they provide an optimized environment
for maximizing the output. This requires following of three steps: first, to select an
admissible range to vary the values of the input parameters; second, to perform a series
of experiments at some points in the admissible range and collect the results; third, to
predict the results for the rest of the design points in such a way that the predicted results
are accurate and reliable [11]. In this regard, the response surface methodology (RSM)
provides a platform to develop a statistical model that, after a set of validation studies, can
be used to accurately predict results in the entire admissible range of parameters. Basically,
RSM is a mathematical tool that uses mathematical and statistical methods to develop a
functional relationship between the desired response (output) and a set of control variables
(input) [12]. It is one of the most commonly used techniques for optimization purpose as it
allows studying effect of multiple variables and their interactions on a single variable [13].
Many studies [14–18] have used RSM for optimization purposes, hence, used in this study.

The motivation of this study comes from the fact that the highly promising MFC
device technology is still unable to reach the stage of industrial application. In this regard,
the major drawbacks of MFCs, namely the low power density output and scaling up
issues, can be solved by carrying out optimization studies. For this purpose, RSM can be
applied by developing a mathematical model, which can be further used by the research
community to predict and validate experimental results. Published literature contains
several studies that have been conducted for the optimization of MFCs. For instance,
Geetanjali et al. [17] modified anodic carbon cloth, using NiWO4 and graphene oxide,
to optimize the performance of a single chamber MFC. It was observed that, with the
modified electrode, the internal resistance towards electron transfer, from microbes to
the electrode, got decreased that ultimately increased the power density of the MFC by
8.5 folds. Islam et al. [19] used RSM for optimization of a dual-chamber MFC. The influence
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of four independent parameters, namely substrate concentration, pH, residence time and
co-culture composition, was studied. The observations revealed that there was weak or no
influence of the following combinations of parameters: (i) substrate concentration-residence
time; (ii) pH–residence time; (iii) pH–substrate concentration; and (iv) residence time–
substrate concentration. On the other hand, a strong correlation was observed between
the power density and the following set of parameters: (i) co-culture composition and
residence time; (ii) pH and co-culture composition; and (iii) substrate concentration and
co-culture composition. Another study [20] used standard composite design to understand
the correlation between power density of a dual-chamber MFC, COD and cathodic aeration
rate. The main purpose of this study was to simultaneously improve the efficiency of
the MFC towards electricity generation and phosphorous removal. Application of the
RSM technique revealed that it was not possible to optimize MFC for concurrent power
production and phosphorous removal under the same conditions. Nevertheless, increasing
the COD and cathodic aeration rate in MFC was found to favor both electricity generation
and phosphorous removal.

In the optimization studies available in the literature, various parameters of MFCs
have been optimized under certain conditions. However, the understanding of the fact
that some parameters have a higher impact on the performance of an MFC is crucial to
paving its way to the industrial sector. A study conducted by Zeng et al. [21] revealed a list
of parameters to which MFC’s power density output is most sensitive. The flow rate of
the fuel feed to the anodic chamber, initial concentration of acetate in the anodic chamber
and initial concentration of O2 in the cathodic chamber were observed to be among the
most sensitive parameters in MFCs. Decreasing the value of these three parameters by a
ratio of 0.8 resulted in the decrement of the power density output by 10.57%, 78.42%, and
0.12%, respectively. On the other hand, increasing the value of the flow rate of the fuel
feed to anode by a ratio of 1.2 resulted in a decrement of the power density by 17.74%;
while, increase by the same ratio caused increment of 31.09% and 0.08%, respectively, in the
power density for the other two parameters. In this study, the effect of one parameter was
analyzed by keeping the others constant, which served as a limitation of the application of
this study [21]. This is because, in a practical scenario, studying the combined impact of all
the design parameters is crucial.

In the present paper, RSM has been utilized to study the correlation between the power
density output and the flow rate of the fuel feed to the anodic chamber, initial concentration
of acetate in the anodic chamber and initial concentration of O2 in the cathodic chamber.
By using RSM, the combined impact of these three parameters has been studied and an
analytical model has been developed that relates power density to the abovementioned
three parameters, which is the novelty of this study. The developed analytical model has
been further verified using different criteria and has finally been used to find the optimal
design points that enhanced the power density of MFCs.

2. Results and Discussions
2.1. Analysis of Variance (ANOVA)

Based on the control variables and their respective response values (Section 3.4), a
linear polynomial function was developed to predict the power density. The coefficients
of the model were estimated by using the RSM in Design Expert software, at a confidence
level of 95%. Equation (1) represents the analytical function to predict the power density,
based on the three-selected control variables.

In the analytical model of power density, shown in Equation (1), the coefficients of A
and B were high as compared to the coefficient of C. This indicates that the power density
is highly influenced by the changes in the flow rate of fuel feed to the anode and the
concentration of acetate in the anode, as compared to the changes in the concentration of
oxygen in the cathode.

R = +2.49 − 0.43 × A + 0.45 × B + 0.05 × C (1)
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After developing an analytical model, the next step was to check the validity of the
model. For this purpose, the following four basic criteria were used: (i) value of predicted R2;
(ii) value of adjusted R2; (iii) adequate precision; and (iv) difference between adjusted R2 and
predicted R2. Here, R2 is the coefficient of determination that depicts the closeness between
the actual data points and the fitted regression line [22]. To minimize the errors, the value
of R2 was adjusted in terms of the number of independent variables, and the new obtained
value of R2 was termed as the adjusted R2. For a model to be significant, the value of both R2

and adjusted R2 must be close to 1. In the present study, the value of R2 and adjusted R2 were
found to be 0.8397 and 0.8097, respectively, that validates the model presented in Equation (1).

Adequate precision is a term that measures the signal to noise (S/N) ratio of the model.
If the value of adequate precision is greater than 4, the model is considered acceptable [23].
For the model proposed in this study, the value of adequate precision was found to be
16.62, i.e., about 4 times higher than required. This implies that the model is significant.
Moreover, it was observed that the difference between the adjusted R2 and the predicted
R2 was less than 0.2, which is an insignificant difference; and therefore, it can be safely said
that the two values are in good agreement with each other.

2.2. Model Validation

After preliminary validation using ANOVA, the model was further validated graph-
ically by plotting different graphs (Figure 1). Figure 1a depicts the relation between the
actual and the predicted values, which indicates that there exists a strong correlation be-
tween the two values and that the model is valid with a negligible amount of inaccuracy
for practical purposes.
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Model adequacy studentized residuals is basically the difference between the actual
response value and the best fit value based on the developed model [24,25]. Figure 1b
presents the model adequacy studentized residuals for the present study. From this figure,
it can be concluded that the study does not include any sort of abnormality as the residual
values for the model are insignificant. From the plot shown in Figure 1c, it can be observed
that only one point lies outside the Cook’s distance, which means that a substantial number
of points lies within the acceptable region. This further implies that there are no such
potentially powerful points that may affect the response abnormally owing to their location
in the plot [26,27]; hence, the model can be considered significant.

2.3. Optimal Conditions

After verifying the validity of the model, the next step was to interpret the results
and find the optimal design points. The developed analytical model was used to generate
contour plots and response surface plots against the control variables to study the effect of
independent parameters on power density. An understanding of the interactions of vari-
ables is essential for achieving the highest power density. The three-dimensional response
surface helps in the visualization of the interactions between the variables. However, for
simplification, contour plots can also be used. Figure 2 depicts the contour plots and the 3D
response surfaces for the interaction between power density, acetate concentration, oxygen
concentration, and fuel feed flow rate.

Figure 2a shows the combined effect of the interaction between oxygen concentration
and fuel feed flow rate on power density. It can be observed from Figure 2 that the
power density increases with the increase in oxygen concentration, while keeping the
fuel feed flow rate below 1.9 × 10−5 m3·h−1. Accordingly, the highest power density
value of 3.42 W·m−2 occurred at a fuel feed flow rate of 1.8 × 10−5 m3·h−1 and an oxygen
concentration of 1 mol·m-3. This point, with the highest power density, was considered as
the optimal design point.

Figure 2b relates the effect of fuel feed flow rate and acetate concentration on power
density. The trend suggests that an increment in the acetate concentration has a signif-
icant effect on the power density. It was realized that the power density attained its
maximum value at an acetate concentration of 2.6 mol·m−3 and a fuel feed flow rate of
1.8 × 10−5 m3·h−1. Similarly, Figure 2c depicts the response of the power density upon
variation of the acetate and the oxygen concentrations. The power density was found to
be dependent on the concentration of both reactants. The highest value of power density
was obtained at an acetate concentration of 2.6 mol·m−3 and an oxygen concentration of
1 mol·m−3.

Based on the optimization study, the different obtained results have been depicted in
Table 1. Fuel feed flow rate, initial acetate concentration and initial oxygen concentration
values of 0.00 m3·h−1, 2.60 mol·m−3, and 1.00 mol·m−3, respectively, have been determined
to be the optimum values that resulted in the generation of the maximum power density
(i.e., 3.425 W·m−2). The obtained results were somewhat predictable, based on the already
available literature on MFCs.

192



Catalysts 2021, 11, 1202
Catalysts 2021, 11, x FOR PEER REVIEW 6 of 13 
 

 

 
 

  

  

Figure 2. Contour plots of optimization to study the effect of the selected independent parameters on the MFC power
density: (a) Effect of oxygen concentration and fuel feed flowrate, (b) effect of fuel feed flowrate and acetate concentration,
and (c) effect of acetate concentration and oxygen concentration.
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Table 1. Consolidated results of the optimization study.

No.
Flow Rate of Fuel Feed

to Anode
(m3·h−1)

Concentration of
Acetate in Anode

(mol·m−3)

Concentration of
Oxygen in Cathode

(mol·m−3)

Power Density
(W·m−2) Desirability

1 0.00 2.60 1.00 3.42506 0.99411298 Selected
2 0.00 2.60 0.92 3.41641 0.99264417 -
3 0.00 2.60 0.90 3.41367 0.99217825 -
4 0.00 2.60 0.89 3.41246 0.99196836 -
5 0.00 2.60 0.88 3.41126 0.9917674 -
6 0.00 2.60 0.85 3.40772 0.9911634 -
7 0.00 2.60 0.83 3.4051 0.990717 -
8 0.00 2.60 0.79 3.40082 0.98998557 -
9 0.00 2.60 1.00 3.41726 0.9898039 -
10 0.00 2.60 0.76 3.39749 0.98941787 -

Cathodic reactions have always been of interest to the research community, as it is
usually observed that the performance of an MFC is limited by cathodic reactions [28]. In
this study, upon changing the cathodic concentrations, by keeping other variables constant,
a substantial increment in the MFC performance was observed. With respect to the fuel
feed flowrate at the anode, a recent study was performed by You et al. [29]. After a series of
experiments, it was noted that a higher fuel feed flow rate does not result in an enhancement
of the power density of an MFC. Therefore, a low fuel feed flow rate was recommended.
This finding lies in line with the present finding, as the optimization study revealed that the
maximum power density is achievable at a hypothetically low fuel feed flow rate (ideally
at 0 m3·h−1). It must be mentioned here that in case of very low substrate concentration
(say, 2.0 mM), an increase in the flow rate resulted in an initial increase in the power
density; however, following this initial increase, no further change in the power density
was observed with increase in the flow rate. Therefore, it can be concluded that increasing
the fuel feed flowrate results in a decrease in the power density (an observation that lies in
line with the published literature) [21,30]. With respect to acetate concentration, a recent
study showed that a medium level (for instance, between 500 and 3000 mg·L−1 of acetate
concentration, the highest power output was achieved at a concentration of 2000 mg·L−1)
of acetate concentration is favorable towards the achievement of the maximum power
density [31], which agrees with the findings of this study.

From Table 1, it is pertinent to observe that the value of the flow rate of the fuel feed
to the anodic chamber has been recommended to be 0.00 m3·h−1. This implies that a
steady-state operation is recommended for obtaining the highest power density output.
In other words, to attain the maximum power density, a particular amount of feed must
be first introduced in the MFC, followed by an allowance of time to reach the steady-state.
After reaching the steady-state, the power density output will be the maximum. However,
after a certain point, the power density will start to decrease. At this very point, it is
recommended to empty the fuel cell and introduce a new feed. This recommendation lies
in line with that suggested by Esfandyari et al. [32].

2.4. Validation of Optimization

The optimal conditions recommended by the numerical model have been highlighted
in Table 1. The statistical model, Equation (1), predicts that under the mentioned optimal
conditions, the power density must be 3.425 W·m−2. In order to validate these optimal
results, a comparative study was conducted in which the power density of the control MFC
was compared to that of the optimized MFC (see Figure 3). The control cell was operated at a
fuel feed flow rate of 2.25 × 10−5 m3·h−1, an influent acetate concentration of 1.56 mol·m−3

and an influent oxygen concentration of 0 mol·m−3; whereas, the optimized MFC was
operated at the proposed optimized conditions. All the experiments were performed at
least twice and average values are stated. On average, a marginally insignificant value of
deviation (2%) was observed. It was observed that the optimized MFC produced a much
higher power density compared to the control MFC. Hence, the objective of the study
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was achieved. The obtained results, when compared to the literature, revealed that the
maximum power density reported in an earlier study with the same experimental setup,
but without optimization, was 2.039 W·m−2 [21]. Therefore, it is evident that, because
of the optimization, an open circuit maximum power density of 3.425 W·m−2 could be
achieved in the present study, with an average deviation of 2%.
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3. Materials and Methods
3.1. MFC Design

To conduct this study, a dual chamber microbial fuel cell was constructed with the
following specifications. A transparent sheet of polyacrylic plastic was used to con-
struct both chambers of the MFC. The two chambers, i.e., the anodic and the cathodic
chambers, were constructed with an equal volume of 5.5 cm3 and equal dimensions of
5.5 cm × 1.0 cm × 1.0 cm. An anode, having dimensions of 4.5 cm × 1.0 cm × 0.5 cm and
made of graphite felt was used in this experiment. For this purpose, analytical grade
polyacrylonitrile-based graphite felt was purchased from Beijing Sanys Carbon (Beijing,
China) Co., Ltd. Both the anodic and the cathodic chambers were modeled as continuously
stirred tank reactors. The cathode also possessed the same dimensions and materials,
apart from the fact that it was coated with 0.3 mg·cm−2 of platinum powder. The catalyst
was first magnetically stirred with isopropanol and 5 wt% Nafion solutions, followed by
sonication for a period of 30 min to obtain a fine ink for the catalyst. The obtained ink was
then carefully deposited onto the surface of the electrode by employing the spray coating
technique [33]. To separate both the chambers, Nafion 117 membrane, having an area
of 5 cm2, a thickness of 0.1778 mm and a conductivity of 5 S·m−1, was used. The anode
and the cathode chambers were connected by using a platinum wire that was externally
connected to a variable resistance box of 10–10 k Ω, that was systematically varied during
the experiments and results were obtained by using Ohm’s law. The maximum power
density value was obtained against an external resistance of 1 kΩ. Upon increasing the
resistance value, rapid drop of voltage was observed. The design of this MFC was inspired
by the design reported by Zeng et al. [21].
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3.2. MFC Feed: Inoculation and Anolyte Preparation

For this study, we used an electrogenic-mixed firmicute consortium. The consortium
was isolated from the anode electrode biofilm of an MFC operated with wastewater col-
lected from the Karachi Water & Sewerage Board (KWSB), operated in fed-batch mode over
a period of 6 months. Upon isolation consortium it was revealed that the isolated microbes
belonged to the Lysinibacillus species, that contributes to make MFC cost effective [34].
For DNA isolation, PCR amplification and anolyte preparation, we closely followed the
techniques described elaborately by Kumar et al. [35–37] and Rudra et al. [38]. These mixed
strains were suspended in the buffer solution and subsequently transferred to synthetic
feed wastewater to make the final volume of the microbial enriched anolyte. Inoculation of
the microbe colonies was performed in sterilized solution that contained nutrient broth.
Growth was allowed under laboratory conditions (temperature: 37 ◦C, time: 24 to 48 h), by
maintaining anoxic conditions the whole process. The synthetic feed was prepared using
1.56 mM acetate buffer solution, and it was used to conduct all the experiments. The buffer
was prepared using 4 mM sodium acetate in conjunction with acetic acid. The pH of the
buffer was maintained at 7. To maintain anaerobic conditions in the anodic chamber, N2
was purged through the solution, while the cathodic chamber was directly in contact with
atmospheric air [16]. The external resistance of the circuit during the inoculation procedure
was 10 kΩ to ensure high biomass yield.

3.3. Working Conditions

All the experiments were conducted under a steady temperature of 25−30 ◦C and
a pressure of 1 atm. All the readings were obtained from the MFC once the steady state
condition was achieved, which took about 36 min from the start of the device operation.

3.4. Experimental Design

The sensitivity analysis of all the parameters of the MFC was conducted by following
Zeng et al. [21]. This study was conducted by varying one parameter at a time, while keep-
ing all other parameters constant. In this study [21], it was observed that the fuel feed flow
rate, the rate of reaction in the anodic chamber, the rate of electron transfer between two
chambers, the initial acetate concentration, the initial oxygen concentration, the membrane
thickness, the membrane conductivity and the distance between the chambers were the
most influential parameters that determines the power density of an MFC.

In this study, for performing the RSM studies, Design Expert software by Stat-Ease,
Inc. Minneapolis, MN-55413, USA was used. The maximum and minimum values of the
employed independent parameters, along with the mean have been presented in Table 2.

Table 2. Values of independent variables used for the process optimization.

Symbol Parameter Unit Minimum Maximum Mean

A Flow rate of fuel feed to anode m3 h−1 0 2.25 × 10−5 1.12 × 10−5

B Initial concentration of acetate in anode mol m−3 1.26 2.94 2.1
C Initial concentration of oxygen in cathode mol m−3 0.34 1.34 0.5

To study the effects of control variables on the power density of MFCs, a total of
20 experiments were performed. The number of experiments were decided based on the
formula given in Equation (2).

N = 2k + 2k + 6 (2)

In Equation (2), N denotes the total number of experiments required, while k is the
total number of independent variables selected for a given study [39]. Furthermore, the
first term on the right-hand side denotes the number of factorial points, followed by the
number of axial points (the second term) and the center points (the third term). In the
present study, the value of k is 3. This implies a total of 20 experiments, with 8 factorial
points, 6 axial points, and 6 central points.
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Table 3 lists all these experiments, with their corresponding values of power densities.

Table 3. Central composite design of experiments for optimization of the MFC.

Factor 1 Factor 2 Factor 3 Response

Run Type A B C R

m3 h−1 mol m−3 mol m−3 W m−2

1 Axial 2.25 × 10−5 2.940896 0.5 2.797
2 Center 2.25 × 10−5 2.1 0.5 2.461
3 Axial 3.01 × 10−5 2.1 0.5 1.671
4 Axial 2.25 × 10−5 1.259104 0.5 1.47
5 Axial 2.25 × 10−5 2.1 1.340896 2.463
6 Factorial 0.000027 1.6 1 1.607
7 Factorial 0.000027 2.6 1 3.304
8 Center 2.25 × 10−5 2.1 0.5 2.461
9 Center 2.25 × 10−5 2.1 0.5 2.461

10 Axial 1.49 × 10−5 2.1 0.5 3.46
11 Factorial 0.000027 2.6 0 2.261
12 Factorial 0.000018 2.6 0 3.386
13 Factorial 0.000018 1.6 1 2.503
14 Factorial 0.000018 1.6 0 2.585
15 Factorial 0.000018 2.6 1 3.304
16 Center 2.25 × 10−5 2.1 0.5 2.461
17 Factorial 0.000027 1.6 0 1.689
18 Center 2.25 × 10−5 2.1 0.5 2.461
19 Axial 2.25 × 10−5 2.1 0.3409 2.47
20 Center 2.25 × 10−5 2.1 0.5 2.461

4. Conclusions

A microbial fuel cell is a promising source of green electricity that also simultaneously
reduces organic waste. Despite being an appealing technology, it is still largely laboratory-
based and has so far failed to find applications in the industrial sector. This is primarily
owing to its low power density output. This study uses RSM to achieve an enhanced power
density of MFCs. For this purpose, a central composite design was adopted and a series
of 20 experiments were conducted. Based on the experimental results, a statistical model
was developed that depicted the relation of three independent variables to power density
output. The model was validated using the ANOVA test and Crook distance test. Based
on all the experiments and the validated model, it has been inferred that fuel feed flow
rate, initial acetate concentration and initial oxygen concentration values of 0.00 m3·h−1,
2.60 mol·m−3, and 1.00 mol·m−3, respectively, are the optimum values that provide the
maximum power density of 3.425 W·m−2. Additionally, this study successfully resulted
in an improvement of the power density of an MFC from 2.039 W·m−2 (maximum value
reported in the literature for a similar study) to 3.425 W·m−2.
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Abstract: The effect of reaction temperature, syngas space velocity, and catalyst stability on Fischer-
Tropsch reaction was investigated using a fixed-bed microreactor. Cobalt and Manganese bimetallic
catalysts on carbon nanotubes (CNT) support (Co-Mn/CNT) were synthesized via the strong electro-
static adsorption (SEA) method. For testing the performance of the catalyst, Co-Mn/CNT catalysts
with four different manganese percentages (0, 5, 10, 15, and 20%) were synthesized. Synthesized
catalysts were then analyzed by TEM, FESEM, atomic absorption spectrometry (AAS), and zeta
potential sizer. In this study, the temperature was varied from 200 to 280 ◦C and syngas space velocity
was varied from 0.5 to 4.5 L/g.h. Results showed an increasing reaction temperature from 200 ◦C to
280 ◦C with reaction pressure of 20 atm, the Space velocity of 2.5 L/h.g and H2/CO ratio of 2, lead to
the rise of CO % conversion from 59.5% to 88.2% and an increase for C5+ selectivity from 83.2% to
85.8%. When compared to the other catalyst formulation, the catalyst sample with 95% cobalt and 5%
manganese on CNT support (95Co5Mn/CNT) performed more stable for 48 h on stream.

Keywords: carbon nanotubes; thermal treatment; cobalt; Fischer-Tropsch; catalyst; acid treatment

1. Introduction

Fischer-Tropsch Synthesis (FTS) utilizes syngas (H2 + CO) to generate hydrocarbons
which have a significant role among eco-friendly fuels and renewable energies. Due
to abundant natural gas and coal resources, gas to the liquid process is appealing as a
source of feed instead of declining crude oil reservoirs. Fuels produced with FTS are
eco-friendly and have very low levels of greenhouse gases. Cobalt catalyst is a popular
catalyst choice for FTS [1,2]. It is of most economic interest to have liquid hydrocarbons
with long-chain carbon atoms, referred to as C5+. We employed the same combined acid
and heat pre-treatments of CNT as Tavasoli et al. [3], but the strong electrostatic adsorption
(SEA) technique was used for the preparation of the Co/CNT catalyst, with the pH of the
precursor solution being regulated throughout the metal deposition. Schwarz proposed
that the electrostatic interactions between a metallic ion and a charged support may be used
to control the metallic ion’s adsorption over surfaces with two oxide fractions [4,5]. The
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concept of this methodology has been efficiently employed to generate highly distributed
bimetallic catalysts, with a variety of oxide and carbon substrates [6–8]. Depending
upon the pH solution is acidic or basic, the hydroxyl (–OH) groups on the surface of
an oxide become protonated or deprotonated naturally. These charged hydroxyl groups
can then absorb metal complex ions in an oppositely charged solution. The density of
charged hydroxyl groups on the oxide surface is determined by the pH at which the
surface is neutrally charged, which is called the Point of Zero Charge (PZC). The hydroxyl
groups deprotonate above the PZC, making the surface negatively charged and allowing
cationic complexes to be adsorbed onto the surface by electrostatic adsorption technique [8].
Previous research on CNT-supported cobalt catalysts is used as an impregnation approach
without pH control during catalyst synthesis [9,10]. The deposition of cobalt solution
because of pre-treated CNT support has been carried out in this study using the SEA
principle at a specific pH. During the synthesis process, the pH has been monitored for
cobalt solution. On the characteristics and performance of Co/CNTs catalysts, the impacts
of combined acid and heat pre-treatments of CNT support are discussed. The activity
and stability of the Co/CNT catalyst in FTS are increased by combining an acid with the
thermal pre-treatment of CNT at 900 ◦C.

Consequently, optimizing the distribution of the reaction product is important and
this can be accomplished by varying any of the reaction factors, like temperature, pressure,
H2/CO ratio, reactor type, and catalyst, etc. [11–16]. Increasing FT operating pressure
for cobalt-based catalysts was reported to have a negligible impact on enhancing the
reaction rate and C5+ selectivity [17–19]. As a part of ongoing research, the effect of reaction
pressure on Co/CNT catalyst performance with different supporting materials has been
studied. The selectivity of shorter molecular hydrocarbons (C1-C2) has been revealed to
be substantially enhanced by increasing the reaction temperature and the H2/CO ratio.
However, the selection of long molecular hydrocarbons (C5+) is substantially enhanced by
reducing the pressure of the reaction [20–23]. Some researchers recorded the influence of
operating conditions on the product selectivity for cobalt-based catalysts [20,24,25] and
revealed that the olefin selectivity of the hydrocarbon product range reduced with rising
pressure, which has reported in prior studies [19,21,24]. This study is a continuation of
previous research that has been examined and published [26–30]. The current investigation
aims to prepare cobalt manganese bimetallic catalysts on CNT substrate employing SEA
technique, also to study effects of temperature, syngas space velocity, and catalyst stability
through Fischer-Tropsch synthesis by performing Co-Mn/CNT bimetallic catalyst.

2. Process Result Dissection

The effects of temperature, catalyst stability, and syngas space velocity on the catalytic
efficiency of monometallic and bimetallic Co-Mn were analyzed. The findings of the
reaction were contrasted by product selection in terms of carbon monoxide conversion
and hydrocarbon. In the reaction study part, all the reactions were performed two times
and the standard deviation value was calculated to be ±1 percent for all reactions. Carbon
mass balance was calculated from the moles of carbon entering the reactor relative to the
moles of carbonaceous products formed. The advantage and novelty of the current studies
were performed by the SEA method for synthesizing Co-Mn catalysts on CNT support
for Fischer-Tropsch (FT) reaction, which has not been reported previously [26–29]. A high
percentage of CO conversion and C5+ selectivity was obtained in the present investigation.

2.1. Influence of Reaction Temperature on Catalyst Efficiency

Table 1 revealed that the Fischer-Tropsch synthesis rates, as well as the CO conversion,
are under the strong influence of reaction temperature. The results illustrate that rising
Fischer-Tropsch reaction temperature from 200 to 280 ◦C boosts % CO conversion from 59.5
to 88.2%. Increasing FTS temperature rises the motions of hydrogen on the catalyst surface
and results in greater CO conversion [31]. Simultaneously, the WGS reaction rate rises from
0.55 to 0.80. The rate of WGS reaction or CO2 formation can be increased and related to the
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rise in water semi-pressure, owing to the rise in Fischer-Tropsch synthesis reaction rate [32].
A comparison of hydrocarbon product selectivity for 95Co5Mn/CNT catalysts at 220 ◦C
and 280 ◦C shows a significant change with decreases in molecular weight hydrocarbons
for greater reaction temperature [33]. The results indicate that methane selectivity using
95Co5Mn/CNT catalysts at 200 and 280 ◦C is 10.8%, and 15.2%, respectively. Further,
the selectivity of C5+ hydrocarbons for 95Co5Mn/CNT catalysts increases from 83.2%
(200 ◦C) to 85.8% (240 ◦C). The olefin to paraffin ratio reduced from 0.54 to 0.15. This finding
presented that greater reaction temperature enhances the carbon monoxide conversion, but
for C5+ selectivity, increasing reaction temperature leads to a hydrocarbon chain moves
towards a shorter chain [32,34].

Table 1. Influence of reaction temperature (◦C) on CO conversion%, C1 selectivity%, C2–C4 selectiv-
ity%, C5+ selectivity%, olefinity and WGS reaction *.

CO Conversion% 200 220 240 260 280

Co/CNT 48.3 54.3 58.2 59.6 59.5
95Co5Mn/CNT 59.5 78.2 86.6 87.5 88.2

90Co10Mn/CNT 57.1 73.1 79.8 80.3 81.5
85Co15Mn/CNT 55.2 67.1 73.2 74.1 74.5
80Co20Mn/CNT 50.2 61.8 66.3 67.6 67.5

C1 selectivity%

Co/CNT 15.5 16.9 16.5 18.6 19.5
95Co5Mn/CNT 10.8 11.3 11.8 13.5 15.2

90Co10Mn/CNT 12.3 12.8 13.3 14.9 16.5
85Co15Mn/CNT 13.1 13.6 14.1 15.5 17.1
80Co20Mn/CNT 14.2 14.5 15.8 16.5 18.5

C2–C4 selectivity%

Co/CNT 12.6 13 13.4 17.3 19.6
95Co5Mn/CNT 5.5 6.1 6.7 9.6 11.3

90Co10Mn/CNT 7.7 8.2 8.7 11.8 13.7
85Co15Mn/CNT 8.5 9.8 9.4 13.6 15.6
80Co20Mn/CNT 9.6 10.6 10.5 14.2 16.5

C5+ selectivity%

Co/CNT 72.1 71.1 69.1 56.7 50.6
95Co5Mn/CNT 83.2 82.4 85.8 68.2 61.7

90Co10Mn/CNT 82.5 81.6 78.7 67.3 60.6
85Co15Mn/CNT 80.5 79.5 76.5 64.4 58.4
80Co20Mn/CNT 78.5 77.5 74.5 63.5 55.2

Olefinity

Co/CNT 0.92 0.71 0.63 0.72 0.84
95Co5Mn/CNT 0.54 0.19 0.15 0.22 0.38

90Co10Mn/CNT 0.63 0.34 0.27 0.37 0.55
85Co15Mn/CNT 0.78 0.42 0.34 0.5 0.65
80Co20Mn/CNT 0.87 0.57 0.45 0.58 0.75

WGS selectivity

Co/CNT 0.24 0.33 0.36 0.45 0.53
95Co5Mn/CNT 0.55 0.58 0.65 0.76 0.80

90Co10Mn/CNT 0.48 0.51 0.58 0.68 0.74
85Co15Mn/CNT 0.43 0.45 0.51 0.61 0.69
80Co20Mn/CNT 0.38 0.43 0.45 0.56 0.64

* Reaction condition: Pressure: 20 atm, Space velocity: 2.5 L/h.g, Ratio of H2/CO:2.

Table 1 illustrates five reaction temperatures: 200, 220, 240, 260, and 280 ◦C, which
were used at an H2/CO feed proportion of two and a pressure of 20 atm on different
Co-Mn/CNT catalyst compositions. As seen in Table 1, increasing the reaction temperature
enhanced carbon monoxide conversion. It has been shown that increasing the temperature
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promotes CO molecule dissociation on active sites of catalysts, hence, increasing the rate of
CO hydrogenation [35]. According to Vannice and coworkers [36], CO molecules become
active at higher operating temperatures due to the strong interaction of C and O atoms
with active metal surfaces [37]. However, the reaction temperature has been increased
to 260 ◦C, activity dropped again, indicating that the optimum reaction temperature was
240 ◦C. Diffusion effects have been suggested by many studies for an increase in the activity
of FTS catalysts as temperature rises [38]. It has been claimed that when the operating
temperature rises, the migration of molecules away from active sites improves, increasing
the number of active sites available. These findings were comparable to those of prior
studies [37].

The methane is used as a fuel, the production of C1 and C2–C4 should be reduced to a
minimum during FTS [39]. As indicated in Table 1, increasing the reaction temperature
improved methane selectivity. The increase in methane selectivity with increasing tempera-
ture has been attributed to an increase in CO molecule dissociation on the catalyst surface,
resulting in more carbons available for hydrogenation by H2 molecules [40].

C5+ selectivity is considered a preferred FTS output, and reaction conditions are
geared toward increasing C5+ products. Table 1 summarizes the effects of temperature
on C5+ selectivity. With a drop-in temperature, selectivity for C5+ increased. During
the FTS process, it has been found that increasing the operating temperature reduces
chain propagation and improves the chain termination step [41]. The FTS is a surface
polymerization reaction, increasing the temperature reduces selectivity for long-chained
molecules while improving selectivity for lower hydrocarbons.

As indicated in Table 1, increasing temperature resulted in a decrease in olefinity.
In the temperature range of 220 to 250 ◦C, the Olefin to Paraffin ratio declined faster
than in the temperature range of 250 to 280 ◦C, when it climbed again, which was con-
sistent with thermodynamic assumptions. Olefins are generated first, then propagated
to form long-chained hydrocarbons during FTS. As most olefins were hydrogenated, an
increase in temperature increased CO hydrogenation and hence decreased olefinity [42].
CO hydrogenation decreased at the temperature range of 250 to 280 ◦C due to the high
chemisorption of CO molecules on the catalyst surface, which reduced the likelihood of
hydrogen molecules hydrogenating CO molecules. Hunter and coworkers [42] noticed
a similar pattern. On the other hand, some researchers discovered a contrary tendency,
claiming that increasing the operating temperature increased olefinity. The rate of WGS
increased with increasing temperature for monometallic and bimetallic catalysts (Table 1),
and other researchers have found the same pattern [42].

2.2. Influence of Space Velocity on Catalyst Efficiency

Effect of mass space velocity (Vm) on the catalytic efficiency of CNT-supported
monometallic and bimetallic catalysts of Co and Mn have selected at 240 ◦C with a to-
tal flow rate of reactants varied between 0.5, 1.5, 2.5, 3.5, 4.5 L/g.h with H2/CO feed
ratio of 2/1 and reaction pressure of 20 atm. The results in Table 2 show that for Co-
Mn/CNT, as space velocity increased, CO conversion decreased. Liu and co-workers [43]
reported a similar trend for commercial Co-Mn catalysts where it was observed that con-
version of CO was lowered to 30% from 82 % by an increase in space velocity from 0.46 to
1.85 L/g.h. Similar results have been previously reported [44]. Catalyst’s weight was
kept constant, which shows that space velocity was influenced by the total flow rate of
reactants. Consequently, the variations in the selectivity of the product would be because
of the residence time.

Table 2. Effect of space velocity (L/g.h) on CO conversion%, CH4 selectivity% and C5+ selectivity% *.

CO Conversion% 0.5 1.5 2.5 3.5 4.5

Co/CNT 72.2 71.3 69.7 65.8 50.7
95Co5Mn/CNT 89.7 88.9 86.6 82.0 67.4

90Co10Mn/CNT 82.4 81.6 78.4 72.7 60.4
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Table 2. Cont.

CO Conversion% 0.5 1.5 2.5 3.5 4.5

85Co15Mn/CNT 80.9 79.7 76.6 71.6 58.6
80Co20Mn/CNT 78.3 77.5 74.8 70.3 55.8

C1 Selectivity%

Co/CNT 12.6 13.5 13.4 16.3 19.4
95Co5Mn/CNT 5.5 6.1 6.7 9.7 11.8

90Co10Mn/CNT 7.7 8.2 8.7 11.9 13.6
85Co15Mn/CNT 8.5 9.7 9.4 12.5 15.7
80Co20Mn/CNT 9.6 10.6 10.5 14.4 16.5

C5+ Selectivity%

Co/CNT 72.1 71.1 69.1 63.5 50.6
95Co5Mn/CNT 88.5 87.7 85.8 72.3 61.7

90Co10Mn/CNT 82.9 81.6 78.5 70.5 60.6
85Co15Mn/CNT 80.5 79.5 76.5 68.4 58.4
80Co20Mn/CNT 78.5 77.5 74.5 66.7 55.7

* Reaction condition: Pressure: 20 atm, Temperature: 240 ◦C, Ratio of H2/CO: 2.

3. Catalyst Stability and Used Catalyst TEM

Figure 1 shows carbon monoxide conversion with time on stream (TOS) for as-received
Co/CNT, 95Co5Mn/CNT, 90Co10Mn/CNT, 85Co15Mn/CNT, and 80Co20Mn/CNT cata-
lysts samples. Catalysts showed different stability patterns within a period of 48 h.
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Figure 1. Time on stream (TOS) efficiency for catalysts deposited on CNT pre-treated at 240 ◦C,
20 atm, and H2/CO = 2 reaction conditions.

Figure 1 shows the stability of 95Co5Mn/CNT catalyst in contrast to other formulation
catalyst samples. For Co/CNT catalyst sample, CO conversion dropped drastically from
35 to 18% during 48 h. For 95Co15Mn/CNT catalyst results show a slow deactivation
from 58.7% of carbon monoxide conversion to 56.9% within 48 h. The stability of cata-
lysts may be related to Mn%, functional groups, structure, defects, and morphology of
CNT substrate [33]. For catalyst prepared on 95Co5Mn/CNT pre-treated at 900 ◦C, CO
conversion and C5+ selectivity were determined as 58.7%, and 59.1%, respectively. The
superior efficiency of 95Co5Mn/CNT compared to other catalyst samples attributed to the
higher dispersion and reducibility of cobalt-oxide nanoparticles were confined inside the
CNT channels [45]. Figure 2 depicts the TEM images of the catalysts at temperatures of (a)
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600 and (b) 900 ◦C. The particle size was found to be raised from 4.2 to 20.5 nm at 600 ◦C
whereas 7.2 to 14.1 nm at 900 ◦C to indicate the treated catalyst samples [46].
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Catalyst deactivation reveals that sintering was extremely high during FTS. The results
of the TEM revealed that the active sites on the outside surface of the CNT sinter at a faster
rate than the active sites inside the CNT channels. As previously stated, the majority of the
cobalt active sites are enclosed within CNT.

The confinement of the reaction liquid inside the pores can improve their interaction,
allowing more cobalt active sites to be exposed, thus, encouraging the growth of longer
hydrocarbon chains [47]. The findings are consistent with those of other researchers [48],
who found that the inside surface of CNT has an electron deficiency, which can enhance CO
separation and lead to the synthesis of longer hydrocarbon chains [49]. The catalyst heated
at 900 ◦C resulted in high nanoparticles in the channels with the decreased deactivation
rate [50], according to our TEM results (Table 3), increasing the ratio of active sites enclosed
inside CNT channels to active sites outside of CNT channels is thought to be a major
component in improving C5+ selectivity and lowering CH4 rates [51]. The difference in
electron dispersion between the internal and external surfaces of the CNT, as well as the
cobalt particle confinement phenomena [48]. Due to the electron deficit on the inner surface
of the CNT, there is a strong interaction between cobalt oxides and the support. Since the
lower sintering potential when compared to the catalyst active sites on the external surface
of the CNT channel.

Table 3. Textural properties of Co/CNT catalysts at various wt% loading.

Samples BET Surface Area (m2/g) Total Pore Volume (m3/g)

Pristine CNT 138.2 1.58
CNT.A 223.2 0.88

CNT.A.T 266.4 0.54
Co/CNTs.A 198.5 0.55

95Co5Mn/CNT.A.T 217.5 0.36
90Co10Mn/CNT.A.T 220.8 0.48
85Co15Mn/CNT.A.T 223.4 0.55
80Co20Mn/CNT.A.T 225.3 0.58

4. Experimental
4.1. Functionalization of CNT Substrate

Functionalization and activation by introducing functional groups to the CNT sup-
port using nitric acid are essential before metal loading [49]. The functionalization course
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was aimed at improving the interaction among catalyst active sites and the CNT sub-
strate surface. Pre-treatment with acid purifies synthesized CNT, adds oxygen-containing
functional groups (–OH) on the catalyst support surface, and removes the fullerene cap
from carbon nanotubes to have open CNT channels [50]. A wet chemical oxidation
method is the commonly accepted process for activating and functionalizing carbon nan-
otubes. Around 2 g of purchased CNT (purity > 95%, CVD, length: 10−20 µm, diameter:
30−50 nm, Nanostructured and Amorphous Materials Inc.) were added to a single necked
round bottom flask and add 35 vol% nitric acid (Merck) at 110 ◦C for 10 h [51]. After reflux,
the blend was cooled down to ambient temperature, diluted with deionized water, filtered
using a filter membrane of 0.2 µm pore size, and washed many times till the residue filtrate
pH reached about 7 [52]. Neutralized CNT was dried overnight in an oven at 120 ◦C and
acid-treated CNT continued with thermal treatment for 3 h at 900 ◦C under flowing argon
gas at 20 mL min−1 [53].

4.2. Point of Zero Charges (PZC), Co Adsorption on CNT, and Catalyst Preparation

The common technique of impregnation was used to synthesize cobalt catalysts which
produced a heterogeneous distribution of cobalt catalyst active sites on the substrate, but the
Strong Electrostatic Adsorption (SEA) technique lead to greater catalyst particle dispersion
and narrower distribution of catalyst size [54–57]. CNT, silica, alumina, and other metal
oxides supports have hydroxyl groups on the surface. Based on the SEA technique, the
point of zero charges is the pH value of the medium that the hydroxyl group on the surface
remains neutral. A range of tests was carried out to find the optimum of catalyst metal
active sites on CNT substrate by utilizing cationic hexamine of complexes of catalyst metal.
Graph pattern shows metal adsorption increases meaningfully at pH > PZC [54,56,57].
Catalyst samples made via the SEA process [58–62] at optimal pH were found with lower
particle size and higher dispersion in contrast to catalyst samples synthesized by the
common impregnation technique.

Equilibrium pH at high oxide loading (EpHL) technique [58] was conducted to find
the PZC of CNT substrate. The pH value was adjusted range of 2–14 by the addition of
nitric acid or ammonium hydroxide to distilled water. By pouring into a conical flask, 0.5 g
weighted CNT was added up with the addition of 50 mL of each solution. A rotary shaker
was used to shake the mixture for 1 h before measuring the final pH value. Figure 3a
performed PZC of CNT support at pH 9.5. The pH of the cobalt nitrate precursor solution
was set to a range of 2–14 to study the cobalt adsorption against pH. Weighed CNT was
combined into solutions and shaken for 1 h, and the final pH was then measured. The
volume of 5ml of filtered cobalt solution of every sample was analyzed for the percentage
of cobalt via atomic absorption spectrophotometer (AAS). Figure 3b indicates the plot of
Co adsorption versus pH and showed optimal pH for Co adsorption is 14. At chosen
pH = 14, the cobalt precursor was uptake by 10 wt% at Co-Mn metal loads from an excess
solution on CNT substrate to avoid pH change. The sample was filtered and dried for
24 h under airflow. The dried sample was calcinated in a tubular furnace at 400 ◦C for 4 h
under airflow to eliminate residual reactants.

Based on the SEA preparation method, the surface of functionalized CNT changed
to negatively charged, the pH solution was greater than the PZC of the CNT. The PZC of
the CNT support was found to be 9.5. The highest cobalt adsorbed on the CNT happened
when the Co precursor solution remained at a pH of 14. Accordingly, the uptake of Co
ions on the pre-treated CNT was occurred at pH 14 using a solution of Co(NO3)2. Dried
catalyst samples were calcined in a tubular furnace at 400 ◦C for 4 h under Ar gas flow.
The metal loading on CNT was performed at 10 wt% during the catalyst synthesis period.

4.3. Catalyst Characterization

Fischer-Tropsch catalyst performance is significantly affected by catalyst physicochem-
ical properties. Therefore, it is important to characterize the catalyst’s physicochemical
characteristics. FTS catalyst surface physical and chemical properties, such as catalytic ac-
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tivity and selectivity were characterized. Figure 4 shows Transmission Electron Microscopy
(TEM) of different catalyst samples conducted by a Zeiss LIBRA 200 FE TEM at 200 kV
accelerating voltage. TEM results presenting catalyst samples with 5% Mn have the highest
dispersion and narrow size metal particle size distribution. The rise in the Mn metal %
from 5 to 20%, lead to enhance the catalyst active sites adsorption on the CNT substrate and
particularly increasing from 15 and 20%, agglomeration phenomena of catalyst particles
occurred and catalyst active sites agglomerate on CNT support and lead to a decline of
catalyst CO conversion up to 25% and C5+ selectivity up to 10%.
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morphology and elemental surface structure using a Zeiss Supra 55 VP with voltage
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Mn percent from 5 to 20%, catalyst active sites agglomerate on CNT support, and lead to
a decline of catalyst CO conversion and C5+ selectivity up to 25%, and 10%, respectively.
Atomic Absorption Spectrometer (AAS) was used by Agilent Technologies GTA 120 to
evaluate cobalt and manganese adsorption on the CNT substrate.
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4.4. Reactor Setup, Product Sampling, and Analysis

FTS performed in a continuous flow fixed-bed with the Micro-activity-reference reactor
(Micromeritics, Norcross, GA, USA) were attached with mass flow controllers (Hi-Tec
Bronkhorst, Ruurlo, The Netherlands). Carbon monoxide and H2 were applied as reactant
gases. The amount of 0.02 g catalyst was located in a stainless-steel reactor chamber (9 mm
i.d. × 200 mm length) and placed in quartz tools without any dilution. Prior to the reaction,
the catalysts were lowered in-situ beneath H2 flow at 0.1 MPa and 420 ◦C for 10 h. The
process was performed in different reaction parameters for 48 h time-on-stream (TOS). The
reactor was attached to the gas chromatograph (Agilent Hewlett-Packard Series 6890, Santa
Clara, CA, USA) attached with two TCD and one FID detector. Products were analyzed
every 30 minutes using DB-5 column. Hydrocarbon selectivity (FID1: Methane, Ethane,
Propane, Ethylene, Iso-butane, n-butane, n-pentane, n-hexane, n-heptane, TCD2: CO2, CO,
N2, O2, and TCD3: H2) were calculated after reaction completion (10 h). The results were
collected at a steady-state setup using a carbon balance of 99–102%. The reproducibility
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was checked by doing all reactions two times under the same reaction and catalyst terms.
STD of experimental results were ±5.0%. The CO, methane (CH4), and C5+ selectivity
conversion percentages were analyzed using Equations (1)–(3) respectively [63]:

CO conversion (%) =
COin − COout

COin
× 100 (1)

CH4selectivity(%) =
Mole of CH4

Total moles of hydrocarbons
× 100 (2)

C5+selectivity(%) =
Moles of C5+

Total moles of hydrocarbons
× 100 (3)

The FTS level shown in Equation (1) and the reaction rate of the water gas change
(Equation (5)) is equal to the carbon dioxide formation rate (RFCO2) and can be described
by [60,64,65]:

RFTS(g HC/gcat/h) = g hydrocarbons produced/gcat ∗ h−1 (4)

RWGS(gCO2/gcat/h) = RFCO2 = gCO2produced/gcat ∗ h−1 (5)

It is a significant step to ease and initiate calcined catalysts before reaction. Catalysts
were reduced to 12.5 h at 420 ◦C under 1.8 L/g.h flow of H2. After catalyst in-situ
activation, the temperature was reduced to the required temperature of the Fischer-
Tropsch reaction, and the reactor tube flushed for 10 min with helium gas. Fischer-Tropsch
reaction was carried out at 2/1 H2/CO (v/v) ratio and 20 atm pressure. Additional
experiments were performed to explore the impacts of space velocity (0.5, 1.5, 2.5, 3.5, and
4.5 L/g.h), temperature (200, 220, 240, 260, 280 ◦C), and catalyst stability by conducting
different catalysts. Figure 6 shows the schematic diagram of the micro activity-reference
reactor (Micromeritics).
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The textural properties of the BET surface area and total pore volume are shown in
Table 3. According to the results, the total area (BET) increased from 217.5 to 225.3 m2/g
with a 5 to 20% increase in Mn load. Higher nanoparticle dispersion may be causing an
increase in surface area. From the findings, the overall pore volume increased from 0.36 to
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0.58 (m3/g) as the Mn percent of catalysts raised from 5% to 20%. The addition of cobalt
and manganese to CNT support increased overall pore volumes in both BET surface areas.

The XRD patterns of CNT support and catalyst samples are shown in Figure 7. The
peaks at 26◦ and 44◦ correspond to carbon nanotubes [66]. Diffraction peaks of Co3O4
spinel appear in the monometallic Co/CNT sample in the ranges of 32◦and 37.1◦ [66]. At
two values of 32.5◦ and 44◦, the A.T sample reveals a hematite pattern (Mn2O3) [67]. Co3O4
spinel diffraction peaks were observed at 32.5 and 37.1◦ in bimetallic 95Co5Mn/CNT
catalyst XRD patterns. Due to the low manganese content in the catalyst, Mn2O3 was only
linked with a weak peak at 44◦.
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Figure 8 shows XRD patterns of calcined catalysts with various Mn metal loading.
The peak at 25◦ and 43◦ shows unique Co3O4 crystal planes [68]. For Co3O4, the most
significant peak was seen at 36.8◦. Lower intensity peaks were detected at 32.5◦ and 44◦,
showing Mn oxide diffraction peaks, due to the limited number of Mn promoters in the
catalyst XRD pattern. The average particle size of the catalysts was estimated as 6-8 nm
using XRD and TEM images [69–75]. Table 3 shows that as manganese load increases from
5% to 20%, the average particle size of Co3O4 drops from 7.5 to 6.5 nm, which is similar to
the results of the TEM study (Figure 4). The agglomeration of cobalt particles raises the
average particle size. The average particle size drops somewhat when Mn is added to the
Co catalyst, as seen in Table 3.
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5. Conclusions

The Cobalt-Manganese bimetallic catalyst was synthesized by acid and thermal-
treated CNT substrate using the SEA process. The efficiency of various percentage formu-
lations of the Co-Mn catalyst supported on CNT was verified by the FTS reaction. High
stability was proven by 95Co5Mn/CNT catalyst for more than 45 h. It was concluded that
reaction variables created a high impact on catalytic activities and product selectivities
during the FTS process. An increase in reaction temperature up to 280 ◦C enhanced carbon
monoxide percent conversion up to 88.2% and reduced C5+ selectivity up to 55.2%, while
increased WGS rate up to 0.8. An increase in space velocity up to 4.5 (L/g.h) decreases
CO percent conversion to 55.8% and decreases C5+ selectivity to 55.7%. However, after
optimization analysis, 95Co5Mn/CNT catalyst formulation showed a high efficiency at
240 ◦C with a space velocity of 2.5(L/g.h). In the mentioned condition, carbon monoxide
conversion and C5+ selectivity were 86.6% and 85.8% respectively.
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Abstract: The catalytic and thermal decomposition of plastic waste to fuels over low-cost catalysts
like zeolite, clay, and bimetallic material is highlighted. In this paper, several relevant studies are
examined, specifically the effects of each type of catalyst used on the characteristics and product
distribution of the produced products. The type of catalyst plays an important role in the decompo-
sition of plastic waste and the characteristics of the oil yields and quality. In addition, the quality
and yield of the oil products depend on several factors such as (i) the operating temperature, (ii) the
ratio of plastic waste and catalyst, and (iii) the type of reactor. The development of low-cost catalysts
is revisited for designing better and effective materials for plastic solid waste (PSW) conversion to
oil/bio-oil products.

Keywords: plastic; waste-to-fuels; low-cost catalysts; solid acid catalysts

1. Introduction

Pollution of plastics in the environment has become a serious issue in recent years,
producing more than 300 million tons per year [1]. One of the problems is the microplastics
issue which is related to the non-degradable properties of the plastic polymer. Many efforts
have been reported to reduce and overcome the presence of plastics and microplastic
wastes, and one of the promising alternatives is the conversion of plastic waste into renew-
able energy [2,3]. More than just overcoming the environmental problems, with a designed
plastic waste management system, the conversion of plastic waste into renewable energy
will also contribute to the vital issue of energy conservation [4,5]. As hydrocarbon is the
backbone of plastics, catalytic processes of plastic structure within the pyrolysis technique
can produce hydrogen and liquid fuel. The conversion mechanisms include cracking,
hydrocracking, and hydrogenation can restore the energy contained in plastic, as a sustain-
able process for sustainable energy [6–8]. For those mechanisms, catalysts play important
roles in determining the effectiveness and efficient conversion process. Although in the
perspective of kinetics and thermodynamic, the catalyst’s role is to accelerate the reaction,
it in fact determines the dominant product of the reaction which is further called selectivity,
the optimum condition for the reaction, and also the energy required for the process [9].
The use of the solid catalyst for the catalytic pyrolysis is established and favorable, as it
is easily handled, efficient in mass transfer conditions to obtain a high yield. Pyrolysis
can be performed by thermal or catalytic processes. However, compared to the thermal
decomposition method, the catalytic method has some advantages that could be carried
out at a lower temperature and reduce the solid residues such as carbonized char and
volatile fraction, short time process, high product selectivity, high octane number, etc. [10].
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Moreover, in pyrolysis by cracking catalytic process, the used catalyst can be easy to reuse
and reproduce, which can be classified into sustainable approaches [11]. The main factor
for the mechanism lays in the domination of radical propagation steps in thermal pyrolysis
instead of cationic propagation occurs in the catalytic process, leading to an uncontrolled
decomposition. These advantages are feasible from the economic point of view.

Moreover, the combination of plastic or plastic waste with biomass as feed for py-
rolysis, also called co-pyrolysis, has also gained much attention. The combination in the
catalytic pyrolysis mechanism has been reported to provide synergistic effects such as
minimizing coke formation and increasing yield and selectivity towards gasoline and
aromatic fraction [12,13]. Wang et al. (2021) reported that the addition of low-density
polyethylene (LDPE) to biomass waste could improve the selectivity and aromatics prod-
uct, including xylene, benzene, and toluene [14]. However, the selectivity conversion also
depends on the different types of catalysts used. Dai et al. (2021) studied the pyrolysis
process using different types and tandem catalysts [15]. Their study revealed that tandem
catalysts could improve the selectivity of naphtha. Many solid catalysts are reported with
specific results, and some of them are the catalysts based on zeolite, bimetallic and clay
with the comparable popularity expressed in Figure 1. Among these kinds of catalysts,
zeolite-based catalysts are the most popular for both pyrolysis and co-pyrolysis for the
combined plastic waste/biomass. An intensive catalytic mechanism is provided by reactant
migration and surface reaction over the microporous structure of zeolite. Even though
a similar mechanism also occurs on clay, clay-based catalyst receives less attention for
the processes [16]. By considerations of many possible modifications towards clay, clay-
based catalysts are good candidates as low-cost catalysts for plastic waste pyrolysis. With
many modifications for zeolite and clay framework with metals or metal oxides zeolite,
the catalytic activity enhancements were attempted by increasing the effectiveness of the
reaction pathways such as hydrogenation, hydro-deoxygenation, cracking, etc. Catalysts’
thermal and chemical stability refers to the use of high-temperature conditions and very
complex reactions involved within the mechanisms as important characters, besides the
solid acidity and capability to provide efficient mass transport in the catalytic steps. Re-
ferring to their abundant sources in nature, both clay and zeolite materials are found as
cheap minerals [17–19].
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However, there is no clear conclusion or generalization obtained regarding refer-
ence [16]’s effect of catalyst performance. Other factors such as temperature, pressure
and plastic/biomass ratio in co-pyrolysis allow for the discernment of the impact on the
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result within these perspectives, and bimetal catalysts are also developed, especially for
improvement on gaseous products and hydrogen. In this review, we discuss some essential
properties of low-cost catalysts for plastic waste pyrolysis.

2. Clay-Based Catalysts for Plastic Pyrolysis

Catalytic reactions of plastic pyrolysis depend on solid acid mechanisms on the surface
which include cracking, isomerization, oligomerization, cyclisation and aromatization
reactions. These various mechanisms are governed by acidity, density, porous size, and
porous structure of the catalyst surface. Both Lewis and Brønsted acid sites of a clay catalyst
play roles in the cracking mechanism which is initiated by the abstraction of the hydride ion
from the polymer structure by Lewis acid sites of the catalyst, or the addition of a proton to
the C–C bonds by Bronsted acid sites of the catalyst [20]. The higher amount of Brønsted
acid sites on the surface of the catalyst provides more hydrogen ions for double bond
cleavage and further propagation steps. Meanwhile, with a different role, the Lewis acid
sites influence the surface interaction of catalysts with polyolefin, which is an important
part of the whole surface reaction in heterogeneous catalysis.

The surface acidity and high specific surface area of the catalyst play an important
role in producing liquid products instead of gas products. The availability of micropores
in the clay structure has the potency to act as a heat sink and allows a greater residence
time for feed molecules to absorb the heat and have interactions that result in hydrogen
transfer [21]. The main role of solid catalyst in the liquid product is enhancing the ability
to crack the polymer structure to form an intermediate in the mechanism. This influences
by increasing the liquid product along with decreasing the wax content. Less wax from the
use of bentonite clay refers to the presence of surface acidity but the surface acidity of clay
is lower than zeolite as the impact of Si/Al ratio [22]. Less surface acidity led to the lower
Brønsted acidity compared with zeolite which minimizes the potential of secondary reaction
such as an over-cracking mechanism, so more liquid product distribution is achieved [23].
Increased conversion and selectivity in producing liquid were exhibited by modifying clay
structure via pillarization using aluminum. The increasing conversion not only came from
increasing the specific surface area and Lewis’s surface acidity distribution, but also came
from the thermal stability of the integrity of the clay structure for the sustained pores and
surface area for the cracking mechanism [24,25].

Moreover, the stability of pillared clay led to the renewability properties whereas
regenerated and reused catalysts showed practically identical conversion and yield values
compared with the fresh catalyst. According to the identification of the composition
of oil yield from pyrolysis reaction, the presence of metal oxide as a pillar minimizes
the side-reaction mechanism. Two main mechanisms: (i) cyclization/aromatization of
pyrolytic intermediate and (ii) cracking dominantly occur and play roles in producing
diesel fraction in the liquid product together with the high yield of hydrogen gas. Another
important aspect from the study on varied metal oxide impregnated onto acid-washed
bentonite clay for polypropylene (PP) and high-density polyethylene (HDPE) pyrolysis
is the importance of Lewis acid sites from metal ions for facilitating reactions via the
formation of the hydration of a proton or the hydride ion due to its surface acidity of
catalyst materials [26]. The β-scission of chain-end carbonium ion is the following reaction
from acid interaction with polymer chain for the further production of gas and liquid
fractions. The β-scission mechanism is presented in Figure 2.

The more effective acid–polymer interaction in the mechanism also prevents residue
such as coke formation on the surface as shown by the comparison on acid-washed ben-
tonite clay (AWBC) and metal oxide impregnated AWBC [20]. Table 1 presents the pyrolysis
reaction of plastic waster over the different types of clay catalysts.
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selectivity towards aliphatic, produced more liquid [29]

5 Fe, Ti, Zr- pillared clay HDPE, polystyrene [PS], PP Fe-pillared clay showed excellent yield of diesel
fraction in liquid product and H2 [30]

6 Fe-pillared clay Heavy gas oil(HGO)/HDPE The presence of HGO improved the oil yield from
both thermal and catalytic pyrolysis of HDPE [31]

7 Tungstophosphoric acid
(TPA)/kaolin Low-density polyethylene (LDPE) TPA loaded kaolin (5-TPA-K) produced higher

percentages of gasoline-like hydrocarbons (C11–C14) [32]

8
Co, Fe, Mn, Zn impregnated
acid-washed bentonite clay

(AWBC)
PP and HDPE

Metal oxide impregnation on acid-washed bentonite
clay not only improves conversion but also yield
reduce coke formation

[20]

Manos

Referring to the product distribution of pyrolysis reaction, it can be summarized
that catalyst surface acidity and pore characteristics are mainly responsible for catalytic
performance. The mesoporous structure with a high surface area is closely related to the
Si/Al ratio of the catalyst. The surface acidity facilitated the mechanism of the reaction
by the formation of the hydride ion or the addition of a proton due to the inherent acidity,
which is simultaneously incorporated with the impregnated metals. This mechanism
increased the liquid yield as a substantial improvement over thermal cracking which has
a tendency to produce gas as the result of the radical mechanism, also called the random
scission mechanism [28,29]. The study on HDPE pyrolysis over HZSM-12 revealed that
the solid acidity linearly decreased the activation energy (Ea), as proof of the important
role of the acid mechanism in accelerating the reaction [33]. However, the extremely high
acidity leads to increased yield by the over-cracking that leads to the formation of much
smaller molecules. For this reason, aluminum-pillared clay, which has mild acidity while
producing a higher liquid yield (~70%) [34], is similar to the use of ultra-stable zeolite
(USY (71%) [35], which is higher compared to the yield by ZSM-5 (61%) [36]. The plot in
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Figure 3 represents the relationship between the solid acidity and the liquid yield from
several papers.
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3. Plastic Waste-to-Fuel over Zeolite Catalysts

Zeolite (ZSM-5) has been widely reported as an effective and selective material catalyst
for producing biofuel through the thermocatalytic reaction [38]. Besides its catalyst base,
ZSM-5 is a low-cost catalyst for the conversion of plastic waste to biofuel. The ZSM-5
catalyst also presents excellent thermal stability, good selectivity, activity, and deactivation
by coke [39,40]. In thermocatalytic reactions, the ZSM-5 effectively enhances the deoxy-
genation and cracking reaction to produce stable oil [41,42]. Onwudili et al. (2019) have
studied the influence of temperature and type of zeolite as a catalyst for pyrolysis reaction
to convert the plastic waste to biofuel liquid products [43]. Using different catalysts at
temperatures of 500 and 600 ◦C showed no significant results of fuel-range liquid products.
However, the increasing temperature resulted in the increasing gas composition of the
products. Besides that, the high acidic catalyst can lead to a faster production of gases.
More acidity promotes the formation of the hydrogenation steps, leading to the synthesis
of other free radicals which resulted in β-scission for the gas production [16,44,45]. The
related study by Kassargy et al. (2019) also reported that the yields of the liquids fractions
are linearly dependent on the proportion and the type of plastic waste in the mixture [44].

Miscolczi et al. (2019) studied the effect of the loading metal to zeolite structure for
catalysis plastic to fuel [45]. The authors modified the zeolite catalyst with several metal
ions like Fe2+/3+, Cu2+, Ce2+, H+, Mg2+, Ni2+, Sn2+, and Zn2+. Their studies revealed that
the presence of metal loading (8–10%) to zeolite structure could affect the pore diameter
and the macropore surface area of the materials. The surface area is an essential factor in the
pyrolysis reaction process besides the acidity of the catalyst [46,47]. Therefore, modification
with several metal ions to zeolite structure can easily control the surface area of the catalyst
materials which affects the decreasing temperature decomposition of the plastics during the
pyrolysis process. Gorbannezhad et al. (2020) revealed that the co-pyrolysis also depended
on the composition of the zeolite catalyst [48]. The authors studied the co-pyrolysis process
by combining zeolite (HZSM-5) and sodium carbonate/gamma-alumina for improving the
hydrocarbon products of the reaction process. Their study showed that the combination
of catalysts could improve the hydrocarbon product to 8.7% at the temperature process
of 700 ◦C. The presence of sodium salt in the composition of the catalyst can improve the
deoxygenation reaction so that the breakdown process of macromolecules becomes faster
and more effective to produce low molecular compounds such as hydrocarbons. Besides
that, the other studies also reported that the catalytic pyrolysis process is affected by the
type of zeolite catalyst [49,50]. Several types of catalyst-based zeolite have a difference in
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the pore size and acidity which affected the produced product [51]. For example, the larger
pore size facilitates the conversion of the plastics as source materials to polyalkylaromatics
while the smaller pore size only converts to aromatic compounds with small dynamic
diameters. Based on their study, the use of suitable zeolite as a catalyst in the pyrolysis
reaction is a crucial step to determine the produced product during the reaction process.

Susastriawan et al. (2020) studied the effect of zeolite size on pyrolysis of LDPE
plastic waste at low temperatures [52]. The authors revealed that reducing zeolite size
could enhance the reaction rate, pyrolysis temperature, heat transfer rate, and the oil
products because the smaller size has a high surface-active area to contact with the plastics
during a pyrolysis process. The zeolite size of 1 mm showed the highest value of oil
yields; however, the particle size of 1–3 mm did not indicate the results of oil produced
significantly. In the other studies also reported by Kim et al. (2018), the authors showed
that the presence of the phenolic functional group on lignin could enhance 39% of the
aromatic hydrocarbon in the totally resulted product [53]. The presence of a hydroxyl
group on the chemical structure of lignin gives good selectivity on the decomposition
of reactant to form an aromatic hydrocarbon as a major product [54,55]. In addition,
the presence of a hydroxyl group on the surface of a zeolite-type catalyst can contribute
to the condensation process during pyrolysis. Besides that, hydroxyl can accelerate the
formation of aromatic hydrocarbon products through dihydroxylation, aromatization,
isomerization, and oligomerization mechanism. Table 2 shows the comparison of zeolite
types for pyrolysis reaction of plastic waste. All researchers confirmed that the zeolite
catalyst can improve the acid-activation and thermal activation in the pyrolysis reaction of
plastic waste (PE, PP, PVC, PET, and PS) [56,57].

Table 2. Pyrolysis of plastic waste over zeolite-based catalysts.

Type of Plastic Catalyst Reaction
Condition Conversion Selectivity to

Remark
(Catalyst/Plastic

Ratio)
Ref

Polystyrene and
polyolefeins (PS/PO) Y-zeolite 600 ◦C for 30 min

under N2 gas

High yield valuable
aromatics such as

benzene and toluene

90% of the
aromatic content

2 g of catalyst and
2 g of plastic [43]

Polyethylene and
polypropylene (PE/PP) USY-zeolite 500 ◦C

Liquid fractions are
dominated by

hydrocarbon (C5–C7), C3
and C4 for gaseous

products.

80% of liquid
production

Catalyst/plastics
ratio of 1:10 [44]

Polystyrene (PS) Natural/Synthetic
zeolite 450 ◦C for 75 min

60.8% conversion to
ethylbenzene and 38.3%

convertsion to
alpha-methylstyrene for

natural and synthetic
zeolite respectively

54% and 50% of
liquids products
for natural and

synthetic zeolite,
respectively

Catalys/PS ratio
of 0.1 kg:1 kg [1]

High density
Polyethylene (HDPE)) Co-Y–zeolite 600 ◦C for 30 min 40% of gas yield 68% of hydrogen

production
Catalys/HDPE

ratio of 2:1 [58]

Plastic mixtures
(HDPE/PP/PS/PET/PVC)

Regenerated
ZSM-5 440 ◦C for 30 min

Almost 60% of plastic
waste conversion to

liquids phase

97.4% of aromatics
with 23% of

styrene as major
composition

Catalyst/plastic
waste ratio of 1:10 [59]

Plastic mixtures
(PE/PP/PS/PET/PVC) ZSM-5 500 ◦C for 30 min 58.4% conversion to

gases phase

50.7% of C3–C4
types and 27.9% of

styrene

Catalyst/plastic
waste ratio of 1:10 [60]

4. Effect of Co-Feeding with Biomass Feedstock

The biomass feedstock consists of extractive (0–14%), lignin (16%), hemicellulose
(20%), and cellulose (>40%) [61–63]. Generally, the yields of the produced biofuels are
dependent on several factors such as the composition of the nature of the feedstock, the
moisture content of biomass feedstocks, reactor design, and operating temperature con-
ditions [64–67]. In the pyrolysis process, the biomass feedstock can be mixed with other
materials to improve the quantity and the quality of the product as shown in Table 3.

220



Catalysts 2021, 11, 837

There are some pathways for the pyrolysis of biomass like the chemical, biological, and
thermochemical conversion as shown in Figure 4. However, the thermochemical reaction
is commonly used for the pyrolysis reaction of biomass feedstock because the process has
high energy to split and stretch the rigid structure that has biomass [68]. The synergistic
effect is remarkable, coming from the presence of produced free radicals from biomass
decomposition that contribute to enhancing the scission of chain hydrocarbons from plas-
tics. Decreasing activation energy and the pyrolysis index, representing the easiness of the
pyrolytic reaction for producing volatile products (methane, aliphatic hydrocarbon (paraf-
fin), carbon dioxide, aromatic hydrocarbon), are the quantitative parameters revealed to be
advantageous of co-pyrolysis [69]. The characteristics of biomass, especially the ratio of
hydrogen to carbon effective (H/Ceff), heavily influences the product distribution. Higher
H/Ceff significantly improves olefin and aromatic yield and reduces coke formation [70–72].
In addition, Bhoi et al. (2019) reported operating conditions such as heating rate, type and
particle size of biomass, temperature, carrier gas, type of catalyst, and vapor residence
time [73]. The authors and the other related studies reported that the type of catalyst
and temperature have major impacts on quality and biofuel yields [74–76]. However, the
choice of temperature during the pyrolysis reaction depends on the main composition of
the biomass sources, for example, hemicellulose and cellulose degrade at approximately
200–350 ◦C and 330–370 ◦C, respectively, while lignin occurs at 400 ◦C [77,78].
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a feedstock.

Xu et al. (2020) studied the pyrolysis reaction with the mixing of microalgae (Entero-
morpha prolifera) and HDPE plastics using the HZSM-5 catalyst [79]. The authors reported
that the presence of microalgae in the plastic waste could increase the concentration of
aliphatic hydrocarbons and decrease the nitrogen/oxygen-containing compounds and the
acidity of the products. Algae as natural resources have received attention because they can
produce a high amount of bio-oil than the other resources of biomass [80]. The related study
also reported that using microalgae as a pyrolysis feedstock has many advantages like
faster rate of growth and high lipid content, lower energy consumption during a process
with the percent of energy recovery of 76%, increase in the carbon content to 89%, and
decrease in the oxygen content to 0.3% [81–83]. Furthermore, Qari et al. (2017) reported that
the characteristics of microalgae significantly affected the types and the yields of biofuel
products [84]. In the produced bio-oil product, the mixing between biomass and plastic
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waste can reduce the moisture content because the hydroxyl group in the biomass can
directly bind with the plastics which contain the high hydrogen atom to form the hydrogen
bonding [85]. Figure 4 shows the process of pyrolysis reaction with the mixing feedstock
between natural biomass of microalgae and plastic waste.

Table 3. Effect of co-feeding with other feeds.

Type of
Biomass/Polymer Catalyst Reaction Condition Conversion Selectivity to Remark (Catalyst/Plastic

Ratio) Ref

Laminaria japon-
ica/polypropylene

Pt/mesoporous
MFI,

Mesoporous
MFI,

HZSM-5
Al-SBA-16

500 ◦C, 1 atm
60.50
59.11
58.15
52.44

20–40% of monoaromatic
hydrocarbon, 5–20% of

polyaromatic hydrocarbon

Biomass/plastic/catalyst ratio
= 10:10:1 [86]

Corn stalk/HDPE ZSM-5 700 ◦C, 1 atm 90% of
hydrocarbon

20–30% of aromatic
hydrocarbon

Biomass/plastic/
catalyst = 1:4:1 [87]

pine
sawdust/LDPE Ni-CaO-C - 90% of gas

product 86.74% to H2 gas Biomass/plastic/catalyst: 1:1:2 [88]

Corn
stalk/Polystyrene ZSM-5 600 ◦C 90% of liquid

product
78.89% of monoaromatic

hydrocarbon 4:1:0.1 [89]

L. japon-
ica/polypropylene Al-SBA 15 500 30% of liquid

product
35% of liquid product is

oxygenate
Seaweed/polypropylene/

catalyst = 1: 1:1 [90]

Rice husk/PE Ni/γ-Al2O3

Pyrolysis at 600 ◦C
followed by catalytic
reforming at 800 ◦C

80% of H2 and
CO 45% of gaseous product is H2 50~75% PE proportion [91]

Muneer et al. (2019) studied the effect of catalyst ratio to feedstock for the pyrolysis
of corn stalk (CS) and polypropylene in a bed reactor at 500 ◦C [89]. The increase in
the catalyst could enhance the liquid oil yield to 66.5% at ZSM-5 catalyst to feedstock
ratio of 1:4. ZSM-5 catalyst was found as an effective material for polymer cracking and
dehydration of biomass because of its high surface area and high selectivity to produce
the hydrocarbon [92]. The production of bio-oil from biomass feedstocks depends on the
acidic site and the pore structure of the catalyst because the acidic site increases the rate
of polymer cracking. Similar results were also reported by Balasundram et al. (2018);
their study revealed that the increasing catalyst amount four times could improve the
coke decomposition by 17.1% [93]. It can be summarized that the addition of biomass in
the co-pyrolysis enhances the efficiency to produce liquid products and reduce activation
energy. By using ZSM-5 catalyst and corn stalk in the co-pyrolysis of HPDE, it was found
that increased hydrocarbon yield and H/C eff were obtained on increasing biomass/HDPE
ratio, along with decreasing coke [87]. Hydrogen atoms for the co-pyrolysis process were
provided by HDPE, leading to an improvement in the rate of hydrocarbon production,
meanwhile, oxygenated compounds in the biomass play a role to promote the cracking of
HPDE and the chain scission. However, at a certain level, the increasing catalyst dosage
may affect the increased charring, which leads to reduce liquid product. For example,
the co-pyrolysis of cellulose/polyethylene over montmorillonite K10. A similar trend is
also identified on cellulose pyrolysis using montmorillonite on cellulose. The availability
of more surface acidity in Al-SBA enhances the co-pyrolysis to produce more C1–C4
hydrocarbon compounds, CO, CO2, and deoxygenation reactions [86].

5. Recent Reports Bimetallic Catalysts for Pyrolysis of Plastics

Bimetallic catalysts have been widely used for the pyrolysis reaction of plastic waste
to biofuel. Previously, the monometallic type has been widely studied and reported for
the catalytic cracking process. For example, Wen et al. (2014) prepared Ni-loaded to
CNTs for polyolefin; although the material showed good performance as the catalyst, the
concentration of carbon was relatively very high [94]. Therefore, bimetallic with integrating
the different types of material catalyst provides some advantages in the pyrolysis reaction
such as large surface area due to its smaller size, good stability, and synergy effect between
combined two metals [95]. Yao et al. (2017) studied the Ni-Fe bimetallic catalyst at a ratio
of 1:3 for the pyrolysis of waste plastics [96]. The authors reported that the presence
of a bimetallic catalyst could enhance H2 production to five times higher compared to
the process without a catalyst. Chen et al. (2020) also reported that the Fe-Ni bimetallic
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modified MCM-41 could improve the produced oil to 49.9% with a percentage of single
styrene hydrocarbon of 65.93% at 10%Fe-10%Ni/MCM-41 [97]. Besides that, the presence
of bimetallic/MCM-41 can reduce the bromine content from 10% to 2.3% (wt.). The
developed catalyst provides a large surface area; thus, the plastics can directly enter the
pore structure for the cracking process. The iron metals act as the base site which converts
the raw materials to styrene, while the combination with nickel–metal oxides increases the
acidity of the catalyst, thus the multi-ring compounds can also be converted to a single
hydrocarbon structure. The character of the external surface and pore size determines the
chemisorption, and these are designable by the synthesis method. In this case, the higher
pore diameter of Fe-Ni catalyst tends to give higher H2 desorption [98], which is in line
with the trend of long-chain products by the high pore size of Co/SBA-15 [51].

Li et al. (2016) reported the bi-functional Mo-Ni/SiO2-Al2O3 catalyst for the thermal
pyrolysis of crude oil [99]. The presence of the bimetallic of Mo-Ni on the composite
catalyst could improve the catalytic reactivity and the amount of yield of fuel oil produced
to 57.9%. The metallic of Mo and Ni has several advantages for catalyst in pyrolysis like
low-cost adsorbent, excellent stability performance, high surface area, and also ease of
regeneration [100]. However, their study reported that the reactivity of the bimetallic
catalyst is dependent on the sulfurization process. The increased sulfurization process
can regularly improve the percentage of conversion of crude oil to fuel oil until it reaches
86.9%. In addition, some related studies have reported that the bimetallic catalyst type
has good selectivity conversion [101,102]. A more specific capability of bimetallic catalyst
is shown by Fe-Ni/MCM-41 for not only the decomposition of polymer structure but
also to conduct debromination mechanism for plastic waste containing brominated flame-
retardant (BFR) pyrolysis. The results indicated that iron showed a satisfactory capability
for debromination, in combination with Ni’s ability to produce gaseous products via the
hydrogenation mechanism. One of the proposed pathways of the reaction mechanism that
occurs is the interaction between organobromine and some metal oxides to produce non-
brominated organic compounds, elimination of β-H by Lewis acid sites and dissociative
adsorption two-stage reaction [97].

Cai et al. (2020) reported the carbon-based Fe-Ni bimetallic catalyst for fast pyrolysis
of plastic waste [103]. The pyrolysis reaction was carried out in a fixed-bed reactor with
the ratio of catalyst to plastic waste at 1:2 (wt. ratio) at a temperature of 500 ◦C. The fixed-
bed reactor has some advantages for pyrolysis reaction such as a simple design with the
catalyst loaded into the bed column, irregularity in plastic shape, and low thermal experi-
ments [104,105]. The authors explained that Fe-Ni as a bimetallic catalyst played a crucial
role in the oxygen reduction reaction (ORR). Moreover, the developed catalyst has good
methanol tolerance and stability, avoiding the aggregation and corrosion process on the
surface of the catalyst due to its oxygen-containing functional groups on the surface [106].
Zhou et al. (2020) also reported that the bimetallic Ni-Fe/ZrO2 catalyst showed excellent
decomposition of polystyrene at a low-temperature process (500 ◦C) [107]. Their studies
revealed that the presence of bimetallic catalysts could improve the catalytic activity in
the decomposition of waste. The combined properties between Ni-Fe could decrease the
water–gas shift reaction and the activation energy of the reforming reaction [108–110].
Table 4 presents the different types of bimetallic catalysts for the pyrolysis process.
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6. Factor Affecting in Pyrolysis Process

In the pyrolysis process, many reaction parameters strongly affect the quantity and
quality of the resulting products, such as temperature, heating rate, composition blending
ratio, and the type of reactor design. However, the reactor designs play a crucial factor
in obtaining a high yield quantity and the quality of the product. Previous studies have
already reported several types of reactor design for the pyrolysis process, such as fixed-bed,
transported bed, rotating cone, plasma pyrolysis, vortex centrifuge, circulating fluidized,
entrained flow, etc. [120]. The fixed-bed reactor is commonly used for the pyrolysis process
due to the simple process, a large sample quantity and a high product yield. However,
the reactor experiences several drawbacks, such as the catalyst being difficult to replace
during a pyrolysis process, side reaction and product, and the required high temperature
and pressures. Therefore, recently, many types of reactor-based fast pyrolysis reactors have
been developed. The principle of the reactors is to optimize the percentage of products in
low temperatures and pressure during the pyrolysis process.

Xue et al. (2015) reported the fast pyrolysis of HDPE waste using a fluidized bed
reactor [121]. Their study found that HDPE waste could increase the formation of acid and
furans in the products and decrease the formation of phenol and vanillin compounds at
a relatively lower temperature process. Orozco et al. (2021) studied the pyrolysis of plastic
waste using a spouted bed reactor in continuous mode [122]. Their study revealed that the
synergy effect between the plastic-type and the total amount of catalyst could decrease
the temperature. The reaction design of fast pyrolysis reaction is based on optimizing the
product yields by decreasing the size of plastic waste to less than 1 mm and flowing the
carrier gas as shown in Figure 5. However, despite the lack of the reactor, there is still a high
amount of oxygen content in products. A related study has been reported for removing the
oxygen content in pyrolysis products by hydrotreating formate-assisted pyrolysis [123].
Reducing oxygen in the resulting product can improve the percentage of the product by up
to 92%.
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7. Conclusions and Future Prospect

In summary, we reported and focused on the catalytic decomposition of plastic waste
to produce liquid fuel using a low-cost catalyst. Several types of low-cost catalysts were
summarized, such as zeolite, clay, and bimetallic. Generally, some studies reported that
the low-cost catalyst could be used for catalytic cracking of plastic waste to liquid fuel.
However, several factors are still required for improving the quantity and quality of the
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products, such as decreasing the particle size of waste in feedstocks, temperature, pressure,
ratio composition between catalyst to feedstocks, type of catalyst, and type of reactor design.
Unbeatably, pyrolysis and co-pyrolysis of plastic waste to produce fuel is a promising
sustainable technology. Several conditions of the operation process influence the yield
of the products such as (i) heating rate, (ii) the ratio of blending materials, and (iii) the
pyrolysis temperature [104]. Additionally, the heterogeneous catalyst plays an important
role in the conversion, and from the techno-economic point of view, exploration of the low-
cost catalyst with high efficiency and lifetime is still required. Designing an appropriate
catalyst is a major challenge in developing the technique, and referring to this study, the
selectivity of a catalyst toward a specific product becomes important in the design of the
reaction set up, as well as the lifetime of the catalyst. Catalyst solid acidity along with
the specific surface area governs the optimum condition of the conversion, and these are
related to the structure of solid support and their combination with active metal/bimetals
on the surface. Compared to commercial solid acid catalysts, natural zeolite and clays are
better options since they are cost-effective and more selective towards liquid products [1].
Referring to decoking capability, tunable performance of bimetallic catalysts and the
potencies of zeolite and clay utilization, bimetallic-modified zeolite and clay catalysts
are interesting for exploration. The designed Fe-Ni with zeolite or clay supports, for
example, is a good candidate for a low-cost pyrolysis catalyst for bromide-containing
plastic wastes which are abundantly produced from flame-retarded plastic production.
In addition, some strategies to create integrative plastic waste management including co-
pyrolysis of biomass/plastic wastes with these catalyst candidates need to be investigated
for furthermore well-implemented.
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