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Anna Rokicińska, Magdalena Żurowska, Piotr Łatka, Marek Drozdek, Marek Michalik and
Piotr Kuśtrowski
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Preface to ”Environmental Friendly Catalysts for
Energy and Pollution Control Applications”

Catalysts are extensively used in various technologies, playing a fundamental role in the

efficient generation of energy and in controlling industrial emissions. The use of catalysts has

great importance in terms of its productive, economic and environmental implications. Catalysts

not only improve production systems but also contribute controlling the emissions of pollutants.

Catalysts are mainly applied in the gaseous phase (to control emissions from either fixed or mobile

sources) and in the liquid phase (mostly for water and wastewater treatment). In the gas phase,

catalysts are used to reduce the emissions of pollutants from power generation systems, chemical and

manufacturing industries, and vehicle exhaust gases, whereas in the liquid phase, catalysts enable the

catalytic oxidation of refractory organic pollutants, converting industrial wastewaters into admissible

discharges.

Nevertheless, catalysts in some cases have a negative environmental impact due to their

intensive production strategies. Therefore, the search for new materials such as environmentally

friendly catalysts (EFCs) is urgently needed. Hence, the development of novel EFCs for sustainable

energy production, to face climate change problems, and to abate industrial emissions has become a

challenge in the current research fields. A great variety of catalytic materials, including single metals

as well as mixed metals (and their oxides), are currently being used, either supported over alumina,

silica, titania, platinum, ceria, strontium, cobalt, sodium citrate, activated carbons, and zeolites, or

directly attached to the reactor itself, allowing their continuous use and avoiding waste emissions.

This Special Issue addresses applications of catalysts as an effective solution for the treatment

of industrial emissions, focusing on catalytic ozonation, heterogeneous photocatalysis and Fenton

catalysis, as well as the conversion into EFCs through optimized, heterogeneous Fenton-like variants

and catalytic combustion. It also includes other applications involving biocatalysts for the design of

bioanodes and new catalysts for energy production in fluid catalytic cracking (FCC) units. In addition

to the above-mentioned catalysts, a significant part of the new research is focused on catalyst designs

that allow recycling through a metal–organic framework (MOF). Thus, there is a marked tendency to

develop materials that can be used in multiple operating cycles with high efficiency and selectivity.

This Special Issue of Catalysts comprises contributions from 57 authors distributed in 10

countries: Spain (11 authors), Chile (10 authors), Malaysia (10 authors), China (6 authors), Poland

(6 authors), United States of America (6 authors), Ecuador (5 authors), Turkey (1 author), Bangladesh

(1 author), and Nigeria (1 author). It is intended for academics and practitioners working in the

energy and environmental sectors searching for environmentally sustainable catalysts. To gain a

better insight into the essence of this Special Issue, summaries of the published papers are presented

below. Please note that the first six contributions are about catalysts’ design and their application and

the others are related to the improvement of catalytic processes.

1. Design of Co3O4@SiO2 Nanorattles for Catalytic Toluene Combustion Based on Bottom-Up Strategy

Involving Spherical Poly(styrene-co-acrylic Acid) Template.

Co3O4@SiO2 nanorattles were synthesized in this study, bearing in mind the need to develop

optimal transition-metal-oxide-based catalysts for the combustion of volatile organic compounds

(VOCs). The introduction of Co3O4 nanoparticles into empty SiO2 spheres resulted in their loose

distribution, facilitating the access of reagents to active sites and, on the other hand, promoting the

involvement of lattice oxygen in the catalytic process. As a result, the catalysts obtained in this way

showed a very high activity in the combustion of toluene, which significantly exceeded that achieved
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over a standard silica gel-supported Co3O4 catalyst.

2. Catalytic Ozonation of Toluene over Acidic Surface Transformed Natural Zeolite: A Dual-Site Reaction

Mechanism and Kinetic Approach.

Volatile organic compounds (VOCs) can damage human health due to their carcinogenic effects.

Catalytic ozonation using zeolite appears to be a valuable process to eliminate VOCs from industrial

emissions at room temperature. Results obtained here provide a mechanistic approach during the

initial stage of catalytic ozonation of toluene using an acidic surface on modified natural zeolite.

Experimental evidence suggests that ozone is adsorbed and decomposed at Lewis acid sites, forming

active atomic oxygen that leads to the oxidation of adsorbed toluene at Brønsted acid sites.

3. Photocatalytic Study of Cyanide Oxidation Using Titanium Dioxide (TiO2)-Activated Carbon

Composites in a Continuous Flow Photo-Reactor.

In this study, the photocatalytic oxidation of cyanide by titanium dioxide (TiO2) supported

on activated carbon (AC) was evaluated in a continuous flow UV photo-reactor. The continuous

photo-reactor was made of glass and covered with a wood box to isolate the fluid of external

conditions. These results showed that photocatalysis and the continuous photo-reactor’s design

enhanced the photocatalytic cyanide oxidation performance compared to an agitated batch system.

Therefore, the use of TiO2-AC composites in a continuous-flow photo-reactor is a promising process

for the photocatalytic degradation of cyanide in aqueous solutions.

4. Enhanced SO2 Absorption Capacity of Sodium Citrate Using Sodium Humate.

A novel method of improving the SO2 absorption performance of sodium citrate (Ci-Na) using

sodium humate (HA–Na) as an additive was put forward in this study. The influences of different

Ci-Na concentration, inlet SO2 concentration and gas flow rate on desulfurization performance were

studied. The synergistic mechanism of SO2 absorption by HA–Na and Ci-Na was also analyzed.

5. Characterization of Anaerobic Biofilms Growing on Carbon Felt Bioanodes Exposed to Air.

This research article elucidates the structure and performance of an electrogenic biofilm that

develops on air-exposed, carbon-felt electrodes that are commonly used in bioelectrochemical

systems. The research demonstrates the influence of a protective aerobic layer present in the biofilm

(mainly formed by Pseudomonas genus bacteria) that prevents electrogenic bacteria (such as Geobacter

sp.) from hazardous exposure to oxygen during its normal operation.

6. Metal–Organic Frameworks (MOFs) and Materials Derived from MOFs as Catalysts for the

Development of Green Processes.

This review paper focused on the development of metal–organic frameworks (MOFs) serving

as catalysts for the conversion of carbon dioxide into short-chain hydrocarbons and the generation

of clean energies starting from biomass. The common patterns in the performance of the catalysts,

such as the acidity of MOFs, metal nodes, and surface area and the dispersion of the active sites, are

discussed in this review.

7. Practical Approaches towards NOx Emission Mitigation from Fluid Catalytic Cracking (FCC) Units.

This research article reviews options for cost-effective and emissions mitigation, using optimal

amounts of precious metals while evaluating the potential benefits of current promoter dopant

packages. Thus, the refinery is no longer forced to make a promoter selection based on preconceived

notions regarding only precious metal activity but can rather make decisions based on the best

financial strategy without measurable loss of CO/NOx emission selectivity.

x



8. Application of a Combined Adsorption-Ozonation Process for Phenolic Wastewater Treatment in a

Continuous Fixed-Bed Reactor.

This research article studies the removal of phenol from industrial effluents through catalytic

ozonation using granular activated carbon in a continuous fixed-bed reactor. Based on the evolution

of total organic carbon (TOC) and phenol concentration, a kinetic model was proposed to study

the effect of the operational variables on the combined adsorption–oxidation (Ad/Ox) process. The

interpretation of the constants allows for the study of the benefits and behaviour of the activated

carbon during the ozonization process under different conditions affecting adsorption, oxidation,

and mass transfer.

9. Turbidity Changes during Carbamazepine Oxidation by Photo-Fenton.

This research article studies the turbidity generated during the Fenton photoreaction applied

to the oxidation of waters containing carbamazepine as a function of factors such as pH, H2O2

concentration and catalyst dosage. The results allow for establishing the degradation pathways and

the main decomposition byproducts.

10. Pragmatic Approach toward Catalytic CO Emission Mitigation in Fluid Catalytic Cracking (FCC)

Units.

This work reveals how CO promoter design strategies can afford a tangible and immediate CO

conversion efficiency increase without the need for additional loading of precious metals. The key

lies in the support material architecture that is essential to boost the CO conversion and reduce the

NOx generation in the FCC unit. It was demonstrated that the suppression of Pt sintering, as well as

the enhancement of the oxygen mobility on the catalyst surface, leads to a lower amount and cost of

Pt and a higher usage rate compared to current industry-standard designs.

11. Optimization of Fenton Technology for Recalcitrant Compounds and Bacteria Inactivation.

In this research article, Fenton technology was applied to decolorize methylene blue (MB) and

to inactivate E. coli K12, used as recalcitrant compound and bacteria models, respectively, in order to

provide an approach into single and combinative effects of the main process variables influencing the

Fenton technology. Box–Behnken design (BBD) was applied to evaluate and optimize the individual

and interactive effects of three process parameters, namely ferrous ion concentration, molar ratio

between H2O2 and ferrous ion, and pH for Fenton technology.

12. Photocatalysis for Organic Wastewater Treatment: From the Basis to Current Challenges for Society.

This paper reviews details on the fundamentals, the common photocatalyst preparation for

coupling heterojunction, the morphological effect and photocatalyst-characterization techniques.

The important variables that potentially affect the process efficiency, namely catalyst dosage, pH,

the initial concentration of sample pollution, irradiation time by light, temperature, durability and

stability of the catalyst, are also discussed. Overall, this paper offers an in-depth perspective of

photocatalytic degradation, according to pollution cases, and its future direction.

José Ignacio Lombraña, Héctor Valdés, and Cristian Ferreiro

Editors
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Abstract: Bearing in mind the need to develop optimal transition metal oxide-based catalysts for
the combustion of volatile organic compounds (VOCs), yolk-shell materials were proposed. The
constructed composites contained catalytically active Co3O4 nanoparticles, protected against aggre-
gation and highly dispersed in a shell made of porous SiO2, forming a specific type of nanoreactor.
The bottom-up synthesis started with obtaining spherical poly(styrene-co-acrylic acid) copolymer
(PS30) cores, which were then covered with the SiO2 layer. The Co3O4 active phase was deposited
by impregnation using the PS30@SiO2 composite as well as hollow SiO2 spheres with the removed
copolymer core. Structure (XRD), morphology (SEM), chemical composition (XRF), state of the active
phase (UV-Vis-DR and XPS) and reducibility (H2-TPR) of the obtained catalysts were studied. It
was proven that the introduction of Co3O4 nanoparticles into the empty SiO2 spheres resulted in
their loose distribution, which facilitated the access of reagents to active sites and, on the other hand,
promoted the involvement of lattice oxygen in the catalytic process. As a result, the catalysts obtained
in this way showed a very high activity in the combustion of toluene, which significantly exceeded
that achieved over a standard silica gel supported Co3O4 catalyst.

Keywords: volatile organic compounds; toluene; core–shell structures; spherical polymer templates;
Co3O4

1. Introduction

Considering the necessity to implement efficient methods for the elimination of volatile
organic compounds (VOCs) from contaminated air, active and selective catalysts have been
extensively developed, which could allow the lowering of the reaction temperature of the
total oxidation of VOCs. In general, systems tested so far can be divided into two main
types due to the nature of the catalytically active phase, i.e., materials based on noble metals
and transition metal oxides. The catalysts containing noble metals (e.g., Pt, Pd, Au or Ag)
supported on various oxides (mainly SiO2 or γ-Al2O3) have an obvious advantage due
to their extraordinary activity at low temperatures [1,2]. However, high production costs
and sensitivity to poisoning (by sulfur- and halogen-containing compounds) constitute a
serious limitation in their application. A compromise solution is therefore to use transition
metal oxides which combine the benefits of low manufacturing costs with relatively high
efficiency and enhanced resistance to deactivation. The final performance of these catalysts
is influenced by various factors, including properties of active components, dispersion of
the active phase, and size and morphology of grains [1–5]. Co3O4, CuO, MnOx, Fe2O3 and
NiO are the most common oxide systems used in the combustion of VOCs. As in the case
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of noble metals, the involvement of a support also has a positive effect on dispersion and
thermal stability of the catalytically active phase. The selection of the appropriate material
forming the support depends on many factors (including its porosity, chemical activity
and strength of interaction with the active phase), but a typical choice is γ-Al2O3, SiO2,
TiO2, ZrO2, CeO2 and zeolites [1,5,6]. Mixed systems containing at least two transition or
noble metals in their structure have also been increasingly studied. The effect of improved
catalytic activity obtained in such cases is most often related to promoting the mobility of
lattice oxygen and facilitating electron transfer [7].

Particularly promising catalysts for the total oxidation of VOCs could be core–shell
composites, which contain a core located inside another domain forming an outer layer [8,9].
The structures belonging to the group of core–shell materials also include hollow core–
shell and yolk–shell systems [10]. The advantages of using such composite materials
include: (i) ability to protect the core against effects of environmental changes outside the
material, (ii) limiting the possibility of increasing the volume and maintaining structural
integrity, (iii) protecting the core particles against aggregation into larger clusters, and (iv)
selective molecule penetration into the core. The core–shell materials combine properties
of both the shell and the core. By covering nanoparticles with one or more layers of other
materials, systems with intensified or completely changed physical or chemical properties
in relation to the initial structure can be obtained [11,12]. Few core–shell structures for VOCs
combustion, limited mainly to systems containing noble metal nanoparticles embedded in
an oxide shell (e.g., Pd@CeO2 [13]), have been described in the literature so far.

Due to availability and the relatively low price of substrates, as well as simplicity
and short time of synthesis, polymer templates are often selected as structure-directing
agents to obtain core–shell composites by the bottom-up approach [14,15]. Oxide layers,
e.g., SiO2, TiO2, ZrO2 or CeO2, are deposited onto the polymer cores, and then the organic
interior is easily removed by calcination or chemical etching with acidic, alkaline or organic
agents [16–20]. In the synthesis of such core–shell systems, among other things, heterophase
polymerization (leading to encapsulation of inorganic nanoparticles), sol-gel processes
(leading to coating polymer colloids with an inorganic layer) and layer-by-layer deposition
are used. Regardless of the choice of the synthesis method, it is necessary to facilitate
interaction between a polymer and an inorganic component [18,20–22].

Amines are often used to modify a surface of polystyrene templates [23]. The amine
layer adsorbed on the latex surface induces the formation of the silica layer through
electrostatic interactions. Upon dissolution or calcination, the polymer is removed together
with the amine, creating a hollow silica sphere. However, the attachment of the amine to the
latex surface reduces the integrity of the resulting SiO2 shell. This effect can be overcome by
using silanes or silica nanoparticles as hollow shell precursors, but this drastically increases
the cost of synthesis, and the process becomes more complicated.

One of the most frequently used techniques for the preparation of polymer cores
is emulsion polymerization. It is a type of radical polymerization which is based on
the use of an emulsion containing water, monomer and surfactant. Potassium or ammo-
nium persulfate is widely used as an initiator in the emulsion polymerization [14]. The
process often takes place in an o/w (oil in water) emulsion in which monomer droplets
are dispersed in water by surfactants. Other types of polymerization, such as so-called
reverse w/o emulsion (water in oil) as well as w/o/w and o/w/o microemulsion, are
rarely chosen [14,16,20]. The mechanism of surfactant-free emulsion polymerization has
also been described [24]. The amount of polymer contained in the aqueous phase influ-
ences the nucleation mechanism and the change in dispersion of the systems during the
polymerization of molecules with different properties [25,26]. A common solution used
during the polymerization of styrene is an addition of methacrylic or acrylic acid. Ge and
co-workers [15] synthesized poly(styrene-co-methacrylic acid) spheres by the emulsion
polymerization without emulsifiers. The addition of methacrylic acid reduced the size
of the spheres formed (to ca. 370 nm) and the thickness of the SiO2 layer (to ca. 50 nm)
compared to the synthesis with the use of a purely polystyrene template. It was unequiv-
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ocally found that the presence of methacrylic acid in the template has a beneficial effect
on the formation of homogeneous silica layers on the surface of latex templates. Thus, in
order to increase the degree of uniform bonding of SiO2 with the surface of polystyrene
spheres, they can be functionalized, for example, with acid groups, by copolymerization
of styrene with methacrylic acid or sulfonation with sulfuric acid [14,15]. The deposition
of the SiO2 shell on the poly(styrene-co-methacrylic acid) spheres was carried out using
various aging conditions—at 150 ◦C (obtaining materials with a mesoporous shell) or at
room temperature (microporous spheres). Moreover, aging at room temperature resulted
in a layer of SiO2 with a thickness of ca. 30 nm, while the higher temperature of the thermal
treatment reduced its thickness to ca. 15 nm.

In this paper a pioneering method of synthesis of core–shell catalysts with an ac-
tive phase in the form of Co3O4 spinel nanoparticles located inside a porous SiO2 shell
is described. In the first step of preparation, a spherical copolymer template (namely
poly(styrene-co-acrylic acid)) with a defined grain size within the range of 200–300 nm was
obtained. The SiO2 coating was deposited on the surface of the latex spheres by performing
the hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in a water-isopropanol
solution of ammonia. The formed composite particles with a copolymer core retained
or removed by calcination were modified with various amounts of cobalt-based active
phase. The samples containing Co3O4 nanoparticles were characterized by a wide range of
physicochemical techniques, and above all, their activity in the toluene combustion was
determined. The role of selected parameters influencing the catalytic performance of the
developed composite materials in the studied process is discussed. At the same time, a
very significant influence of the proper path selection, resulting in various dispersion of the
active component within the Co3O4@SiO2 yolk–shell structure, on the achieved conversion
of the organic pollutant is shown.

2. Results and Discussion

The main objective of this study was to obtain composite materials containing Co3O4
nanoparticles embedded and protected inside a spherical, porous SiO2 shell, which would
be highly active and selective in the catalytic combustion of VOCs. In the first step of the
synthesis, a spherical poly(styrene-co-acrylic acid) latex containing 30 wt.% acrylic acid in
relation to styrene was prepared. The formed PS30 emulsion was examined by dynamic
light scattering (DLS), proving the high monodispersity of the particles with diameters
within the narrow range of 240–260 nm and the average ζ potential of −42.8 mV measured
in deionized water at pH = 7 (Figure 1a). The latter value is related to the high amount of
carboxyl groups on the surface of the copolymer nanoparticles and confirms high colloidal
stability of the formed emulsion [27].

The prepared latex spheres were further modified by the deposition of the silica
shell using the Stöber strategy. The coverage of the PS30 surface with the silica coating
slightly shifts the average ζ potential to −39.6 mV (Figure 1a). This change indicates a
variation in the chemical composition of the surface. In this case, the negative zeta potential
mainly comes from the ionization of silanol groups [28]. However, since the zeta potential
value remains outside the range from −30 mV to +30 mV, it should be considered that the
PS30@SiO2 nanoparticles have sufficient repulsion force to maintain colloidal stability [29].
In the literature, the correlation between the SiO2 particle size and the zeta potential value
was discussed [30]. It was postulated that as the size of the spheres decreased, the average
ζ potential raised and oscillated in the range from −37.7 mV to −45.5 mV.

The introduction of the inorganic part was additionally confirmed by thermal anal-
ysis (Figure 1b). The mass loss of 3.2% in the temperature range up to approx. 140 ◦C
is associated with removal of residual solvents, unreacted monomers and physically ad-
sorbed water. Desorption of these components is related to the heat consumption, which
confirms the endothermic peak observed by differential thermal analysis (DTA). At higher
temperatures, the parts of the chain of acrylic acid units slowly decompose and polystyrene
depolymerizes. Rapid decomposition begins at ca. 320 ◦C with a maximum rate at 360 ◦C.
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This exothermic step is mainly due to the combustion of the polymer. After the analysis,
the copolymer-free SiO2 remains, the content of which in the PS30_Si material is estimated
to be 84.5 wt.%.
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Figure 1. (a) Zeta potential distribution of samples dispersed in water, and (b) mass loss (TG), mass
loss rate (DTG) as well as differential thermal analysis (DTA) curves for PS30_Si measured at air
atmosphere.

The obtained PS30_Si composite was calcined at the oxidizing atmosphere to remove
the copolymer core and subsequently studied using scanning electron microscopy (SEM).
The SEM image shown in Figure 2a confirms a well-formed spherical structure of the
grains. The particles are homogeneous, and their average size is close to ca. 300 nm. This
means that, taking into account the size of the latex spheres determined earlier by DLS
(240–260 nm), the thickness of the SiO2 layer is approx. 20–30 nm.

Catalysts 2021, 11, 1097 4 of 16 
 

 

  

Figure 1. (a) Zeta potential distribution of samples dispersed in water, and (b) mass loss (TG), mass 
loss rate (DTG) as well as differential thermal analysis (DTA) curves for PS30_Si measured at air 
atmosphere. 

The introduction of the inorganic part was additionally confirmed by thermal 
analysis (Figure 1b). The mass loss of 3.2% in the temperature range up to approx. 140 °C 
is associated with removal of residual solvents, unreacted monomers and physically 
adsorbed water. Desorption of these components is related to the heat consumption, 
which confirms the endothermic peak observed by differential thermal analysis (DTA). 
At higher temperatures, the parts of the chain of acrylic acid units slowly decompose and 
polystyrene depolymerizes. Rapid decomposition begins at ca. 320 °C with a maximum 
rate at 360 °C. This exothermic step is mainly due to the combustion of the polymer. After 
the analysis, the copolymer-free SiO2 remains, the content of which in the PS30_Si material 
is estimated to be 84.5 wt.%. 

The obtained PS30_Si composite was calcined at the oxidizing atmosphere to remove 
the copolymer core and subsequently studied using scanning electron microscopy (SEM). 
The SEM image shown in Figure 2a confirms a well-formed spherical structure of the 
grains. The particles are homogeneous, and their average size is close to ca. 300 nm. This 
means that, taking into account the size of the latex spheres determined earlier by DLS 
(240–260 nm), the thickness of the SiO2 layer is approx. 20–30 nm. 

 
Figure 2. SEM images of calcined PS30_Si (a), PS30_Si_Co15_A (b) and PS30_Si_Co15_B (c). 

Simultaneously, textural properties of PS30_Si before and after removal of the 
copolymer core were analyzed. The measured isotherms of N2 adsorption, shown in 
Figure 3, reveal a very interesting conclusion. The shape of the isotherm for the starting 
PS30@SiO2 structure can be classified as type II, according to the IUPAC (International 
Union of Pure and Applied Chemistry, Research Triangle Park, NC, USA) nomenclature, 

−80 −60 −40 −20 0 20 40 60 80

 PS30
 PS30_Si
 PS30_Si_Co15_A
 PS30_Si_Co15_B

In
te

ns
ity

 (a
.u

.)

Zeta potential (mV)

a

0 200 400 600 800 1000
−1.2

−0.8

−0.4

0.0

0.4

0.04

0.08

0.12

0.16

85.0

90.0

95.0

100.0

D
TA

 (°
C

)

Temperature (°C)

D
TG

 (%
/°

C
)

 

M
as

s 
lo

ss
 (%

) b

Figure 2. SEM images of calcined PS30_Si (a), PS30_Si_Co15_A (b) and PS30_Si_Co15_B (c).

Simultaneously, textural properties of PS30_Si before and after removal of the copoly-
mer core were analyzed. The measured isotherms of N2 adsorption, shown in Figure 3,
reveal a very interesting conclusion. The shape of the isotherm for the starting PS30@SiO2
structure can be classified as type II, according to the IUPAC (International Union of Pure
and Applied Chemistry, Research Triangle Park, NC, USA) nomenclature, which is charac-
teristic of materials containing pores with diameters within the macroporosity range. It is
manifested by a very intense adsorption effect observed at the relative pressure p/p0 > 0.9.
Interestingly, after removing the PS30 template, this effect largely disappears. It should
therefore be assumed that the adsorption of N2 prior to the core elimination corresponds to
the condensation of the adsorbate in slits formed between the silica shell and the copolymer
core, which during drying shrinks slightly, forming the free spaces. These observations are
reflected in the determined textural parameters. For the PS30_Si filled by the copolymer
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core, the total pore volume (Vtotal, constituted mainly by wide meso- and macropores) is
0.319 cm3/g, and consequently the surface area is determined according to the Brunauer–
Emmett–Teller theory (SBET) is 41 m2/g (Table 1). The destruction of the copolymer scaffold
results in a significant decrease in Vtotal and SBET to 0.059 cm3/g and 15 m2/g, respectively,
since the voids formed inside the hollow SiO2 spheres are too large for the adsorbate to
condense therein.
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Figure 3. N2 adsorption isotherms for PS30_Si before and after the PS30 core removal as well as the
PS30_Si_Co15 catalysts synthesized in the paths A and B.

Table 1. Chemical composition, Co3O4 crystallite size and textural parameters of the studied PS30_Si-
based samples.

Sample Co Loading
[wt.%]

Mean Co3O4
Crystallite Size [Å]

Textural Parameters
SBET [m2/g] a Vtotal [cm3/g] b

PS30_Si with PS30 core - - 41 0.319
PS30_Si without PS30 core - - 15 0.059

PS30_Si_Co5_A 5.9 225 18 0.063
PS30_Si_Co10_A 11.6 298 17 0.083
PS30_Si_Co15_A 13.6 338 16 0.086
PS30_Si_Co5_B 5.8 237 16 0.069
PS30_Si_Co10_B 11.1 282 19 0.089
PS30_Si_Co15_B 15.3 358 16 0.089

a specific surface area calculated using the Brunauer–Emmett–Teller (BET) model, b total pore volume measured
as the amount of N2 adsorbed at p/p0 ~ 0.99.

X-ray fluorescence (XRF) analyses were carried out to confirm the introduction of
the Co-containing active phase onto the silica support. The determined Co loadings are
presented in Table 1. It should be stated that the chemical composition of the studied
materials is close to the intended values.

The modification of PS30@SiO2 with the Co3O4 phase causes a further change in
average ζ potential to a value of ca. −37 mV which is very similar for the calcined
PS30_Si_Co15 samples prepared both on path A and B (Figure 1a). Therefore, it should be
stated that a part of the Co modifier was deposited on the outer surface of SiO2 nanospheres,
changing its charge a little. Figure 2b,c demonstrate the SEM images collected for the
calcined PS30_Si_Co15 obtained in the paths A and B, respectively. For PS30_Si_Co15_A no
significant differences in morphology are observed compared to the hollow SiO2 spheres
(Figure 2a). In the case of PS30_Si_Co15_B, a greater aggregation of nanoparticles is noted.
They form distinct clusters, and consequently polydispersity increases significantly.

In Figure 3 two examples of the N2 adsorption isotherms for the samples with the
highest Co loadings are demonstrated, while the textural parameters for all synthesized
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Co-loaded samples are summarized in Table 1. It can be concluded that the introduction of
cobalt oxide results in a slight increase in the pore volume compared to the hollow SiO2
spheres. This effect is also correlated with the amount of active phase deposited—the
more it is, the greater value of Vtotal. Therefore, it should be assumed that the cobalt oxide
nanoparticles formed as a result of calcination create secondary porosity. These nanograins
are arranged partly on the outer surface of the SiO2 nanospheres, partly inside their pores,
but above all on the inner surface of the SiO2 shells. In the case of the synthesis by the
path B, the deposition of the active phase precursor takes place in the completely empty
interior of the SiO2 spheres compared to the path A, in which the Co(II) nitrate solution is
introduced into the spaces between the shell and the copolymer core and only to a limited
extent inside the PS30 template structure. This leads to different contents of the active
phase precursor inside the spheres, and thus various arrangements of the formed oxide
nanograins. For the PS30_Si_Co_B materials, they are a bit more loosely aggregated, and
therefore in this case the Vtotal values are slightly higher than in the case of the analogous
PS30_Si_Co_A catalysts.

The crystalline structure of the synthesized materials was studied by X-ray diffrac-
tion (XRD). Figure 4a,b present the diffractograms registered for the PS30_Si_Co_A and
PS30_Si_Co_B catalysts, respectively.
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Figure 4. XRD patterns of PS30_Si-based catalysts synthesized in the path A (a) and B (b). Reflections
characteristic for the Co3O4 phase are marked with an asterisk.

The diffraction patterns clearly display a broad, low, intense diffraction peak (101) at
2θ~22◦, originating from the poorly ordered silica in the composite shells [31]. The presence
of the transition metal oxide in the structure of the developed materials is confirmed by
other characteristic reflections observed at 2θ equal to 19.0◦, 31.2◦, 37.0◦, 38.5◦, 44.8◦, 59.3◦

and 65.2◦ with intensities growing with the increasing Co content. They correspond to
(111), (220), (311), (222), (400), (511) and (440) lattice planes in the crystal structure of Co3O4
spinel phase (space group Fd3m), respectively (PDF 00-009-0418). The calculated values
of the parameter a of 8.06 Å and the unit cell volume of 523.2 Å are only slightly lower
compared to the theoretical data of 8.084 Å and 528.30 Å, respectively [32]. The mean Co3O4
crystallite sizes determined on the basis of the Scherrer equation from the broadening of
the most intense (311) diffraction are given in Table 1. A very clear correlation between the
Co3O4 mean crystallite size and the Co content for the materials in both series is observed.

In order to determine the chemical environment of the active phase in the investigated
catalysts, UV-Vis-DR measurements were performed. The collected spectra are shown in
Figure 5a,b. The results for both series of the catalysts are very similar, and fully confirm
the presence of the Co3O4 spinel phase. Around 260 nm, the band corresponding to the
O2− → Co3+ charge transfer is distinguished. However, the main bands occur at higher
wavelengths. Their width is indicative of different ordering of spinel particles, but generally
the absorption band in the range of 300–500 nm is attributed to octahedrally coordinated
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Co3+ ions, whereas another wide band at 600–800 nm is assigned to the electron transitions
characteristic for Co2+ ions in tetrahedral coordination in the Co3O4 spinel [33–35].
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Figure 5. UV-Vis-DR spectra of PS30_Si-based catalysts synthesized in the path A (a) and B (b).

The surface composition of the Co-loaded materials synthesized in the paths A and B
was more precisely characterized by X-ray photoelectron spectroscopy (XPS). The high-
resolution XPS spectra recorded in the Co 2p region (Figure 6a,b) display a characteristic
doublet of the Co 2p3/2 and Co 2p1/2 peaks, which is related to the spin-orbital splitting.
The determined distance between the peaks in this doublet for all studied materials is
∆ = 15.3–15.4 eV, which is the typical value reported for the Co3O4 phase in the litera-
ture [36,37].
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Figure 6. XPS Co 2p spectra of PS30_Si-based catalysts synthesized in the path A (a) and B (b).

The studied materials are characterized by the presence of Co3+ ions in octahedral
coordination (779.0 ± 0.3 eV) and Co2+ in tetrahedral coordination (780.6 ± 0.2 eV) [38].
In the fitting model used, an additional component related to Co2+ multiplet splitting at
782.4 ± 0.3 eV was added [38–40]. In order to describe the surface composition in more
detail, the Co2+/Co3+ ratio was calculated based on the performed deconvolution. The
values for the PS30_Si_Co_A catalysts are close to 1.0, while for PS30_Si_Co_B they are at
the level of 0.8, which indicates that in the latter case the Co3+ ion content is higher. The
presence of more Co3+ ions usually enhances the reducibility and increases the activity of
the Co3O4 spinel phase in the catalytic combustion of VOCs [41,42]. The calculated ratio of
the Co concentration on the surface (from the XPS results) to that in the total volume (from
the XRF results) provides clear differences in the cobalt deposition on the surface of the
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SiO2 spheres (Figure 7). For the PS30_Si_Co_B catalysts, the enrichment of the surface with
cobalt ranges from 40% to 90%. In the case of the catalysts obtained in path A, there is a
clear tendency to change the distribution along with the Co content. The PS30_Si_Co5_B
sample has almost four times more Co on the surface than in the volume, while for higher
Co contents, the enrichment of the surface with the active phase significantly decreases
(for PS30_Si_Co15_B, the Co content on the surface is only 10% higher than in the entire
volume).
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Figure 7. Relationship between the Cosurf/Cobulk atomic ratio and the total cobalt content in the
studied yolk–shell catalysts.

The activity of oxide catalysts in the total oxidation of VOCs is often directly related
to their redox properties, as the reaction involves lattice oxygen from the subsurface layers
and even the interior of the solid phase [43]. Susceptibility to reduction oxides more easily
creates surface defects, which promotes catalytic activity [44]. Therefore, we decided to use
the temperature-programmed reduction (H2-TPR) technique to study the reducibility of
the developed catalysts (Figure 8a,b).
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Figure 8. Temperature-programmed reduction profiles of PS30_Si-based catalysts synthesized in the path A (a) and B (b) as
well as relationship between temperature of reduction onset and mean Co3O4 crystallite size (c).

Mandal et al. [45] postulated that large Co3O4 particles are typically reduced directly
to metallic cobalt in one step, while the reduction of Co3O4 nanoparticles is often a two-step
process. In the case of the tested materials, two main reduction peaks in the H2-TPR profiles
are observed, which confirm the nanometric dimensions of the active phase particles. The
reduction of Co3O4 spinel proceeds through two steps described by the following reaction
equations:

Co3O4 + H2 → 3CoO + H2O

CoO + H2 → Co0 + H2O

8



Catalysts 2021, 11, 1097

The first reduction step begins in the temperature range of 250–280 ◦C and reaches
its maximum rate at about 360–370 ◦C. A deeper reduction in the active phase occurs at
higher temperatures (a maximum of greater intensity at approximately 390–410 ◦C). For
both series, an increase in the cobalt content in the studied catalysts results in an increase in
the intensity of the reduction maxima and their shift towards higher temperatures. These
effects are rather expected, since the higher content of the component to be reduced requires
the consumption of more hydrogen, and on the other hand, kinetic circumstances lead to
the achievement of the maximum rate of the polythermal reduction process at increasingly
higher temperatures.

However, very interesting conclusions can be deduced by analyzing the temperatures
of reduction onset determined for the individual catalysts (Figure 8c). These values were
determined based on an increase in a detector signal to a value exceeding by 1% a baseline
value determined in the temperature range of 200–220 ◦C, in which no reaction resulting in
the consumption of H2 occurs. It is clearly visible that the reduction process begins at lower
temperatures in the case of larger Co3O4 crystallites, the formation of which is favored by
the higher Co content. Nevertheless, it is not the most important parameter responsible
for easier reducibility. Clearly, the PS30_Si_Co_A catalysts require higher temperatures
to initialize the reduction process than the analogous PS30_Si_Co_B materials, containing
crystallites of similar sizes and comparable Co loadings. It should therefore be assumed that
the observed differences result from a different distribution of Co3O4 nanoparticles, which
in turn are varied by the synthesis procedure. In the case of PS30_Si_Co_A, the infiltration
of the Co(NO3)2 solution leads to the aggregation of more active phase nanoparticles on
the inner walls of the SiO2 spheres, which closely adhere to the surface of the support
stabilizing them. Differently, the introduction of the Co(NO3)2 solution into the hollow
SiO2 spheres provides a larger space for crystallization and the subsequent transformation
of the active phase precursor to the oxide form. Hence, in this case, the Co3O4 crystallites
are loosely bonded to the silica support and thus are easier to be reduced. The shift of the
reduction onset towards lower temperatures with the activation of lattice oxygen should
result in higher catalytic activity in the combustion of VOCs [38,46].

The Co3O4-containing catalysts synthesized on the basis of the PS30_Si composite
template were tested for the catalytic activity in the total oxidation of toluene (Figure 9a).
The catalysts of both series A and B showed high activity in this reaction, the main products
of which were CO2 and H2O. Selectivity to CO2 remained at an extremely high level. For
each material, regardless of the reaction temperature, it was > 99.9%. In only selected cases,
the formation of traces of benzene, as a by-product, was detected. It is observed that the
PS30_Si_Co_A catalysts demonstrate very similar activity, while the materials calcined
prior to the inclusion of the cobalt precursor (PS30_Si_Co_B) exhibit apparent differences
in the catalytic performance. Nevertheless, it should be noted that for the PS30_Si_Co_B
catalysts, which are characterized by easier reducibility as previously shown by the H2-TPR
measurements, significantly better catalytic results were achieved. The toluene conversion
at the level of 50% for the most active catalysts of both series was attained at temperatures
of 306 ◦C and 266 ◦C for PS30_Si_Co10_A and PS30_Si_Co15_B, respectively (Table 2). The
extraordinary catalytic activity of the PS30_Si_Co_B catalysts can be found even better
when the reaction rate (r) is compared:

r =
Ftoluene ∗ Ctoluene

mCo

where Ftoluene represents the flow rate of toluene (mol/s), Ctoluene is the toluene conver-
sion, and mCo is the content of Co in the working catalyst. The results collected for the
experimental points measured at 275 ◦C are shown in Figure 9b.
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Figure 9. (a) Toluene conversion achieved at various temperatures over PS30_Si-based catalysts
compared to the reference Co15/silica sample, and (b) rate of the toluene combustion at 275 ◦C
calculated in relation to Co content.

Table 2. Temperatures at which 20, 50 and 90% toluene conversion was achieved in the toluene
combustion over PS30_Si-based catalysts.

Sample
Temperature [◦C]

T20 T50 T90

PS30_Si_Co5_A 301 312 325
PS30_Si_Co10_A 290 306 322
PS30_Si_Co15_A 302 311 322
PS30_Si_Co5_B 274 287 312
PS30_Si_Co10_B 260 274 307
PS30_Si_Co15_B 256 266 290

It should therefore be emphasized that the procedure used to introduce the active
phase is of crucial importance in profiling the catalytic activity of Co3O4@SiO2 nanorattles.
Due to the larger available nanospace for the arrangement of the active phase grains,
much more favorable effects are obtained by the deposition of the Co3O4 precursor in the
empty SiO2 spheres. In this case, the absence of strong interactions between the spinel
phase crystallites and the silica support is confirmed even for the content of 15 wt.% of
Co. Furthermore, the oxide particles do not aggregate significantly and finally the highest
reaction rate is reached.

In order to verify the real usefulness of the developed catalysts in the process of
toluene combustion, the catalytic test was also carried out for the material prepared using
commercial spherical silica gel, which was modified by introducing 15 wt.% of Co with an
analogous procedure as for the PS30_Si_Co samples. As can be seen from Figure 9a, the
reference Co15/silica sample shows a lower activity than all developed yolk–shell catalysts.
Compared to the most active PS30_Si_Co15_B material, this difference is huge—the T50
value is reached at a temperature approx. 50 ◦C lower.

On the other hand, additional measurements for the most active PS30_Si_Co15_B
catalyst were performed to show its stability and behavior at much higher toluene content
(the toluene content in the feed was increased from 1000 ppm to 2500 ppm). After the
catalytic run in the temperature range of 100–500 ◦C in the presence of 1000 ppm of toluene
in the flowing air (cycle 1), the reactor was cooled down to 100 ◦C and the measurement
was repeated (cycle 2). After cycle 2, the toluene concentration in the feed was increased
to 2500 ppm and two subsequent polythermal runs (cycle 3 and 4) were carried out. The
results presented in Figure 10 clearly confirm high stability of the developed material in
the repeated runs. Only a slight decrease in the toluene conversion at 275 ◦C is found.
Moreover, an increase in the toluene concentration results in a noticeable decrease in
its conversion from 77.4% (cycle 1 at 1000 ppm) to 38.4% (cycle 3 at 2500 ppm) at this
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temperature. At 300 ◦C these differences are not so important, and starting from 325 ◦C,
practically complete conversion is achieved regardless of the toluene concentration.
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Figure 10. Catalytic activity in toluene combustion over PS30_Si_Co15_B in four successive reaction
cycles (toluene concentration: cycles 1 and 2—1000 ppm, cycles 3 and 4—2500 ppm).

To conclude, the presented results clearly indicate the enormous potential resulting
from the location of the oxide phase inside the SiO2 shell, where properly protected, can
actively, selectively and stably act in the total oxidation of VOCs.

3. Materials and Methods
3.1. Chemicals

Styrene (Sigma-Aldrich, Germany, >99.0%), acrylic acid (Acros Organics, France, 98%,
extra pure), potassium persulfate (Chempur, Piekary Śląskie, Poland, pure p.a.), tetraethyl
orthosilicate (TEOS, Sigma-Aldrich, China, ≥99.0%), ammonia solution (28–30%, J.T. Baker,
Philipsburg, NJ, USA), isopropanol (Stanlab, Lublin, Poland, pure), cobalt(II) nitrate(V)
hexahydrate (Honeywell, Seelze, Germany, 98%), toluene (Honeywell, Seelze, Germany,
puriss p.a.) and nitrogen (Air Products, Świerzewo, Poland, grade 5.2).

3.2. Synthesis

Poly(styrene-co-acrylic acid) latex spheres were prepared by emulsion polymeriza-
tion [47]. Briefly, 360 mL of distilled water was introduced into a 1000 mL three-neck
round-bottom flask equipped with a mechanical stirrer (300 rpm), a reflux condenser and
a N2 dosing tube. Then, acrylic acid (1.6 g) and styrene (6.4 g) were added slowly by
dropping it into the flask, and the mixture was deoxygenated by bubbling with nitrogen
gas for 30 min. The temperature was raised to 70 ◦C and an aqueous solution of potassium
persulfate (0.24 g in 40 g water) was poured to initialize the polymerization reaction at a
constant mixing speed of 300 rpm. After 24 h the reaction mixture was allowed to cool
down to room temperature.

In the next step, the surface of the obtained poly(styrene-co-acrylic acid) spheres
(coded as PS30) was coated with a SiO2 layer. For this purpose, 5 mL of the mixture
containing the synthesized latex was placed along with 35 mL of distilled water and
200 mL of isopropanol in a 1000 mL vessel. After 15 min, 5 mL of ammonia solution
and 4.5 mL of TEOS were added dropwise while vigorously stirring the mixture using a
mechanical stirrer (250 rpm). The mixing was continued for another 3 h. Subsequently, the
solid was centrifuged, rinsed twice with distilled water and once with isopropanol, and
finally dried at 80 ◦C. The formed core–shell material is named as PS30_Si.

The synthesized composite was modified with Co using two different procedures
(path A and B) shown schematically in Scheme 1. The series A was prepared by infiltrating
the active phase precursor into the previously obtained PS30_Si material, drying and then
calcinating. In the case of the series B, the copolymer core was first removed by calcination,
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then the active phase precursor was introduced. The resulting material was dried and
calcined again.
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The preparations of both series were impregnated with aqueous solutions of Co(NO3)2
with concentrations that allowed Co loadings of 5, 10 and 15 wt.% in the final catalysts.
Appropriate amounts of Co(NO3)2·6H2O were dissolved in distilled water and added to
1 g of the support placed in crucibles. After thorough mixing, the samples were allowed to
dry at 80 ◦C. Finally, the materials were calcined at 550 ◦C for 4 h (heating rate of 1 ◦C/min)
in order to remove the polymer core and form the Co3O4 spinel phase.

3.3. Characterization

Surface morphology was investigated by SEM imaging using a Hitachi S-4700 field
emission scanning electron microscope at an accelerating voltage of 20 kV. Samples were
mounted on sticky carbon discs and coated with a gold layer. Secondary electron (SE)
signal was used for observations.

Particle size distribution and average ζ-potential were determined by DLS measure-
ments in a Zetasizer Nano ZS instrument (Malvern Instruments) equipped with a He-Ne
laser source (λ = 633 nm). Prior to analysis, a suspension containing 0.1 wt.% of a material
was prepared using deionized water and sonicated in an ultrasonic bath for 30 min.

Chemical composition was studied by XRF using an ARL Quant’x (Thermo Scientific)
spectrometer, whereas polymer and inorganic contents in the PS30_Si composite were
determined by thermal analysis. About 10 mg of the sample was tested in a TA Instruments
SDT Q600 thermobalance in the range of 20–1000 ◦C at a linear heating rate of 20 ◦C/min
in flowing air flow (100 mL/min).

The structure of samples was examined by XRD. The XRD patterns were collected on
a Bruker D2 Phaser instrument using Cu Kα radiation (λ = 1.54184◦ Å) and a LYNXEYE
detector within a 2θ range of 5–70◦ at a step of 0.02◦.

Textural properties were calculated from low-temperature N2 adsorption isotherms
measured at−196 ◦C using a Micromeritics ASAP 2020 sorptometer. Samples were initially
outgassed at 250 ◦C for 5 h under vacuum.

UV-Vis spectra were collected in a Thermo Scientific UV-VIS Evolution 200 double-
beam spectrometer equipped with a xenon lamp and a diffuse reflectance accessory,
enabling analyses of solids. The spectra were recorded in the wavelength range of
190–1100 nm, collecting 60 scans per min.

Surface analyses were performed by XPS in an ultra-high vacuum system manufac-
tured by Prevac. The XPS spectra were collected using a monochromatized aluminum
source AlKα (E = 1486.6 eV) and a hemispherical analyzer (VG SCIENTA R3000). The bind-
ing energy scale for the non-conductive samples was calibrated by referring to a position
of Si 2p (Eb = 103.0 eV). The Shirley background and fitting with the mixed Gauss–Lorentz
function (GL = 30) were used during interpretation of the spectra in the CasaXPS software.
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H2-TPR measurements were performed in a self-made equipment. An amount of
50 mg of a dried sample was placed in a quartz reactor and heated from room temperature
to 900 ◦C at a linear temperature increase of 10 ◦C/min in a mixture of Ar/H2 (95/5 vol.%),
which was passed through the bed of the analyzed sample at a total flow rate of 40 mL/min.
Hydrogen concentration in the gas mixture was analyzed by a thermal conductivity detector
(TCD) and recalculated into consumption by the reduction reaction based on calibration
with CuO as a reference.

3.4. Catalytic Activity

Catalytic combustion of toluene was studied as a model reaction in a quartz mi-
croreactor with an inner diameter of 8.0 mm. Before starting a measurement, a catalyst
(0.1 g, particle size 160–315 µm) was degassed at 500 ◦C for 30 min in a stream of air
(flow rate = 100 mL/min). After that time, the reactor was cooled to 100 ◦C and toluene
dosing (at concentration of 1000 ppm) to flowing air was started. The organic substrate was
introduced into the feed using a thermostated scrubber filled with the liquid compound
kept at −7.5 ◦C ensuring its vapor pressure at the assumed level. The catalytic tests were
carried out in the temperature range of 100–500 ◦C. The reactor was held at each tempera-
ture step for 80 min during which three analyses of the reaction products were performed.
The reaction products were analyzed using a Bruker 450 gas chromatograph equipped with
two capillary columns (Porapak S and Chromosorb WAW-DMCS), two flame ionization
detectors, a thermal conductivity detector and a methanizer.

4. Conclusions

The main goal of this study was to develop yolk–shell materials containing Co3O4
nanoparticles, catalytically active in the total oxidation of VOCs. The introduction of
a shell made of porous SiO2 was to play a role in protecting the active phase against
aggregation, which ensures a high dispersion of active sites and creates a nanospace
for the reactants involved in the catalytic process. The bottom-up strategy was used
for the construction of Co3O4@SiO2 nanorattles, in which in the initial step a spherical
poly(styrene-co-acrylic acid) template with a particle size in the range of 240–260 nm was
synthesized by emulsion polymerization. On the surface of the copolymer scaffold, a
SiO2 nanolayer (with a thickness of approx. 20–30 nm) was deposited by hydrolysis and
condensation of TEOS. The enrichment of the PS30@SiO2 composite in Co was carried out
by the wet impregnation method, with the active phase precursor being introduced either
into SiO2 spheres filled with the copolymer core (series A) or into hollow SiO2 spheres
after removal of the core by calcination (series B). The catalysts of both series showed high
activity in total oxidation of toluene, exceeding that of the reference material containing
15 wt.% of Co on a commercial spherical silica gel. The catalysts of series B, however, were
characterized by significantly lower temperatures of toluene conversion. Based on wide
physicochemical characterization, including XRD, low-temperature adsorption of N2, DLS,
SEM, XRF, UV-Vis-DR, XPS and H2-TPR, it was found that in the materials synthesized
on the path B, the nanoparticles of the Co3O4 spinel phase were arranged loosely inside
the SiO2 shell. No strong interaction between the crystallites of the active phase and SiO2
surface resulted in a weak stabilization effect observed for lattice oxygen in Co3O4. On the
other hand, the high dispersion of the active phase, while facilitating the transport of the
reagent molecules through the porous SiO2 shell, created an ideal structure of a nanoreactor
with high operating efficiency. It can therefore be concluded that the Co3O4@SiO2 materials
are an attractive alternative to conventional catalysts of VOCs combustion and can be
considered as a platform for commercial applications in the future.
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33. Popova, M.; Ristić, A.; Mavrodinova, V.; Maučec, D.; Mindizova, L.; Novak Tušar, N. Design of Cobalt Functionalized Silica with
Interparticle Mesoporosity as a Promising Catalyst for VOCs Decomposition. Catal. Lett. 2014, 144, 1096–1100. [CrossRef]

34. Lin, L.Y.; Bai, H. Salt-induced formation of hollow and mesoporous CoOx/SiO2 spheres and their catalytic behavior in toluene
oxidation. RSC Adv. 2016, 6, 24304–24313. [CrossRef]

35. Taghavimoghaddam, J.; Knowles, G.P.; Chaffee, A.L. Mesoporous Silica SBA-15 Supported Co3O4 Nanorods as Efficient Liquid
Phase Oxidative Catalysts. Top. Catal. 2012, 55, 571–579. [CrossRef]
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Abstract: Volatile organic compounds (VOCs) are responsible for damage to health due to their
carcinogenic effects. Catalytic ozonation using zeolite appears as a valuable process to eliminate
VOCs from industrial emissions at room temperature. For full-scale application of this new abate-
ment technology, an intrinsic reaction rate equation is needed for an effective process design and
scale-up. Results obtained here provide a mechanistic approach during the initial stage of catalytic
ozonation of toluene using an acidic surface transformed natural zeolite. In particular, the contri-
bution of Lewis and Brønsted acid sites on the surface reaction mechanism and overall kinetic rate
are identified through experimental data. The least-squares non-linear regression method allows
the rate-determining step to be established, following a Langmuir–Hinshelwood surface reaction
approximation. Experimental evidence suggest that ozone is adsorbed and decomposed at Lewis
acid sites, forming active atomic oxygen that leads to the oxidation of adsorbed toluene at Brønsted
acid sites.

Keywords: catalytic ozonation; Lewis and Brønsted acid sites; natural zeolite; reaction mecha-
nism; toluene

1. Introduction

Volatile organic compounds (VOCs), such as benzene, toluene, ethylbenzene, and
xylene (BTEX) are emitted from a wide variety of sources, such as internal combustion
engines, power stations, refineries, the food processing industry, the forestry industry,
wastewater treatment facilities, and the dry cleaning industry, among other industrial
sectors [1,2]. VOCs are also released from indoor sources, including: construction mate-
rials, damaged furniture, aerosol sprays, deodorants, air fresheners, cleaning products,
disinfectants and insecticides [3]. BTEX are considered priority pollutants due to their
toxic, mutagenic, and carcinogenic effects [4], and their role in the formation of secondary
atmospheric pollutants such as ozone and airborne particulate matter [5].

During the last decades, great efforts have been made to remove VOCs from both
indoor and outdoor emissions, using recovery methods (e.g., absorption, adsorption,
membrane separation, and condensation) or destructive methods (e.g., thermal, catalytic,
or biological oxidation) [6]. However, the disposal of VOC-saturated solvents or exhausted
adsorbents from recovery processes has impaired large-scale implementation. Moreover,
conventional destruction methods such as thermal oxidation might generate undesirable
or noxious by-products, such as dioxins and carbon monoxide, and must be applied below
the lower explosive level (LEL) of target VOCs. In the case of biological oxidation, special
attention should be paid to avoid microorganism deactivation [7]. Alternatively, catalytic
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oxidation is claimed to be the most effective and economically feasible technique for the
oxidation of VOCs into less harmful compounds and, eventually, into carbon dioxide and
water [8,9]. Catalytic oxidation could be applied to treat waste gas streams in a wide
range of VOCs concentrations and flow rates at temperatures around 473 K. This technique
can be considered as environmentally friendly due to its low energy demand and lower
generation of harmful products, using appropriate catalysts [9–12].

Recently, a new catalytic process to oxidize VOCs using ozone has attracted increasing
interest [13–18]. Ozone-based catalytic oxidation allows removing persistent VOCs from
industrial emissions at room temperature, reducing operational cost [19–22]. Synthetic
zeolites and metal-supported catalysts have been used as catalysts in the catalytic ozonation
of VOCs [19,23–28]. Additionally, natural zeolites have started to be applied in combination
with ozone in this abatement process [29,30]. Thus, some studies have indicated the positive
contribution of modified natural zeolite on the catalytic treatment [31,32]. Even though
the influence of surface acid sites of natural zeolites has been assessed in previous studies,
there are still some doubts about the reaction mechanism that takes place among ozone
and VOC interactions at the zeolite surface and there is also a lack of a kinetic expression
to allow process scale-up.

For commercial-scale implementation of catalytic ozonation of VOCs using zeolite at
room temperature, accurate kinetic rate expressions are needed to allow reactor design and
optimization. In this study, the contribution of Lewis and Brønsted acid sites on the surface
reaction mechanism is established and an overall kinetic model, representing the catalytic
ozonation of toluene over acidic surface-transformed natural zeolite at room temperature,
is proposed.

2. Results and Discussion
2.1. FTIR Evidence of the Heterogeneous Catalytic Ozonation of Toluene

Figure 1 displays FTIR spectra of uncovered acidic transformed natural zeolite sample
(dashed line), upon contact with toluene (dotted line), and after catalytic ozonation experi-
ments (solid line). An IR vibration band around 3584 cm−1 is observed in the uncovered
and toluene-saturated samples. Such an IR band is related to acidic bridging hydroxyl
groups (Si(OH)Al) on natural zeolite, as reported elsewhere [33,34].
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The IR spectrum after toluene adsorption shows an IR band at 1470 cm−1 that is
linked to adsorbed toluene molecules. In particular, the IR bands around 1450–1540 cm−1

(considering a maximum at 1477) have been associated with the stretching vibrations
of C=C bonds of the aromatic ring of adsorbed toluene on zeolites [35]. After catalytic
ozonation of toluene, chemical surface intermediaries are identified in the collected spec-
trum (solid line). A typical absorption band at 1384 cm−1 is registered. This IR band is
associated with active oxygen species formed at the zeolite surface [36–39]. Therefore, it
can be related to ozone adsorption and decomposition at Lewis acid sites. It has been
suggested that ozone is adsorbed and decomposed into atomic oxygen (O•) at Lewis acid
sites, as represented by Equation (1) [37–44].

O3 (g) + sL 
 O• − sL + O2(g) (1)

The IR bands at 1057 and 1027 cm−1, as well as the bands around 800 cm−1 and
1168 cm−1, have been ascribed to molecular ozone adsorption, ozonide species (O3

−),
and superoxide (O2

−), respectively [33]. However, no significant differences on these
adsorption bands (before and after ozone exposure) can be observed here, probably due to
a rapid generation of atomic oxygen (1384 cm−1) at strong Lewis surface acid sites.

Additionally, an IR band at 1743 cm−1 is registered after catalytic ozonation (see solid
line in Figure 1). IR bands around 1718–1752 cm−1 have been associated with adsorbed
formic acid [45,46]. Additionally, some other distinctive peaks can be seen at 2851, 2920,
and 2957 cm−1 after catalytic ozonation. IR bands around 2899 and 2935 cm−1 have been
related to the (C–H) stretching vibrations of formate species [47]. Thus, the observed IR
bands could be due to the shift of such IR bands associated with adsorbed toluene oxidation
by-products. Complementary results obtained using HPLC analyses indicate the presence
of formic acid, acetaldehyde, benzoic acid, and benzaldehyde as the main intermediate
surface compounds after catalytic ozonation of toluene [48]. Furthermore, different studies
of catalytic ozonation of toluene using different catalysts have shown that ozone is decom-
posed into active oxygen species, interacting with adsorbed toluene [24,49,50]. Therefore,
it has been indicated that toluene is oxidized via methyl interaction. The lower dissociation
energy of the methyl C–H bond (3.7 eV) could support that statement. This value is lower
than the dissociation energies of other C–H bonds of toluene molecule (C–H bond of
aromatic ring 4.3 eV; C–C bond of methyl 4.4 eV; C–C bond of aromatic ring 5.0–5.3 eV;
C=C bond of the ring 5.5 eV), which justifies the schematic reaction route displayed in
Figure 2. Thus, benzaldehyde, benzoic acid, and formic acid have been identified as pri-
mary reaction intermediates of catalytic ozonation of toluene in agreement with the results
obtained in this work [15,48,51,52].
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Figure 2. Proposed initial schematic route of the reaction of adsorbed toluene molecules with imme-
diately adjacent adsorbed active oxygen species, forming toluene oxidation by-products. Reprinted
with permission from references [51,53,54]. Copyright 2021 Elsevier.

IR evidence obtained here suggests that a surface reaction occurs between adsorbed
toluene at Brønsted acid sites and active oxygen species generated after ozone adsorption
and decomposition at Lewis acid sites. Such a surface reaction mechanism is in agreement
with previous reports, that claim the adsorption of toluene molecules at Brønsted acid sites
and the adsorption of ozone molecules at Lewis acid sites followed by its transformation
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into active oxygen species [32,48,55–57]. After that, it has been indicated that active oxygen
species interact with adsorbed toluene molecules, leading to the formation of toluene
oxidation by-products, as reported elsewhere [58,59]. Previously published works confirm
the surface reaction mechanism proposed here, using not only natural zeolite mainly
composed of clinoptilolite and mordenite and modified natural zeolite [32,48]; but also
using synthetic zeolites such as faujasite, mordenite, and ZSM-5 [55–57] under the same
experimental conditions.

2.2. Kinetic Approaches of Catalytic Ozonation of Toluene

In the absence of mass transfer limitations, the heterogeneous catalytic ozonation
of toluene using acidic transformed natural zeolite can be represented by a general and
simplified reaction, as follows [58,59]:

C7H8 + 6O3
cat→ 7CO2 + 4H2O (2)

Firstly, a power law kinetic model is used here as an initial approximation for
the estimation of the overall kinetic rate expression of catalytic ozonation of toluene,
rTol (µmol·dm−3 s−1):

− rTol = kappCα
C7 H8
· Cβ

O3
(3)

where kapp is the apparent reaction rate constant ((dm3·µmol)1+α+β·s−1); C
C7 H8

and CO3

stand for toluene and ozone concentrations (µmol·dm−3), respectively; α and β are orders
of reaction related to toluene and ozone, respectively. Table 1 lists such kinetic parameters
obtained after applying the NLR technique, using the tools of the Microsoft Excel Solver
add-in [60]. Results are compared with others reported in the literature for catalytic
ozonation of toluene using different catalysts.

As can be seen, the order of reaction obtained for toluene is lower than the order of
reaction for ozone, which is evidence of the higher ozone dependence during catalytic
ozonation of toluene promoted by acidic transformed natural zeolite. Moreover, the
obtained apparent activation energy (17.21 kJ·mol−1) is lower than the reported activation
energy in the toluene–ozone homogenous reaction (55.5 kJ·mol−1) [61]. Such results clearly
indicate that active surface sites of acidic transformed natural zeolite play a significant role
during the heterogeneous reaction.

Table 1. Power law kinetic parameters for catalytic ozonation of toluene.

Catalysts
Reaction

Temperature
(K)

kapp × 103

(dm3·µmol)1+α+β·s−1)
EA app

(kJ·mol−1) α β R2 Reference

AZ 293 5.07 17.21 0.66 0.82 0.97 This
study

MnO2/graphene 295 3.25 29.3 0.63 0.55 0.91 [62]
MnOx/γ-alumina 343 n.r 31 −1 2 n.r [63]
MnOx/γ-alumina 298 n.r 33 0.18 0.56 0.98 [64]

n.r: non-reported.

Secondly, a kinetic expression that takes into account the contribution of acidic surface
sites of transformed natural zeolite during the catalytic ozonation of toluene is postulated
following the dual-site Langmuir–Hinshelwood (dsL-H) surface reaction approximation
and is validated using the experimental data collected during this study. It is assumed that
all chemical species react after their adsorption at acidic surface sites, and each active site
is occupied by only one reactive specie [65,66]. Thus, previous experimental results can be
taken as shreds of evidence of the existence of two main active acidic surface sites where
selective adsorption of toluene and ozone occur. Toluene has proved its affinity toward
Brønsted acid sites and ozone for Lewis acid sites [32,67,68]. Hence, the surface reaction
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mechanism could be described by three elementary steps, including a dual-site surface
reaction as the rate-determining step (RDS), as follows:

1. Ozone adsorption and decomposition at Lewis acid sites (SL) could be described by
a simplified adsorption-desorption rate equation, r1(µmol·g−1·s−1), as follows:

O3 (g) + sL
k1


k−1
O• − sL + O2(g)r1 = k1CO3 [sL]− k−1[O• − sL]CO2 (4)

where [sL] and [O• − sL] represent the total vacant Lewis acid sites of acidic transformed
natural zeolite or the total surface concentration of Lewis acid sites (µmol·g−1), and ac-
tive atomic oxygen specie adsorbed at Lewis acid sites (µmol·g−1), respectively. k1 and
k−1 represent forward and reverse rate constants of active atomic oxygen surface specie
formation (dm3·s−1·µmol−1), CO3 is the concentration of ozone (µmol·dm−3) and CO2 is
the concentration of oxygen (µmol·dm−3).

2. Toluene adsorption at Brønsted acid sites (SB) could be represented by a simplified
adsorption-desorption rate equation, r2(µmol·g−1·s−1), as follows:

C7H8(g) + sB
k2


k−2
C7H8 − sBr2 = k2CC7 H8 [sB]− k−2[C7H8 − sB] (5)

where [sB] and [C7H8 − sB] represent the total vacant Brønsted acid sites of acidic trans-
formed natural zeolite or the total surface concentration of Brønsted acid sites (µmol·g−1),
and toluene-adsorbed specie at Brønsted acid sites (µmol·g−1), respectively. k2 represents
forward rate constant of toluene surface complex formation (dm3·s−1·µmol−1), k−2 rep-
resents the reverse rate constant of toluene surface complex formation (s−1), CC7 H8 is the
concentration of toluene (µmol·dm−3).

3. Dual-site surface reaction (rate-determining step) r3(µmol·g−1·s−1), between ad-
sorbed toluene molecules at Brønsted acid sites and active oxygen species adsorbed at
Lewis acid sites, leading to the formation of toluene oxidation by-products, as follows:

C7H8 − sB + O• − sL
k3→ C7H6O− sB + sL−r3 = k3[O• − sL][C7H8 − sB] (6)

where [C7H8 − sB] and [O• − sL] stand for the amount of toluene adsorbed at Brønsted
acid sites (µmol·g−1), and the amount of active oxygen species adsorbed at Lewis acid
sites (µmol·g−1), respectively. k3 is the disappearance rate constant of the adsorbed toluene
surface complex (g·s−1·µmol−1).

The unknown surface concentrations of vacant sites of Lewis [SL] and Brønsted [SB]
acidic sites can be calculated from site balances, as follows:

CLt = [sL] + [O• − sL] (7)

CBt = [sB] + [C7H8 − sB] (8)

where CLt and CBt are the total site concentration of Lewis acid sites (µmol·g−1) and
Brønsted acid sites (µmol·g−1), respectively; [O• − sL] and [C7H8 − sB] represent adsorbed
active oxygen specie (µmol·g−1) and adsorbed toluene molecule (µmol·g−1) at Lewis and
Brønsted acid sites, respectively.

Here, use is made of the steady-state approximation for the rate of ozone adsorption
and its decomposition into active atomic oxygen and for the rate of toluene adsorption.
This assumes that r1 ' 0 and r2 ' 0 or the right-hand sides of Equations (4) and (5) are in a
pseudo-equilibrium or stationary state.

Thus, the unknown concentration of active atomic oxygen specie adsorbed at Lewis
acid sites can be estimated from Equation (4), assuming r1 ' 0, as follows:

[O• − sL] =
k1CO3 [sL]

k−1CO2

= K1
CO3 [sL]

CO2

(9)
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Since the inlet concentration of oxygen in all experiments was kept in excess, the
oxygen concentration can be considered to remain constant. Thus, a new constant can be
set as indicated by Equation (10):

K′1 =
K1

CO2

(10)

Then, the unknown concentration of adsorbed active oxygen species can be finally
obtained, as follows:

[O• − sL] = K′1CO3 [sL] (11)

Substituting Equation (11) into Equation (7) yields Equation (13):

CLt = [sL] + K′1CO3 [sL] = [sL]
(
1 + K′1CO3

)
(12)

[sL] =
CLt

(1 + K′1CO3)
(13)

In the case of the unknown concentration of adsorbed toluene molecules at Brønsted
acid sites, it can be estimated from Equation (5) at a pseudo-equilibrium condition (r2 ' 0),
leading to:

[C7H8 − sB] =
k2

k−2
CC7 H8 [sB] = K2CC7 H8 [sB] (14)

Then, Equation (14) can be combined with Equation (8) to obtain Equation (16):

CBt = [sB] + K2CC7 H8 [sB] = [sB]
(
1 + K2CC7 H8

)
(15)

[sB] =
CBt(

1 + K2CC7 H8

) (16)

After substituting Equations (11) and (14) in Equation (6) and then incorporating
Equations (13) and (16), this yields Equation (18):

− r3 = k3[C7H8 − sB][O• − sL] = k3K2CC7 H8 [sB]K
′
1CO3 [sL] (17)

− r3 = K′1K2k3CLt CBt

CO3 CC7 H8(
1 + K′1CO3

)(
1 + K2CC7 H8

) (18)

In Equation (18) the values of K2 and CBt can be obtained from adsorption experiments
since K2 is the Langmuir adsorption equilibrium constant of toluene surface complex
formation at Brønsted acid sites (dm3·µmol−1) and CBt is the maximum toluene uptake,
corresponding to the saturation of Brønsted acid sites or monolayer coverage (µmol·g−1).
Such equilibrium parameters come by substituting Equation (8) into Equation (14), resulting
in Equation (19), as follows:

[C7H8 − sB] =
K2CC7 H8 CBt

1 + K2CC7 H8

(19)

where CC7 H8 is the concentration of toluene at the equilibrium (µmol·dm−3), [C7H8 − sB] is
the amount of toluene adsorbed at Brønsted acid sites (µmol·g−1) at equilibrium, CBt is the
maximum toluene uptake, corresponding to the saturation of Brønsted acid sites or mono-
layer coverage (µmol·g−1). Thus, equilibrium parameters are gathered experimentally
from a set of breakthrough curves of q-concentration data obtained using Equation (26).

Figure 3 depicts the adsorption equilibrium data of toluene at 293 K over acidic
transformed natural zeolite, computed from breakthrough curves using Equation (26). As
can be seen, the Langmuir adsorption isotherm adjusts very well to the experimental data
(R2 = 0.9959). The maximum toluene uptake by Brønsted acid sites, CBt (0.23429 µmol·g−1),
and the adsorption equilibrium constant, K2 (3.81 dm3·µmol−1) were obtained from the
intercept and the slope of the linearized form of Langmuir isotherm expression, respectively.
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Such equilibrium parameters agree with values found in previous works using natural and
modified natural zeolite mainly composed by clinoptilolite and mordenite [39].
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Figure 3. Adsorption equilibrium data of toluene at 293 K over acidic transformed natural zeolite: (A) linearized form
of Langmuir adsorption model from Equation (22). (B) Langmuir adsorption model using Equation (22). (•) stands
for experimental q values calculated from Equation (3); (−) represents linearized form of Langmuir adsorption model;
(- -) stands for Langmuir adsorption model.

If an apparent constant k′app is defined as:

k′app = K′1K2k3CLt CBt (20)

Then, the overall kinetic expression can be rewritten, as follows:

− r3 = k′app
CO3 CC7 H8(

1 + K′1CO3

)(
1 + K2CC7 H8

) (21)

Hence, substituting the obtained experimental equilibrium constant of toluene ad-
sorption into Equation (21), gives:

− r3 = k′app
CO3 CC7 H8(

1 + K′1CO3

)(
1 + 3.81CC7 H8

) (22)

Table 2 summarizes experimental and estimated reaction rate values of catalytic
ozonation of toluene using acidic transformed natural zeolite. During a set of experimental
runs, the inlet concentration ratio of toluene/ozone was varied from 5.3 to 37.8. The NLR
technique was conducted to obtain model parameters of Equation (22), using the tools of
the Microsoft Excel Solver add-in [60].

Finally, the proposed overall kinetic rate expression of catalytic ozonation of toluene at
room temperature, using acidic transformed natural zeolite, is represented by Equation (23):

− r3 = 0.233
CO3 CC7 H8(

1 + 0.063CO3

)(
1 + 3.81CC7 H8

) (23)

where the constants k′app, K′1, and K2 take the values of 0.233 (dm3)2·µmol−1·g−1·s−1,
0.063 dm3·µmol−1, and 3.81 dm3·µmol−1, respectively.

Figure 4 shows a visual comparison of the obtained experimental and estimated reac-
tion rate values of catalytic ozonation of toluene. An excellent coefficient of determination
(R2 = 0.97) is obtained. A value of R2 = 0.91 was reported previously by Hu et al. [62] using

23



Catalysts 2021, 11, 958

the dsL-H reaction approach in the catalytic ozonation of toluene over MnO2/grapheme,
suggesting that two active sites are involved in the reaction mechanism.

Table 2. Experimental and calculated reaction rate values.

Runs

Inlet Concentration
(µmol·dm−3) Conversion of

Toluene
(%)

−r3
(µmol·g−1·s−1)

Toluene Ozone Experimental Estimated by the
Power Law Model

Estimated by the
dsL-H Model

1 42.36 3.57 11.0 0.207 0.1769 0.1810
2 42.36 6.48 15.7 0.295 0.2876 0.2871
3 42.36 6.48 14.4 0.272 0.2876 0.2871
4 42.36 1.92 5.6 0.106 0.1054 0.1060
5 42.36 1.12 3.0 0.057 0.0676 0.0646
6 42.36 1.12 3.2 0.061 0.0676 0.0646
7 42.86 1.92 4.3 0.081 0.1063 0.1068
8 33.99 3.57 10.6 0.160 0.1519 0.1562
9 33.85 6.43 16.8 0.253 0.2461 0.2456
10 33.96 1.92 5.4 0.081 0.0910 0.0914
11 50.99 3.57 9.3 0.212 0.1990 0.2032
12 42.71 3.57 10.4 0.198 0.1768 0.1820
13 42.36 1.79 4.3 0.081 0.0995 0.0995
14 42.56 7.59 16.4 0.311 0.3287 0.3218
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Figure 4. Fit between the proposed dsL-H kinetic reaction model and the experimental data reported
in Table 2 for the catalytic ozonation of toluene using acidic surface-transformed natural zeolite, where
the surface reaction between adsorbed species on adjacent active sites is the rate-determining step.

On the one hand, results obtained in this study provide evidence that the dsL-H
reaction model shows a higher dependence of ozone toward Lewis acid sites during the
catalytic ozonation of toluene. Such a result is in agreement with that obtained with
the applied power law kinetic model. Our previous work [32], reported the influence
of Lewis acid sites on the toluene ozonation reaction rate, using natural and modified
zeolites. Experimental results evidenced a linear dependency (slope = 0.05) of the registered
reaction rate and Lewis acid sites. Consequently, a higher surface concentration of atomic
oxygen enhances catalytic ozonation of toluene, in concordance with experimental findings
reported before [36,37,39,42–44]. On the other hand, the influence of Brønsted strong
acid sites density over toluene ozonation reaction rate also showed a linear dependency,
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resulting in a lower contribution (slope = 0.01). Former studies reported the affinity of
toluene for Brønsted acid sites [69,70]. However, this interaction might lower the reaction
rate due to strong toluene adsorption at Brønsted acid sites. Therefore, surface acidic sites
of the modified natural zeolite framework reveal a remarkable contribution to toluene
ozonation at room temperature.

3. Materials and Methods
3.1. Materials

Chilean natural zeolite mainly composed of clinoptilolite (53%), mordenite (40%) and
quartz (7%) was acquired from Minera FORMAS™, Santiago, RM, Chile. As-received
zeolite sample was ground and sieved. Particle sizes in the range 0.3–0.425 mm were used
in the whole study and they were washed with de-ionized water, oven dried at 398 K and
stored in a desiccator. This zeolite exhibits an apparent density, 2.3 g·cm−3; BET surface
area, 205 m2 g−1; total pore volume, 0.11 cm3 g−1; cation exchange capacity, 2.05 meq·g−1;
with a Si/Al of 5.34; and it is mainly made up of SiO2 (75.25%) and Al2O3 (14.1%) followed
by CaO (4.57%), Fe2O3 (2.31%), Na2O (1.89%), K2O (0.74%), MgO (0.66%), TiO2 (0.42%),
and MnO (0.05%); with a concentration of Brønsted and Lewis acid sites of 0.4 µmol·g−1

and 31.1 µmol·g−1, respectively [32]. Natural zeolite was used as a parent material to
produce a zeolite sample with a higher content of acidic sites.

Ozone was generated in situ from instrumental dry air provided by AGA using an
AZCOZON A-4 ozone generator (Vancouver, BC, Canada). A contaminated stream made
of toluene vapors was used here as a target VOC. The stream enriched with toluene vapors
was produced by continuously bubbling dry argon into a pure liquid toluene (confined in
a flask at a controlled temperature of 261 K). Toluene was supplied by Merck (Darmstadt,
Hessen, Germany) with a purity of 99.8%.

3.2. Transformation of As-Received Natural Zeolite into a Modified Zeolite Rich in Acidic Sites

Natural zeolite was modified by ion-exchange treatment using an ammonium sulphate
solution (0.1 mol·dm−3) with a volume/solid ratio of 10/1 at 363 K during 3 h. Then, it was
rinsed with ultra-pure water for 4 h, replacing water after 2 and 3 h of contact time. After
that, a second ion-exchange using the ammonium sulphate solution was applied using
the same procedure and steps as described above. This modification method decreases
the content of compensating cations, being ion-exchanged by ammonium cations. Then,
ammonium-exchanged zeolite sample was oven-dried at 378 K for 24 h and stored in a
desiccator until further use. Finally, a modified zeolite sample with a higher content of acid
sites was produced just before the catalytic ozonation experiments by thermal outgassing
at 823 K and it is identified here as AZ.

Nitrogen adsorption-desorption isotherms at 77 K, X-ray powder diffraction (XRD),
X-ray fluorescence (XRF), scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), and transmission electron microscopy (TEM) were conducted to char-
acterize the transformed natural zeolite sample. Surface area (SBET) was obtained from
nitrogen adsorption-desorption isotherms measured in a Micromeritics Gemini 3175 sorp-
tometer (Norcross, GA, USA). The crystalline structure was registered by XRD analysis in
a Bruker AXS Model D4 ENDEAVOR diffractometer (Billerica, MA, USA); the presence of
main compensating cations was determined by X-ray fluorescence, using a RIGAKU Model
3072 spectrometer (Akishima, Tokyo Metropolis, Japan). SEM studies were carried out in a
JEOL (Akishima, Tokyo Metropolis, Japan) JSM-6380 microscope, operating at 20 kV. Sam-
ples were ground to 150 µm and a small amount was deposited in the apparatus. Chemical
composition was measured by EDS coupled to the SEM microscope. TEM images were ob-
tained with a JEOL (Akishima, Tokyo Metropolis, Japan), JEM 1200 EX-II device equipped
with a Gatan 782 camera for Electron Microscope Erlangshen ES 500. Samples with a
particle size of 150 µm were deposited over a mesh previously covered by carbon. Analyses
were carried out using an accelerating voltage of 120 kV. Additionally, the nature and
strength of acidic sites were investigated by in situ Fourier transform infrared spectroscopy
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(FTIR), using pyridine as a probe molecule in adsorption and desorption assays followed
by FTIR analysis (Py-FTIR), according to a procedure reported previously [32]. More details
about characterization procedures can be found in other publications [67,71–74].

The XRD diffraction pattern of transformed natural zeolite showed no significant
changes with respect to as-received natural zeolite, keeping the same crystalline structure
after the applied ion-exchange treatments with ammonium sulphate (see Figure 5). Char-
acteristic peaks of clinoptilolite (C), mordenite (M) and quartz (Q) are noticed with equal
intensity in both difractograms and were identified according to JCPDS 39–183, JCPDS
29–1257 and JCPDS 461045, respectively. However, XRF analysis revealed a reduction in
the amount of compensating cations without any effect on the Si/Al ratio (5.34). Thus,
the modified zeolite sample is mainly composed by SiO2 (79.26%) and Al2O3 (14.85%)
followed by CaO (1.82%), Fe2O3 (2.53%), Na2O (0.26%), K2O (0.39%), MgO (0.37%), TiO2
(0.47%), and MnO (0.05%). Table 3 lists the main physical-chemical characteristics of the
acidic transformed natural zeolite sample. As expected, the surface area and the content
of acidic sites in the form of both Brønsted and Lewis acid sites were increased with the
applied modification treatment.

Catalysts 2021, 11, x FOR PEER REVIEW 12 of 18 
 

 

 

Figure 5. X-ray powder diffraction patterns of as-received natural zeolite (NZ) and acidic trans-

formed natural zeolite (AZ) samples. Clinoptilolite (C), mordenite (M) and quartz (Q). 

Table 3. Textural and acidic content of acidic transformed natural zeolite. 

SBET a 

(m2∙g−1) 

Brønsted b 

Acid Sites 

(μmol∙g−1) 

Lewis b 

Acid Sites 

(μmol∙g−1) 

Total 

Acidity 

(μmol∙g−1) 

261 179.8 282.8 462.6 
a Obtained from nitrogen adsorption-desorption isotherm. b Determined by in situ Py-FTIR anal-

yses, quantifying the remaining adsorbed pyridine after heating the saturated-samples up to 823 

K. 

SEM-EDS analyses (see Figure 6) corroborated the results obtained by XRD and XRF. 

A reduction in the content of compensating cations could be noticed in the as-received 

zeolite sample after the applied ion-exchange modification procedures.  

0 10 20 30 40

S
ig

n
a

l 
In

te
n

si
ty

l 
[a

.u
]

2θ [ ] 

M
C

Q

C

C M

M

NZ

AZ

M M

M

C

C
C

Q

Figure 5. X-ray powder diffraction patterns of as-received natural zeolite (NZ) and acidic transformed
natural zeolite (AZ) samples. Clinoptilolite (C), mordenite (M) and quartz (Q).

Table 3. Textural and acidic content of acidic transformed natural zeolite.

SBET
a

(m2·g−1)

Brønsted b

Acid Sites
(µmol·g−1)

Lewis b

Acid Sites
(µmol·g−1)

Total
Acidity

(µmol·g−1)

261 179.8 282.8 462.6
a Obtained from nitrogen adsorption-desorption isotherm. b Determined by in situ Py-FTIR analyses, quantifying
the remaining adsorbed pyridine after heating the saturated-samples up to 823 K.

SEM-EDS analyses (see Figure 6) corroborated the results obtained by XRD and XRF.
A reduction in the content of compensating cations could be noticed in the as-received
zeolite sample after the applied ion-exchange modification procedures.
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Figure 6. SEM-EDS results. (A,C) natural zeolite; (B,D) acidic transformed natural zeolite.

EDS results shown in Figure 6 indicate a 49.1% and a 40.1% of decrease in the amount
of Ca and Fe cations, respectively. Also, the Si/Al ratio obtained with this technique re-
mained almost constant, confirming that the zeolite structure was not significantly changed.
Based on previous experimental results [32,67,68,71], a lower content of compensating
cations has been related to a better ozone and toluene diffusion and accessibility to active
surface sites of the zeolite framework, suggesting a better performance of acidic trans-
formed natural zeolite during catalytic ozonation of VOCs.

TEM images of natural zeolite and acidic transformed natural zeolite samples are
presented in Figure 7A,B, respectively. As can be seen, no substantial changes in the
structure and morphology of zeolite samples are observed.
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Figure 7. TEM images of (A) natural zeolite; (B) acidic transformed natural zeolite.
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3.3. Experimental Description of Catalytic Ozonation Studies

Catalytic ozonation experiments were conducted at 293 K, using a U-type quartz
packed-bed reactor (see Figure 8). Experimental conditions were set after preliminary
experiments, following the Madon–Boudart criterion to assure the absence of mass transfer
limitations [66]. Briefly, a mass of 150 mg of zeolite sample mixed with quartz particles of
the same size with a mass ratio of 1:4 (dp ≈ 0.36 mm) was loaded and thermally outgassed
(before reaction) at a heating rate of 1 ◦C·min−1 under argon flow (100 cm3·min−1) until
reaching a temperature of 823 K. Then, isothermal conditions were maintained for two
hours, before being cooled down to room temperature. After that, at a temperature of
293 K, a total gas flow of 100 cm3·min−1 containing toluene and ozone was supplied over
the reactor. Toluene and ozone concentrations were varied during the kinetic study, within
ranges limited by physical chemical equilibria after dilutions of saturated streams and inert
fresh streams. The concentrations of toluene and ozone were monitored on-line using a
Perkin Elmer Clarus 500 chromatograph (Perkin Elmer, Waltham, MA, USA) and a BMT
964 ozone analyzer (BMT Messtechnik GmbH, Stahnsdorf, Germany), respectively. More
details about experimental conditions and procedures can be found elsewhere [32]. All
trials were performed in the absence of mass transfer limitations.

The reactor was operated in a differential mode. Thus, from a series of experimental
runs, a set of rate-concentration data was obtained using the plug flow performance
equation [65], as follows:

W
FTolin

=
XTol

(−rTol)exp
(24)

where FTolin represents the feed rate of toluene (µmol·s−1), (−rTol)exp is the rate of catalytic
oxidation reaction of toluene by ozone (µmol·g−1·s−1), W is the mass of zeolite sample (g),
and XTol is the fraction of toluene converted.

In order to obtain a kinetic reaction model that represents the catalytic ozonation of
toluene promoted by transformed natural zeolite at room temperature, firstly, a power
law kinetic model was assessed as an initial approximation. Secondly, a set of several
elementary steps were proposed with individual rates and an overall kinetic rate expression
was postulated, considering the rate-determining step (RDS) by taking into account the
experimental findings obtained in this study and those reported previously [32]. In both
cases, the proposed overall rate expressions were validated with the experimental data
using the least-squares non-linear regression method (NLR). Parameters of the proposed
kinetic expressions were gathered by minimizing the sum of the squares (σ2) of the differ-
ence of obtained reaction rates for each experimental run, using the solver tool of Microsoft
Excel [60] implemented through Equation (25).

s2 =
14

∑
i=1

[(
(−rTol)exp − (−rTol)mod

)2

i

]
(25)

where (−rTol)exp and (−rTol)mod stand for the rate of catalytic ozonation of toluene
(µmol·g−1·s−1), obtained experimentally and using the proposed kinetic model, respectively.

Additionally, Langmuir adsorption equilibrium parameters were obtained from dy-
namic adsorption experiments conducted at 293 K, using the same experimental set-up
without the inlet of ozone. Prior to adsorption experiments, zeolite samples were thermally
outgassed as described before. The adsorbed amounts of toluene over acidic transformed
natural zeolite at equilibrium (µmol·g−1) for different inlet concentrations of toluene, were
calculated from breakthrough curves using Equation (26), as reported elsewhere [68].

q =
1
W

ts∫

0

(
FTolin − FTolt

)
dt (26)
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where q is the adsorbed amount of toluene over acidic transformed natural zeolite at
equilibrium (µmol·g−1). W is the zeolite mass (g), and ts is the time needed to reach the
zeolite saturation (s). FTolin and FTolt are the feed rate of toluene (µmol·s−1), at the adsorber
inlet and outlet streams as a function of time, respectively.
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Figure 8. Experimental set-up for the catalytic ozonation of toluene using acidic surface transformed natural zeolite as
catalyst at room temperature. Gas flow controllers (GFC); activated carbon (AC) traps; potassium iodine (KI) trap. Reprinted
from Reference [32].

3.4. In Situ FTIR Study of Surface Interactions between Zeolite Sample and Toluene Oxidation
By-Products

Oxidation by-products that remained adsorbed after catalytic ozonation of toluene
were identified by FTIR spectroscopy in a Bruker Mod Tensor 27 spectrometer (Billerica,
MA, USA). IR spectra were collected at an average of 100 scans with a resolution of 4 cm−1

using a self-pressed disc. Additionally, IR spectra before and after toluene adsorption were
also recorded.

4. Conclusions

Results obtained in this study provide new insights on the surface reaction mecha-
nism during the catalytic ozonation of toluene using acidic transformed natural zeolite.
Experimental evidence confirmed that surface interactions take place between adsorbed
toluene at Brønsted acid sites with active atomic oxygen, coming from ozone adsorption
and decomposition at Lewis acid sites, leading to toluene oxidation. Experimental data
proved that catalytic ozonation of toluene using acidic transformed natural zeolite is very
well represented by the dual-site Langmuir–Hinshelwood (dsL-H) kinetic approximation
where the rate-determining step results to be the surface reaction between adsorbed species
on adjacent active sites. This kinetic expression can be used in the design and optimization
of this new process technology. Acidic transformed natural zeolite could be applied as an
effective and low-cost catalyst for the catalytic oxidation of VOCs using ozone at room
temperature in a novel air pollution control technology. Further research using metal-
supported modified natural zeolites in toluene oxidation is under way to complement
information provided here in order to facilitate large scale implementation.
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Abstract: The photocatalytic oxidation of cyanide by titanium dioxide (TiO2) supported on activated
carbon (AC) was evaluated in a continuous flow UV photo-reactor. The continuous photo-reactor
was made of glass and covered with a wood box to isolate the fluid of external conditions. The
TiO2-AC synthesized by the impregnation of TiO2 on granular AC composites was characterized by
inductively coupled plasma optical emission spectrometry (ICP-OES), Scanning Electron Microscopy
(SEM), and nitrogen adsorption-desorption isotherms. Photocatalytic and adsorption tests were
conducted separately and simultaneously. The results showed that 97% of CN− was degraded within
24 h due to combined photocatalytic oxidation and adsorption. To estimate the contribution of only
adsorption, two-stage tests were performed. First, 74% cyanide ion degradation was reached in
24 h under dark conditions. This result was attributed to CN− adsorption and oxidation due to
the generation of H2O2 on the surface of AC. Then, 99% degradation of cyanide ion was obtained
through photocatalysis during 24 h. These results showed that photocatalysis and the continuous
photo-reactor’s design enhanced the photocatalytic cyanide oxidation performance compared to an
agitated batch system. Therefore, the use of TiO2-AC composites in a continuous flow photo-reactor
is a promising process for the photocatalytic degradation of cyanide in aqueous solutions.

Keywords: cyanide; activated carbon; titanium dioxide; composites; continuous flow; photocataly-
sis; adsorption

1. Introduction

Cyanide is a highly toxic pollutant, which, even at low concentration, may cause hu-
man health and environmental problems [1]. Cyanide is rapidly and extensively absorbed
by the human body through the oral inhalation and dermal routes. It prevents the transport
of oxygen, which affects the cellular respiration process, leading to suffocation in the worst
case and eventually to death [2].

Cyanide is present in industrial wastewaters such as coal gasification, electroplating,
plastics, pharmaceuticals, and the mining industry. These wastewaters are discharged in
the water bodies causing serious threats to the environment [1,3,4].

In Ecuador, the artisanal and small-scale gold mining activities make significant
contributions to mineral production [5,6]. Large-scale gold mining projects as “Fruta del
Norte” and “Cascabel” have been developed in the last years. Both small- and large-scale
gold mining industries use cyanidation to recover gold from ores.

In Ecuador, cyanidation and carbon in pulp (CIP) processes use an aqueous 500 mg/L
NaCN solution. The Ecuadorian legislation TULSMA establishes a discharge limit of
1 mg/L total cyanide into sewers and 0.1 mg/L into surface fresh waters [7]. Cyanides exist
in the form of free ions (CN−) and also can form complexes, which makes its treatment
more difficult. For example, a study with gold mining wastewater that contained copper
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and zinc was treated with zeolite, achieving a 93.97% degradation efficiency of total
cyanides [8]. Due to the hazard of cyanide, its treatment is very important. Several physical,
biological, and chemical treatment processes have been applied to remove cyanide. The
most commonly used processes include chemical oxidation, alkaline chlorination, hydrogen
peroxide oxidation, INCO process (purification with SO2 and air), oxidation with Caro
acid, and ozonation. Chlorination is the most used process, and it is very efficient in the
elimination of cyanide; however, it has certain disadvantages, such as the generation of
toxic intermediate compounds which must be treated, making the process expensive [9,10].

Advanced oxidation processes (AOPs) have been studied extensively in the removal
of different contaminants. Hydroxyl radicals are considered the most reactive oxygenated
species within AOPs due to their high oxidation potential and their non-selective na-
ture. Photocatalysis is an effective technique for treating toxic substances, including
cyanide. [11,12].

Several semiconductor materials have been tested as photocatalysts for the removal
of aqueous pollutants. However, difficulties related to the stability of the photocatalyst
under irradiation in water have been evidenced. It is accepted that titanium dioxide TiO2
in anatase phase is the most reliable photocatalyst for aqueous pollutant removal [13].

In heterogeneous photocatalysis based on semiconductors, the photocatalyst TiO2
is excited by absorbing incident UV radiation. Momentarily, the electron of the valence
band is transferred to the conduction band, and the electron/hole pair (e−/h+) is formed.
Then, the electron/hole pair reacts with water and dissolved molecular oxygen to generate
hydroxyl and superoxide radicals, which are responsible for the photocatalytic oxidation
of free cyanide [14].

Direct and indirect mechanisms of photocatalytic oxidation of free cyanide with TiO2
have been proposed. In the direct mechanism, free cyanide present in the solution is
oxidized directly through the transfer of electrons from the holes of the valence band.
The indirect mechanism occurs through the adsorbed OH• radicals, implying that the
contaminants are first adsorbed on the photocatalyst surface and then react with the excited
superficial e−/h+ pairs or the OH• radicals [15].

The photocatalytic oxidation of cyanide starts with the formation of cyanide radical,
which dimerizes to form cyanogen. Then, the cyanogen undergoes transformation in an
alkaline medium to give cyanide and cyanate. Finally, cyanate oxidizes to form nitrite
(NO2

−), nitrate (NO3
−), carbonate (CO3

2−), carbon dioxide (CO2), and nitrogen (N2).
These reactions are shown in the Equations (1)–(5) [16].

CN− h+/OH•→ CN• (1)

2CN• → (CN)2 (2)

(CN)2+2OH− → CN−+CNO−+H2O (3)

CNO−+8OH−+8h+ → NO3
−+CO2+4H2O (4)

CNO−+2H2O + 3h+ → CO3
2− +

1
2

N2+4H+ (5)

TiO2 has been widely used as photocatalyst due to its non-toxicity, low cost, chemi-
cal stability, and its favorable chemical and physical properties. It can be reused several
times without reducing its catalytic activity. TiO2 has been tested in the photocatalytic
degradation of wastewater under ultraviolet (UV) light. However, low efficiencies in
photodegradation have been achieved due to its rapid unfavorable charge carrier recombi-
nation reaction in TiO2 and the high band gap energy of 3.2 eV, which limits its application
from using solar energy [4,15]. In addition, filtration and separation processes are required
at the end of the treatment, which increases the costs due to the granulometric size of TiO2
(74 microns) [17].

Some strategies have been proposed in order to overcome these drawbacks. These
include the use of supports such as silica [18], zeolites [19], and activated carbon. For
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example, the use of activated carbon (AC) as support achieves minimal losses of TiO2.
Studies show that AC improves the efficiency of the photocatalytic process thanks to its
high adsorption capacity given by its porous structure. AC is a good support, due to its
granulometry, hardness, and high surface area [17].

AC develops a synergistic adsorption-degradation effect according to its surface
chemistry [17]. AC can oxidize cyanide through the adsorption of molecular oxygen on
the AC surface. Adsorbed oxygen reacts with functional groups characteristic of the AC
surface to form hydrogen peroxide (H2O2) that finally reacts with cyanide ion (CN−) to
form cyanate, according to Equation (6) [20]. The cyanide oxidation process with AC
reached oxidation percentages between 60 and 70% after 8 h [21]. Although AC could
adsorb cyanide, preliminary tests have shown that the adsorption percentage of cyanide is
less than 5% [22].

CN−(aq)+H2O2(aq) � CNO−(aq)+H2O(aq) (6)

The optimization of the photocatalytic material and the study of the influence of
factors such as pH, hydroxyl radicals concentration, or the organic compounds concentra-
tion on the cyanide photodegradation have been analyzed to improve the photocatalytic
activity [10,14]. Nevertheless, the design of the photocatalytic reactor has been less studied,
and there is more information available about the optimization of photocatalytic catalyst.
For this reason, new alternatives referring to the photo-reactors configuration are necessary
to improve the photocatalytic processes [23].

Batch photo-reactors require long times to achieve significant cyanide removal percent-
ages (>90%); for this reason, the design of photocatalytic reactors in a different configuration
than batch is essential. In a batch reactor, the UV light has contact mainly at the surface
level, without considerable entry and dissipation within the fluid. The thickness of liquid
formed from the base of the reactors decreases the activation of the photocatalyst and
consequently the degradation of cyanide [17,24,25].

Another disadvantage of a batch reactor is the difficult separation of catalyst after the
degradation process. This could be tackled by the implementation of a continuous reactor
in the treatment of pollutants [26]. In a previous study, a multi-phase continuous flow
reactor was tested in the photocatalytic oxidation of cyanide using TiO2 as a photocatalyst.
Then, the reactor was scaled up to degrade cyanide on an industrial level [27].

This investigation is oriented to the use of composites of titanium dioxide impregnated
on active carbon (TiO2-AC) as photocatalyst for the degradation of cyanide in a continuous
flow photo-reactor. The use of the TiO2-AC composite and the design of the continuous
photo-reactor could enhance the photocatalytic oxidation performance. In addition, this
strategic photo-reactor configuration can replace the conventional agitated batch system
and reaches high cyanide degradation percentages.

2. Results
2.1. Physical and Chemical Characterization of GCR-20 Activated Carbon and TiO2-AC Composite

The granular composite used as photocatalyst was obtained by the wet impregnation
of TiO2 over AC. A porous network was observed in SEM micrographs of AC and TiO2-AC
composite (Figure S1, Supplementary Materials). The content of TiO2 on the AC was
analyzed by ICP-OES, and the impregnation was 0.27% w/w.

The textural properties determined by N2 physisorption and BET (Brunauer-Emmett_Teller)
modeling listed in Table 1 show that AC support and TiO2-AC catalyst had more than
900 m2/g of specific surface area. It indicates that there exists available AC porosity for the
adsorption of cyanide ion. ASTM (American Society for Testing and Materials) analysis
results for d80 particle size, humidity, volatile, ashes, and fixed carbon listed in Table 2
show that the support material is resistant to thermal and mechanical environments, which
are conditions that make the AC a good support and synergic effect material to oxidize
cyanide, since it enables work with a clear fluid process. Meanwhile, the granular catalyst
(3.10 mm) was immobilized avoiding following recovery operations [28].
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Table 1. Textural properties determined by N2 physisorption and BET modeling of AC and TiO2-
AC catalyst.

Material SBET
(m2/g)

Pore Volume
(cm3/g)

Φ

(Å)

AC 1336 0.618 58.92
TiO2-AC 902 0.504 33.97

Table 2. Physical and chemical properties of AC.

Parameter Value

Particle size d80 (mm) 3.10
Humidity (%) 6.82

Volatile (%) 5.79
Ashes (%) 7.85

Fixed Carbon (%) 79.55

2.2. Photo-Reactor Construction

The investigation was performed in a continuous flow glass reactor with irradiation
of UV lamps. TiO2-AC catalysts were added into the reactor using nylon material nets to
support the composite in several beds. We selected a reactor design with the maximum
proximity between UV lamps and a stable and consistent flow into the reactor. The
configuration of the used material is summarized in Scheme 1.
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of the cyanide ion in the continuous flow photo-reactor.

Then, the main configuration conditions were a continuous flow of 6.60 mL/s of
cyanide solution generated by a 120 rpm peristaltic geopump, 8 mm height layer liquid,
nine immobilized beds of AC or TiO2-AC, and a total recirculation volume of 5 L.
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Since the adsorption and photocatalytic degradation of cyanide can occur simulta-
neously, two stage-tests were performed in order to study adsorption and photocatalytic
degradation individually. In addition, a simultaneous process was carried out.

2.3. Cyanide Adsorption Tests

Through tests of adsorption of CN− under dark conditions (no UV irradiation) on the AC
and TiO2-AC composites, a required adsorption equilibrium time of 24 h was determined.

We found that the cyanide adsorption study had a better fit to the linearized mathe-
matical model of the Langmuir isotherm for both AC and TiO2-AC (results summarized in
Table 3). The results indicated that the TiO2-AC maximum cyanide adsorption capacity
was lower (1/3) than AC. This finding agreed with the textural properties, since the specific
surface area of AC decreased once TiO2 was impregnated. Nonetheless, the adsorption
and the energy associated to the process had similar behavior, as shown in Figure 1.

Table 3. Parameters calculated for Langmuir isotherm model.

Parameter AC TiO2-AC

qmax (mg·g−1) 155.17 52.33
b (L·mg−1) 0.013 0.015

R2 0.99 0.95
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Figure 1. Langmuir adsorption isotherms of cyanide (T = 20 ◦C; 1 g TiO2-AC/L).

Individually, the adsorption of cyanide ion tests were performed for three concen-
trations 30 g/L, 45 g/L, and 60 g/L of TiO2-AC in 500 mg/L synthetic NaCN solutions,
under dark conditions in the continuous flow reactor during 24 h at a pH of 10.5 and 20 ◦C.
Another assay was carried out with 60 g/L of AC at the same conditions. The results listed
in Table 4 demonstrate that AC (60 g/L) reached 78% of cyanide degradation due to the
adsorption process. It is assumed that adsorption and oxidation processes simultaneously
occurred due to oxidant species formed during the process with the dissolved oxygen and
functional groups of the AC surface.
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Table 4. Kinetic modeling of cyanide ion adsorption (pseudo-second order).

Parameter AC
60 g/L

TiO2-AC
30 g/L

TiO2-AC
45 g/L

TiO2-AC
60 g/L

Kapp (g·g−1min−1) 5.42 × 10−6 1.66 × 10−6 3.98 × 10−6 4.43 × 10−6

R2 0.98 0.83 0.98 0.98
CN− Degradation due to adsorption (%) 78.06 57.41 71.34 74.95

On the other hand, TiO2-AC catalyst in 60 g/L concentration reached 74% of CN−

degradation. The cyanide adsorption in the performed tests show similar trends (Figure 2a)
and kinetics show that adsorption fits as a pseudo-second-order model through higher
correlation coefficients calculation (Table 4). These results indicate that a chemisorption is
possible, as suggested by Eskandari [29].
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Figure 2. Cyanide ion degradation by (a) adsorption, (b) photocatalysis, and (c) simultaneous adsorption and photocatalysis.

2.4. Photocatalytic Cyanide Ion Degradation

Once the cyanide ion adsorption was performed during 24 h under dark conditions,
the photocatalytic tests started by turning on the UV lamps. Tests were carried out at pH
10.5 with three concentrations 30, 45, and 60 g/L (tested in adsorption) during 24 h. More
than 90% of cyanide ion was degraded in all assays using TiO2-AC composites (Table 5). In
order to compare the photocatalytic activity performance of materials used for composites
on CN− degradation, tests with TiO2 and AC were performed separately. Although we
focused on the TiO2-AC photocatalytic performance, AC yielded an unexpected 9.73% of
cyanide ion degradation. Based on other investigations of AOPs with hydroxyl radicals,
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this result was explained by photocatalysis promoted by oxygen peroxide. This mechanism
considers that H2O2 can be formed in an unstable and very fast chemical interaction of O2,
H+, and e− in an aqueous medium [29,30]. Moreover, the kinetics obtained for the system
was pseudo-first order for all tests performed. TiO2-AC 60 g/L composite assay aimed at
99.16% of cyanide ion degradation; meanwhile, 82.11% was obtained using TiO2 0.45 g/L
(equivalent mass of TiO2 in the TiO2-AC 60 g/L composite).

Table 5. Kinetic model results in cyanide ion photodegradation.

Parameter AC
60 g/L

TiO2
0.45 g/L

TiO2-AC
30 g/L

TiO2-AC
45 g/L

TiO2-AC
60 g/L

Individual photocatalytic degradation

Kapp (min−1) 4.02 × 10−5 1.06 × 10−3 1.34 × 10−3 1.60 × 10−3 4.90 × 10−2

R2 0.97 0.97 0.91 0.99 0.98
CN− Degradation (%) 9.73 82.11 90.08 91.39 99.16

Simultaneous adsorption and photocatalytic
degradation

Kapp (min−1) - - 1.47 × 10−3 1.39 × 10−3 1.75 × 10−3

R2 - - 0.83 0.98 0.98
CN− Degradation (%) - - 92.04 93.86 96.60

For comparison reasons, both processes adsorption and photocatalytic cyanide ion
degradation were performed in simultaneous assays with the same TiO2-AC concentrations
established in this study. As shown in Figure 2, more than 90% of CN- was removed from
the solution. In 24 h, 60 g/L of TiO2-AC removed 97% of CN-under UV lights radiation in
the continuous flow reactor. If this value is compared to the process that consisted of 24 h
of adsorption (75%) and 24 h of photocatalysis (99%), a synergic effect between materials
and phenomena appeared. The kinetics for simultaneous tests were pseudo-first order as
well as an individual photocatalytic process, as shown in Table 5. Conversely, the kinetics
of the adsorption process was not similar as simultaneous study kinetics.

3. Discussion

In order to test the adsorption and photocatalysis oxidation of cyanide ion in a con-
tinuous flow, a photo-reactor was fabricated based on previous investigations [19,30,31].
Scheme 1 summarizes the design of the photoreactor for CN− degradation, which con-
tributed to enhance the catalyst-fluid contact. Thus, we used a stable continuous flow of
6.60 mL/s of NaCN synthetic solution with an 8 mm liquid layer, inert material, and a
maximum proximity between the UV source and material-fluid. These conditions indicated
the advantage of AC and TiO2 performance as a composite, because light can penetrate
better in the composite. Since the photoreactor design considered a hollow box with a
flow generated by a peristaltic pump through nine separated composite beds, O2 from air
can be introduced during all the processes, contributing to enhance the adsorption and
photocatalytic oxidation of CN−. Moreover, UV lamps radiation interacted directly with
the fluid and the composite. On the other hand, granular AC (derived of coconut shell
by steam activation) showed a high specific surface of 1336 m2/g, which would favor the
adsorption of contaminants such as CN−. Indeed, the resistant properties of AC to ther-
mal and mechanical processes and a 3.1 mm grain diameter allow building immobilized
beds of the composite inside the photoreactor, avoiding post-recovery difficulties. The
diameter of AC was smaller than TiO2 grain size (170 nm), and SEM-EDX results showed
that TiO2 occupied the external surface of AC, allowing a major contact between UV light
source and TiO2 on the support [32]. The specific surface area of the TiO2-AC composite
decreased to 902 m2/g due to the TiO2 impregnation However, this result represents a high
specific surface area available for the adsorption of cyanide ions. Based on the literature,
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the semiconductor would occupy the meso and macro porosity of AC; meanwhile, the
microporosity is not affected during the wet impregnation of titania [33,34].

Adsorption and photocatalytic oxidation occurred simultaneously during the treat-
ment of cyanide solutions. Thus, we performed two-stage tests to evaluate each process
separately. Both processes were studied at 20 ◦C and pH = 10.5. During adsorption batch
tests, 24 h were obtained as an equilibrium time (when adsorption does not continue). In
addition, the Langmuir isotherm model was the better fit to the adsorption for AC and
TiO2-AC, where qmax was reduced from 155 to 52 mg CN−/g TiO2-AC once the impreg-
nation technique was performed. The CN− adsorption in AC was drastically reduced
once titania was supported, because the TiO2 added to the external surface of AC occupies
large holes in the support. In the continuous flow reactor tests, we could estimate that the
CN− adsorption kinetic follows a pseudo-second-order reaction. This result showed that a
chemisorption would take place as well as a physisorption of CN− in AC and TiO2-AC.

Results over 70% of CN− oxidation in AC and composites revealed that in the process,
in light absence, not only adsorption takes place but also an oxidation of cyanide ion could
be carried out due to the –OH bonds of the AC surface and existing O2 in aqueous pumping
media [29,35].

As expected, granular TiO2-AC composites showed a higher degradation of cyanide
ion according to the amount introduced to the continuous flow system. Kinetics and CN−

degradation indicated the following order: TiO2-AC 30 g/L < TiO2-AC 45 g/L < TiO2-AC
60 g/L < AC 60 g/L. Since pH 10.5 was performed in all tests, a negative charge of AC
surface was expected, giving a repel effect with cyanide ion. Nonetheless, 75% and 78%
of CN− degradation were determined in light absence using TiO2-AC 60 g/L and AC
60 g/L, respectively.

In photocatalytic tests, as an individual process study, more than 90% of CN− removal
was determined using TiO2-AC composites. Thus, external TiO2 on the AC surface contributed
to degrade pollutants in a continuous flow system with composites immobilized with UV
15 W lamps irradiation. For comparison reasons, TiO2 and AC were tested separately in
weight amounts corresponding to 60 g/L TiO2-AC. The results listed in Table 5 showed that
titania aimed at 82% of CN− removal; meanwhile, a surprising result of 10% CN− degradation
was obtained with AC. Although AC was not considered as a photo-catalyst, it showed
CN− removal due to the operational conditions and continuous flow system, and H2O2
could be formed rapidly during UV irradiation once the pair e−/h+ is formed [32,36]. Some
investigations indicate that hydrogen peroxide can contribute to pollutant degradation in AOPs,
since this compound can be formed in an electrochemical process associated to UV incidence
and dissolved oxygen presence during the pumping process. These results ensure that TiO2-AC
composites enhanced the photocatalysis, increasing the synergic effect between AC and TiO2.
Kinetics and cyanide degradation were determined in order 60 g/L AC < 0.45 g/L TiO2 <
TiO2-AC 30 g/L < TiO2-AC 45 g/L < TiO2-AC 60 g/L.

Simultaneous adsorption and photocatalysis tests were performed on UV radiation.
More than 90% of CN− was removed in all tests. However, in a comparison analysis of each
concentration composite dosage, a numerical variation was detected. For 60 g/L of TiO2-
AC, 96% of CN− removal was obtained during 24 h, where adsorption and photocatalysis
took place at the same time. Whereas 74% and 99% of CN− degradation were obtained
in 24 h adsorption and 24 h of photocatalysis, respectively. Thus, a simultaneous process
is suitable for cyanide ion degradation under operational continuous flow photorector
design. Both photocatalysis and the simultaneous process (photocatalysis + adsorption)
correspond to a pseudo-first-order reaction. This result is in concordance with the literature,
which attributed the oxidation of pollutants by hydroxyl radical activity. The success of
CN− degradation was enhanced by TiO2-AC presence and the design parameters of the
photoreactor, because a stable system could be formed under a near interaction between
the UV source and materials of this study.
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4. Materials and Methods
4.1. TiO2-AC Composites Preparation

TiO2-AC composites were prepared by the wet impregnation of TiO2 on activated
carbon (AC). First, the AC was washed with distilled water under magnetic stirring, until
a clarified washing solution was obtained. Then, 1 g of commercial TiO2 (United States
Pharmacopeia (USP) reference standard, 99% anatase) and 100 g of commercial activated
carbon (CALGON GRC-20®) were added to 350 mL of distilled water under vigorous
stirring for 2 h. The solvent was removed by evaporation, and composites were washed
with distilled water several times. Finally, TiO2-AC composites were dried at 110 ◦C for
2 h [37,38].

4.2. Physical and Chemical Characterization of GCR-20 Activated Carbon and TiO2-AC Composite

Standardized sieves were used to determine the particle size distribution of AC by
the Standard Test Method for Particle Size Distribution of Granular Activated Carbon
ASTM-D2862. Moisture, volatile material, ash, and fixed carbon content were measured
for the AC support according to ASTM-D3173 (Standard Test Method for Moisture in
the Analysis Sample of Coal and Coke), ASTM-D3175 (Standard Test Method for Volatile
Matter in the Analysis Sample of Coal and Coke), and ASTM-D3174 (Standard Test Method
for Ash in the Analysis Sample of Coal and Coke from Coal).

The textural properties of the GCR-20 AC and TiO2-AC composites were determined
by N2 physisorption isotherms in a Quantachrome Instruments Nova 4200e (Quantachrome
Instruments, Boynton Beach, FL, USA). The BET model was used to determine the specific
surface area.

A scanning electron microscopy analysis (SEM) was performed to analyze the TiO2-
AC composite texture with a Vega TESCAN (TESCAN, Brno, Czech Republic) microscope
equipped with secondary electron (SE) and backscattered electron (BSE) detectors. The
chemical mapping was determined by an energy-dispersive analysis of the X-ray (EDX)
using Vega TESCAN scanning electron microscopy attached with a Bruker XFlash 5010
Detector (Bruker, Billerica, MA, USA), with an accelerating voltage of 20 kV under vacuum.

In order to determine the impregnation of TiO2 on the activated carbon, all composites
underwent microwave acid digestion with HNO3, HF, and HCl. Titanium content in the
acid solution was analyzed by inductively coupled plasma optical emission spectrometry
(ICP-OES) (Perkin Elmer Optima 8000, Perkin Elmer Inc., Waltham, MA, USA).

4.3. Photo-Reactor Construction

A continuous photo-reactor was made of glass and covered with a wood box to isolate
the fluid of the external conditions. Three 15 W UV lamps of 43.74 cm were attached to
the lid of the reactor in parallel distribution in order to penetrate as far as possible the
fluid and obtain the greatest proximity between the UV lamps, the photo-catalyst, and the
fluid. The internal part of the photo-reactor made of glass is a rectangle of 135 cm × 50 cm
with walls of 9 cm. Inside of this structure glass, plates of 46 cm × 4 cm were placed
perpendicularly, as shown in Scheme 1. A 5-degree angle was adapted between the reactor
and the horizontal level in order to maintain stable circulation of the fluid through the path
formed inside the reactor.

Constant flow rate in the reactor, thickness of the liquid, residence time of the cyanide
solution, and concentration of the catalyst/composite were measured to determine the
optimal operating conditions.

4.4. Cyanide Adsorption Study

Sodium cyanide solutions with concentrations of 200, 400, 600, 800, and 1000 mg/L
were prepared. The adsorption tests were carried out in a batch with 50 mL of sodium
cyanide solution and 0.05 g of each AC and TiO2-AC composite under continuous stirring
for 24 h. The data of cyanide ion adsorption were studied using the mathematical model of
the Langmuir isotherm. After adsorption-desorption equilibrium was achieved, the solid
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was filtered, and the cyanide ion concentration (in solution) was determined by titration
with a 0.2256 N AgNO3 solution [28].

The data were studied and modeled by the Langmuir isotherm according to the
mathematical relationship described in Equation (7).

Ce

qe
=

1
qmax

× Ce +
1

qmax × b
(7)

where Ce is the cyanide ion equilibrium concentration in the solution (mg/L), qe is the
equilibrium concentration of cyanide ion over the adsorbents (AC or TiO2-AC) (mg/g),
qmax is the maximum mass of cyanide ion adsorbed per 1 g of adsorbent (AC or TiO2-AC)
(mg/g), and b is the independent variable referring to the free energy of adsorption (L/mg).

4.5. Adsorption Study
4.5.1. Adsorption with AC

Adsorption tests were carried out in a photo-reactor of continuous flow under dark
conditions at room temperature. A sodium cyanide solution of 500 mg/L was recirculated
through a peristaltic pump (Geopump Inc., Medina, NY, USA) for 24 h. The pH of solution
was adjusted at 10.5 throughout the adsorption experiments with the addition of NaOH.
Concentrations of 30, 45, and 60 g/L of activated carbon were used for each test. Samples
of 5 mL were taken each 10 min during the first hour and then each 30 min for three hours.
The solution was recirculated overnight, and the next day, samples of 5 mL were taken each
hour for 2 h. The cyanide ion concentration was determined by titration with a 0.2256 N
AgNO3 solution.

4.5.2. Adsorption with TiO2-AC Composite and Photodegradation Process

Cyanide ion adsorption on AC and the photodegradation of cyanide ion occur simul-
taneously. Experiments of cyanide ion adsorption on the TiO2-AC composite were carried
out under the same conditions as in the adsorption with AC. At the end of the adsorption
experiments, the photodegradation of cyanide ion was evaluated for 24 h under UV light.
Samples of 5 mL were taken (in the time intervals explained in Section 4.5.1) to determine
the cyanide ion concentration by titration with a 0.2256 N AgNO3 solution.

4.6. Photocatalytic Cyanide Ion Degradation

Photocatalytic activity was performed in a continuous photo-reactor using an initial
concentration of sodium cyanide of 500 mg/L and a composite concentration of 30, 45,
and 60 g/L at pH 10.5 and room temperature. The system (Scheme 1) was maintained
in dark conditions during 24 h to ensure adsorption-desorption equilibrium. Then, UV
lamps (Philips, Amsterdam, The Netherlands, T8 G13 UV-C 15 W) were turned on to
initiate the photodegradation. Aliquots of 5 mL were taken (in the time intervals ex-
plained in Section 4.5.1) to analyze the residual cyanide ion by titration with a 0.2256 N
AgNO3 solution.

Cyanide ion photodegradation with AC (saturated with cyanide) and TiO2 of 60 g/L
and 0.45 g/L (corresponding to the impregnation percentage) respectively were carried
out in order to compare with the photodegradation results with the composite.

After the photodegradation test, samples of the remaining solution were taken to determine
the concentration of titanium and sodium dissolved by atomic absorption spectroscopy.

5. Conclusions

Within this study, we built and performed a continuous flow photo-reactor during
cyanide ion degradation using TiO2-AC composites. Design operational conditions were
established into the photoreactor where a minimum distance between UV source and
fluid/composites and a stable continuous flow though immobilized composites were
achieved. Therefore, inside of the reactor, adsorption and photocatalysis of CN− synthetic
solutions were performed using TiO2-AC in concentrations of 30, 45, and 60 g/L. When
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both processes, adsorption and photocatalysis, were studied separately, the adsorption
of CN− on AC in light absence decreased when TiO2-AC was performed, achieving 75%
of CN− removal. Conversely, TiO2-AC composites markedly enhance the photocatalytic
process in comparison to individual TiO2 and AC performances, achieving 99% of cyanide
ion degradation. During 24 h of simultaneous process, 96% of CN− was aimed. In the
success operational conditions of the photoreactor, we determined that AC could contribute
to photocatalysis cyanide degradation, since AC showed 10% of CN− removal with UV
irradiation. By other hand, in light absence, granular AC tested showed a considerable
amount of cyanide degradation since –OH bonds on the AC surface and O2 added to the
system could contribute to cyanide removal. Thus, this reactor design and TiO2-AC would
represent an encouraging alternative of cyanide degradation in a continuous flow system
due to their synergic effect in wastewaters remediation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11080924/s1, Figure S1. (a) SEM micrograph of AC, 783x; (b) SEM micrograph of TiO2-AC
composite, 927x; (c) EDX mapping performed on the micrograph of the TiO2-AC composite, 927x,
Figure S2. EDX mapping performed on a micrograph of the TiO2-AC composite, 783x.
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Abstract: A novel method of improving the SO2 absorption performance of sodium citrate (Ci-Na)
using sodium humate (HA–Na) as an additive was put forward. The influence of different Ci-Na
concentration, inlet SO2 concentration and gas flow rate on desulfurization performance were studied.
The synergistic mechanism of SO2 absorption by HA–Na and Ci-Na was also analyzed. The conse-
quence shows that the efficiency of SO2 absorption by Ci-Na is above 90% and the desulfurization
time added with the Ci-Na concentration rising from 0.01 to 0.1 mol/L. Both the desulfurization
efficiency and time may increase with the adding of HA–Na quality in Ci-Na solution. Due to adding
HA–Na, the desulfurization efficiency of Ci-Na increased from 90% to 99% and the desulfurization
time increased from 40 to 55 min. Under the optimum conditions, the desulfurization time of Ci-Na
can exceed 70 min because of adding HA–Na, which is nearly doubled. The growth of inlet SO2 con-
centration has little effect on the desulfurization efficiency. The SO2 adsorption efficiency decreases
with the increase of inlet flow gas. The presence of O2 improves the SO2 removal efficiency and
prolongs the desulfurization time. Therefore, HA–Na plays a key role during SO2 absorption and
can dramatically enhance the SO2 adsorption performance of Ci-Na solution.

Keywords: sodium citrate; sodium humate; SO2; absorption

1. Introduction

It is well known that fossil fuels is mainly used to generate electrical energy in power
plants and the combustion of fossil fuels generates SO2, which is the major source of acid rain
and a major air pollutant, which severely influences the atmosphere environment and human
health if not controlled [1,2]. Controlling SO2 is critical to improve air quality and has always
caught people’s eye in recent years due to the environmental issues [3–5]. Therefore, improv-
ing the desulfurization performance economically and effectively of existing desulfurization
technology has become a research hotspot at home and abroad [6–8].

There are plenty of desulfurization processes developed on the laboratory scale, some
of which are applied at industrial standards around the world [9]. In the traditional
methods, limestone, sodium hydroxide solutions, calcium hydroxide and magnesium
hydroxide and a number of organic solvents have been used as an adsorbent [10]. There
are other desulfurization processes such as the citrate method. During the citrate process,
SO2 in the flue gas is absorbed by the sodium citrate (Ci-Na) solution [11,12]. According
to the physical characteristics of Ci-Na [13], adopting the desulfurization technology of
Ci-Na can meet the advantages of environmental protection, flexible operation, recyclable
absorbents and recyclable SO2 for resource utilization, also meeting the increasingly strict
requirements of environmental protection, desulfurization, etc. [14–16].

Humic acid (HA) is a type of amorphous organic molecular compound, most of these
extensively exist in nature. It can be obtained from lignite and peat [17,18]. Due to its
“sponge-like” structure, HA produces a large surface area (330–340 m2/g) and surface
energy and has a strong adsorption capacity [19]. The adsorption capacity of HA is not
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only related to its surface area and surface energy, but also the swelling property of HA
to water [20]. Sodium humate (HA–Na) is a water-soluble sodium salt of HA and a cost-
effective absorbent, which reacts with H+ to produce HA precipitate thus promoting the
dissolution of SO2 in the water [21]. They have been studied more broadly for biological
breeding and pollution control due to their characteristics of adsorption, chelation and
ion exchange [22]. HA–Na has higher swelling property than HA itself [23]. With the
enhancement of the swelling property of HA, the active groups of HA can be more fully
exposed in the aqueous solution and the probability of contact between HA and adsorbed
ions is increased and then it improves the adsorption effect [24–26]. However, there have
been few reports with regard to the addition of HA–Na to modify the Ci-Na solution to
improve the adsorption capacity [27].

Sun et al. [28] investigated the desulfurization activity of the HA–Na/α-Al2O3 com-
posite adsorbent on the fixed-bed quartz reactor. A series of characterization showed
that coating α-Al2O3 fibers after being immersed in HA–Na solution can enhance the flue
gas desulfurization performance of the α-Al2O3 carrier. The reason is that the HA–Na
adsorbent has a stronger adsorption capacity for NH4OH. The longer the conversion rate of
SO2 is maintained, the more NH4OH will be adsorbed in the HA–Na/α-Al2O3 adsorbent.
According to the previous study, it revealed that the HA–Na solution has good SO2 ab-
sorption characteristics. The desulfurization products can be made into the HA compound
fertilizer, which provides an economical and effective way to reduce SO2 from flue gas [29].

This paper studies the absorption performance of HA–Na/Ci-Na and the desulfuriza-
tion mechanism, which will lay the foundation for further research and popularization in
the future.

2. The Enhancement Mechanism

HA–Na may bring an enhancement effect on SO2 capture by the Ci-Na method. Table 1
shows the relevant reactions and the enhancement mechanism was put forward as follows:
(1) The SO2 absorption by Ci-Na mainly depend on the buffering properties of its absorbing
solution. (2) After adding HA–Na, the carboxyl (COO–) and hydroxyl (OH–) of HA–Na
reacts with H+ rapidly and HA–Na is transferred to the HA sediment (Equation (8)). Due
to these reactions, the reaction equilibrium of Equations (1)–(7) moves to the right and the
amount of SO2 dissolved into solution is increased. (3) HA–Na may reduce the rate of pH
decline of Ci-Na solution since the HA–Na solution is also a kind of acidic buffer solution,
which also may enhance SO2 absorption.

Table 1. The reaction equation of CO2 capture.

Reaction Equation Number

SO2(g) ↔ SO2(aq) (1)
SO2(aq) + H2O↔ 2H+(aq) + SO2−

3 (aq) (2)
C3−

i (aq) + H+(aq)↔ HC2−
i (aq) (3)

HC2−
i (aq) + H+(aq)↔ H2C−i (aq) (4)

H2C−i (aq) + H+(aq)↔ H3Ci(aq) (5)
H2O↔ H+(aq) + OH−(aq) (6)

R− (COONa)n(aq)↔ R− (COO−
)

n (aq) + nNa+(aq) (7)
R− (COO−

)
n+nH+(aq)↔ R− (COOH)n(s) (8)

R–(COONa)n is the structural formula of HA–Na and R–(COOH)n is the structural
formula of HA.

3. Results and Discussion
3.1. Desulfurization Performance of Only Ci-Na

The influence of different concentrations of Ci-Na on the removal rate of SO2 was
analyzed as can be seen in Figure 1. It shows the relationship of Ci-Na concentration
and SO2 desulfurization efficiency [30]. The SO2 absorption by different concentrations of
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Ci-Na all shows higher efficiency and the SO2 absorption efficiency had no obvious change
and basically maintained above 90% with the increase of Ci-Na concentration. The duration
of high efficiency desulfurization also added with the increasing of Ci-Na concentration.
When the concentration of Ci-Na added from 0.01 to 0.1 mol/L, the desulfurization time
was extended from 20 to 80 min, which was increased by 4 times.
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Figure 1. Effect of Ci-Na concentration on desulfurization efficiency. SO2 = 2300 ppm, gas flow =
1.68 L/min and absorption solution = 60 mL and 25 ◦C.

Figure 2 shows the relationship between desulfurization time and Ci-Na concentration.
The desulfurization time experienced two rapid growth phases with the growth of Ci-Na
concentration and it tended to be flat after 0.08 mol/L. The Ci-Na solution is weakly alkaline
and the citrate ion has good buffering capacity. In this experiment, the concentration of
0.06 mol/L Ci-Na was selected as the optimum condition and the SO2 absorption efficiency
was 96.4% and the duration was 40 min.
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3.2. Effect of HA–Na Concentration

The different quantity of HA–Na was a significant factor on the reduction of SO2
concentration, hence a series of experiments were carried out to study the effect of quantity
on desulfurization efficiency [31]. The desulfurization efficiency using only HA–Na solu-
tion was shown in Figure 3. With the quantity increasing of HA–Na, the SO2 absorption
efficiency increased from 82% to 98%, which also had a certain impact on the break-through
time. In addition, as the amount of HA–Na quantity increased (from 0.05 to 2.4 g), the
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desulfurization time also was enhanced and almost remained above 40 min when HA–Na
mass was 2.4 g. The reason is as follows: the HA–Na solution is alkaline (generally the
PH value is 10), and the hydroxide (OH−) in the solution is rapidly neutralized with the
generated H+. Moreover, a large number of acid ions ionized by HA–Na (such as COO- and
OH−), which will interact with a large number of H+. The H+ combines with HA–Na to
generate HA precipitation, which moves the dissolution balance to the right and promotes
the dissolution of more SO2 into the HA–Na solution.
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3.3. Effect of the Additive Amount of HA–Na on the Desulfurization Performance of Ci-Na

The addition of a different quantity of HA–Na may be one of the factors affecting
the desulfurization efficiency of Ci-Na [32]. HA–Na was added into Ci-Na solution as
an additive, such as 0.05 g, 0.1 g, 0.2 g, 0.4 g, 0.8 g, 1.2 g and 2.4 g, respectively, and the
desulfurization effect was shown in Figure 4. The SO2 absorption efficiency increased as
the adding amount of HA–Na, and the saturation time also was improved, from 40 to
70 min. The reason may be that the addition of HA–Na increases the hydroxide ion (OH−)
in the solution, promoting more SO2 absorption. Ci-Na and HA–Na had a synergistic effect
for SO2 absorption. This is more clearly confirmed in Figure 5.
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It is evident from Figure 5 that the addition of HA–Na can remarkably enhance the
desulfurization efficiency and saturation time of Ci-Na. It was also found that the SO2
absorption efficiency was close to 0% at 40 min when there was no HA–Na added, but it
was still about 50% after adding HA–Na. Moreover, the desulfurization time increased by
15 min. The causes of this phenomenon are various [33]. In addition to the hydrolysis of
HA–Na to generate hydroxide ions, it can also ionize the acid radical ions (carboxylate),
thus consuming H+ to move the dissolution balance to the right and cooperating with
Ci-Na to absorb more SO2.

3.4. Effect of the Inlet SO2 Concentration

The concentration of SO2 is different in the actual industrial flue gas. Hence, it might
be necessary to research the influence of SO2 concentration on SO2 absorption efficiency.
The influence of different SO2 concentrations on the SO2 removal efficiency as illustrated
in Figure 6. Simulated flue gas with the SO2 concentrations of 1000 ppm, 2300 ppm and
3000 ppm were used for the desulfurization experiment. The results are represented in
Figure 6 that with the increase of SO2 concentration, the desulfurization time of reaching
saturation decreased from 92 to 40 min and diminished by 2.3 times. Moreover, the
desulfurization time decreased significantly at 40 min, only about 5% under the high SO2
concentration condition, while the desulfurization time was still close to 100% under the
condition of low SO2 concentration. The result shows that the inlet SO2 concentration had
a certain influence on the removal efficiency.

The main reason is that the driving force of mass transfer increased with the increasing
of SO2 concentration, which is beneficial to the absorption reaction [34]. However, the SO2
capacity per unit volume of the solution was constant. As the inlet SO2 concentration in-
creased, the mass transfer rate was heightened while the time of SO2 absorption saturation
was shortened. So, the SO2 absorption rate will be accelerated and the desulfurization time
will be reduced.
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3.5. Effect of the Gas Flow Rate

Most of the experiments were discussed as the influence of the gas flow rate on
SO2 removal efficiency. The initial inlet gas flow rate were respectively set as 1.0 L/min,
1.3 L/min and 1.6 L/min in the experiment. The results was presented in Figure 7. It is
proved by the experiment that the removal efficiency of SO2 increased as the initial inlet
gas flow decreased. The increasing of the gas flow rate reduced the driving force of the
absorption reaction, which is unfavorable for the desulfurization reaction. At the same
time, the gas flow rate increased and the gas–liquid reaction time was reduced. A part of
SO2 was released before the reaction, which affected the absorption efficiency. In general,
increasing gas flow had only some negative consequences.
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3.6. Effect of O2

The actual industrial flue gas contains a variety of ingredients, such as O2. For instance,
the flue gas of coal-fired power plant typically contains about 5–15 vol% O2 [35]. Therefore,
the existence of O2 in the simulated flue gas was also explored. Figure 8 shows the effect
of the presence of O2 on the SO2 removal efficiency. The experimental results indicated
that SO2 absorption efficiency at 50 min was improved significantly from 5% to 95% by the
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addition of 15% O2. It can be seen that the existence of O2 increased the desulfurization
efficiency noticeably and also prolonged the desulfurization time from 55 to 80 min. The
possible reasons were as follows [36]. The presence of O2 could be more effective in
improving O2 dissolving into water so that the centration of dissolved O2 into the solution
was far higher than before, which is conducive to the oxidation of sulfite. According to
Equation (9), it can infer that dissolved O2 could accelerate the oxidation of sulfate. This
reduces the concentration of HSO−3 in the liquid phase and makes Equation (10) shift to
the right. The liquid phase mass transfer coefficient was reduced.
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After the addition of O2, the desulfurization process will be accompanied by the
following reactions.

2SO3
2−(aq) + O2(g)→ 2SO4

2−(aq) (9)

HSO3
−(aq)↔ H+(aq) + SO3

2−(aq) (10)

It could be deduced that more O2 in the solution participated in the desulfurization
reaction and both the amount of SO2 absorbed and desulfurization time were increased.

4. Materials and Methods
4.1. Sample Preparation

Ci-Na, sodium hydroxide, sodium acetate, acetic acid solution, anhydrous ethanol
and sodium carbonate were from Sino pharm Chemical Reagent Co., Ltd., in Shanghai,
China. HA–Na was from Shanghai Jincheng Biochemical Co., Ltd, in Shanghai, China.
Deionized water was made in the laboratory.

4.2. Desulfurization Test

A principle diagram of the experimental devices are represented in Figure 9 below.
Absorption experiments of the SO2 in the laboratory consisted of SO2, O2 and balance
N2 as simulated flue gas. The SO2, O2 and N2 gases were provided by cylinders. The
experiment adopted SO2 with a concentration range of 1000–3000 ppm. The total flow rate
of the simulated flue gas was controlled with a mass flow controller (MFC). The flue gas
analyzer was used to monitor the change of SO2 concentration at the inlet and outlet of the
reactor (KANE-9506, UK) [29].
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The absorption efficiency SO2 can be obtained by the following formula:

η =
(Cin − Cout)× 100%

Cin
(11)

where η is the SO2 absorption efficiency and Can and Coot are the inlet and outlet of the
SO2 concentration, respectively.

5. Conclusions

The new desulfurization method with Ci-Na/HA–Na solution was put forward. The
influence of different Ci-Na concentration, inlet SO2 concentration, flow rate and other
elements on the desulfurization performance were studied. The mechanism of HA–Na as
an addition agent to improve the desulfurization performance of Ci-Na was discussed. For
the absorption process, the higher the Ci-Na concentration and the lower the inlet flue gas
flow, the more conducive to the SO2 absorption. The presence of O2 had a slight influence
on the desulfurization efficiency. HA–Na played a key role during SO2 absorption by
the Ci-Na solution and can improve obviously the desulfurization performance of the
Ci-Na solution.
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Abstract: The role of oxygen in anodic biofilms is still a matter of debate. In this study, we tried
to elucidate the structure and performance of an electrogenic biofilm that develops on air-exposed,
carbon felt electrodes, commonly used in bioelectrochemical systems. By simultaneously recording
the current density produced by the bioanode and dissolved oxygen concentration, both inside and
in the vicinity of the biofilm, it was possible to demonstrate the influence of a protective aerobic
layer present in the biofilm (mainly formed by Pseudomonas genus bacteria) that prevents electrogenic
bacteria (such as Geobacter sp.) from hazardous exposure to oxygen during its normal operation.
Once this protective barrier was deactivated for a long period of time, the catalytic capacity of the
biofilm was severely affected. In addition, our results highlighted the importance of the material’s
porous structure for oxygen penetration in the electrode.

Keywords: exoelectrogen; biocatalyst; microenvironment; porous electrode; anaerobic

1. Introduction

The term microbial electrochemical technologies (METs) covers a group of bio-based
electrochemical devices that hold great potential for practical applications in the fields of bioremediation
and energy production/management [1]. The anodic processes of many METs (typically microbial
fuel cells and microbial electrochemical cells) rely on the biocatalytic conversion of organic matter
into electricity, requiring the presence of certain types of microorganisms, frequently referred to
as electrogens, electricigens, or electrogenic microorganisms [2], which are capable of performing
extracellular electron transfer to a solid electrode.

Mimicking natural processes, most of these electrogenic microorganisms can carry out their
life cycle forming biofilms on the surface of the electrodes [3,4], where they benefit from favourable
physical–chemical (micro)environments and useful trophic relationships. These microenvironments
are caused by diffusive and/or reactive gradients of different substances, such as electron acceptors
or donors that do not exist outside these multi-organism scaffolds [3]. Normally, anodic biofilms
are colonised by electrogens, and it is very common that, depending on the source of the inoculum,
carbon source, physicochemical parameters, and operational conditions, very complex microbial
communities thrive on the surface of bioanodes [4]. In this regard, the presence of dissolved oxygen
(DO) in an anodic medium can determine, to a significant extent, the structure of anodic biofilms,
as many microorganisms involved in their functioning are anaerobic or facultative anaerobic [5].
In addition, the role and impact of oxygen in the performance of bioanodes has aroused some
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controversy [6]. On one hand, some authors claim that oxygen can have a beneficial impact on the
degradation of complex organic compounds [6] and even improve the overall performance under some
conditions [7]. On the other hand, several authors maintain that oxygen can promote the proliferation
of aerobic microorganisms that compete with electrogens for organic matter, decreasing the coulombic
efficiency (i.e., reducing the percentage of electrons initially available in the organic matter that are
converted to electrical current in the external circuit), which explains why the bioanodes of METs
frequently operate under anaerobic conditions [8].

Microsensors can provide an invaluable tool for understanding the nature, structure, and metabolic
interactions within biofilms. They were initially applied to the study biofilms in the area of
human diseases [9], and today, their use is widespread in microbial ecology for both natural and
engineered systems [10], including METs [11]. For METs in particular, microsensors have been used
to monitor chemical parameters (e.g., pH or redox potential) or the concentration of substances,
such as hydrogen [12], acetate [13], nitrite [14], or oxygen [15] within biofilms. Focusing on oxygen,
some publications are dedicated to revealing the local distribution of DO concentrations in specific
biofilms, extracting significant conclusions [16,17], such as the importance of pH control in aerobic
biocathodes [16] or the role of cathodic biofilms as oxygen diffusion barriers in single-chamber microbial
fuel cells [17]. However, these investigations are mainly carried out on flat surfaces and rarely on
porous surfaces, such as carbon felt, which is frequently used in METs and is also a good candidate for
potential real-life applications [18]. The characterization of DO profiles inside biofilms growing on
porous electrodes could provide valuable information on the implications of oxygen diffusion inside
these elements and its consequences on biofilm development and functioning.

The objective of this research is to study the distribution of DO in electrogenic biofilms and their
surroundings when these microbial aggregates grow, exposed to air, in carbon felt electrodes. It also
tries to understand the effect of DO on the catalytic activity of an anodic biofilm fed with acetate.

2. Results and Discussion

After inoculation, the bioanode was operated in batch mode (electrode potential: +0.1 V vs.
Ag/AgCl) with the anodic compartment open to air, so oxygen could freely diffuse into the anodic
medium. The end of every batch cycle was determined by a drop in the current density (CD), below 10%
of the maximum value achieved in that particular cycle. This resulted in an average cycle duration
of approximately five days. Total organic carbon (TOC) was monitored daily, and at the end of each
batch cycle (TOC was <10 mg·L−1), the reactor was replenished with fresh medium and carbon source,
providing an acetate concentration of 10 mM. After the first cycle (six days of operation), a biofilm
was clearly visible on the electrode surface. To ensure pseudo-steady state conditions, the anode was
operated in this manner for 42 additional days before the experimental period began.

2.1. The Interplay between DO and CD

To understand the behaviour of the exoelectrogenic biofilm when oxygen is present in the anodic
medium, both the CD and the DO concentration, at a fixed height of 100 µm above the apparent
surface of the biofilm, were simultaneously recorded for 15 days (Figure 1). Like the acclimation
period, when the current fell below 10% of the maximum value, the TOC was checked to be less
than 10 mg·L−1, and then, the cell medium was spiked (the medium was not replaced) with sodium
acetate to reach a final (theoretical) acetate concentration of 10 mM. After the addition of sodium
acetate (blue stars in Figure 1), the CD immediately increased, while the oxygen concentration in
the liquid phase declined abruptly, suggesting the existence of at least two competing processes:
electrogenic and aerobic metabolisms. When the substrate was available again, the metabolism of
aerobic and electrogenic microorganisms was reactivated. The role of microorganisms present in the
planktonic phase can be seen as marginal due to the replacement of the medium in each feeding cycle.

58



Catalysts 2020, 10, 1341Catalysts 2020, 10, x FOR PEER REVIEW 3 of 12 

 

 
Figure 1. Biofilm current density (CD) and dissolved oxygen (DO) concentration profiles at a constant 
depth of 100 μm on the apparent surface of the biofilm during three consecutive feeding cycles. The 
blue stars denote spiking with sodium acetate (to a theoretical concentration of 10 mM). 

Using a coculture of Escherichia coli and Geobacter Sulfurreducens, Qu et al. [19] also reported 
oxygen depletion in the bulk of the anolyte of a microbial fuel cell (MFC), showing the importance of 
microorganisms other than exoelectrogens in the maintenance of anoxic conditions in anodes 
exposed to oxygen. In the referred study, exoelectrogenesis was inhibited without the presence of E. 
Coli (the main oxygen scavenger), demonstrating its essential role in this anodic microbial 
community. In our experiments, the near-zero DO concentration was maintained for 12–18 h and 
then increased, agreeing with an expected decrease in the carbon source, deduced from the current 
profile (Figure 1). This fact indicates that the acetate concentration is the limiting factor in oxygen 
consumption. Figure 1 also shows that the biofilm is capable of maintaining exoelectrogenic activity, 
despite the presence of DO in the bulk. In the following experimental section, we will go into the 
biofilm and will try to clarify, among other things, if DO ever penetrates the biofilm during substrate 
oxidation cycles. 

2.2. Oxygen Concentration Profile within the Biofilm 

By studying the DO profile from the bulk to the interior of the electrode, functional aspects of 
the assembly liquid phase/biofilm/porous electrode can be understood. The experimental procedure 
leading to the achievement of the DO profiles proved to be challenging, since it is necessary to keep 
the cell in stationary conditions for an extended period of time. As Supplementary Materials, two 
prematurely interrupted DO profiles, not used in the subsequent analysis, were included. The oxygen 
probe was initially placed in the bulk within the vicinity of the electrode at an apparent distance of 
500 μm from the biofilm surface. This height was taken as the reference position with a value of 0 μm 
(Figure 2) with the help of a camera (Figure 1). This initial position (0 μm) was the height where the 
profiling process began, and from here, the DO profile was periodically recorded at different depths 
(Figure 2). The DO concentration in the bulk did not change during the experiment. The reader can 
observe how the height reference and experimental procedure were different from the reference 
system used in Section 3.1. After all, in this section, the microelectrode moved, and in the previous 
experiment, it remained stationary. At a depth of about 355 μm, the DO concentration started to 
decline, almost linearly (slope −0.353 μM·μm−1), which is indicative that the probe is entering the 
diffusion boundary layer (DBL). In the biofilm vicinity (from 290 to 570 μm), which has been 
amplified in Figure 3, we found at least three sub-regions that can be distinguished by changes to the 
shape of the DO concentration profiles. As mentioned before, the first sub-region could be associated 
with the DBL, which is in direct contact with the biofilm. From Figure 2, we can estimate its thickness 

Figure 1. Biofilm current density (CD) and dissolved oxygen (DO) concentration profiles at a constant
depth of 100 µm on the apparent surface of the biofilm during three consecutive feeding cycles. The blue
stars denote spiking with sodium acetate (to a theoretical concentration of 10 mM).

Using a coculture of Escherichia coli and Geobacter Sulfurreducens, Qu et al. [19] also reported
oxygen depletion in the bulk of the anolyte of a microbial fuel cell (MFC), showing the importance of
microorganisms other than exoelectrogens in the maintenance of anoxic conditions in anodes exposed
to oxygen. In the referred study, exoelectrogenesis was inhibited without the presence of E. Coli
(the main oxygen scavenger), demonstrating its essential role in this anodic microbial community.
In our experiments, the near-zero DO concentration was maintained for 12–18 h and then increased,
agreeing with an expected decrease in the carbon source, deduced from the current profile (Figure 1).
This fact indicates that the acetate concentration is the limiting factor in oxygen consumption. Figure 1
also shows that the biofilm is capable of maintaining exoelectrogenic activity, despite the presence of
DO in the bulk. In the following experimental section, we will go into the biofilm and will try to clarify,
among other things, if DO ever penetrates the biofilm during substrate oxidation cycles.

2.2. Oxygen Concentration Profile within the Biofilm

By studying the DO profile from the bulk to the interior of the electrode, functional aspects of the
assembly liquid phase/biofilm/porous electrode can be understood. The experimental procedure leading
to the achievement of the DO profiles proved to be challenging, since it is necessary to keep the cell in
stationary conditions for an extended period of time. As Supplementary Materials, two prematurely
interrupted DO profiles, not used in the subsequent analysis, were included. The oxygen probe was
initially placed in the bulk within the vicinity of the electrode at an apparent distance of 500 µm from
the biofilm surface. This height was taken as the reference position with a value of 0 µm (Figure 2) with
the help of a camera (Figure 1). This initial position (0 µm) was the height where the profiling process
began, and from here, the DO profile was periodically recorded at different depths (Figure 2). The DO
concentration in the bulk did not change during the experiment. The reader can observe how the height
reference and experimental procedure were different from the reference system used in Section 3.1.
After all, in this section, the microelectrode moved, and in the previous experiment, it remained
stationary. At a depth of about 355 µm, the DO concentration started to decline, almost linearly
(slope −0.353 µM·µm−1), which is indicative that the probe is entering the diffusion boundary layer
(DBL). In the biofilm vicinity (from 290 to 570 µm), which has been amplified in Figure 3, we found
at least three sub-regions that can be distinguished by changes to the shape of the DO concentration
profiles. As mentioned before, the first sub-region could be associated with the DBL, which is in direct
contact with the biofilm. From Figure 2, we can estimate its thickness as approximately 75 µm, a value
which is in agreement with the thickness of the DBL found by other authors for aerobic biofilms
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composed of bacteria of the genus Pseudomonas [20]. Interestingly, this genus was found in a high
relative abundance in our biofilm; for more details, see Section 3.4. The second sub-region, with a
quite similar slope to the previous one, was slightly less steep (−0.360 µM·µm−1), suggesting that the
probe was entering a new phase, most probably the biofilm. The small difference between the slopes of
the first and second sub-regions reinforces the idea that the diffusion coefficient in the outer layers of
the biofilm is close to that of oxygen in water [21]. The oxygen flux (J) in this zone, calculated from
Equation (6), was 7.39 × 10−7 mol·m−2·s−1, a value which is on the same order of magnitude as others
reported in the literature for aerobic biofilms [22,23].
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Figure 3. Detailed DO concentration profile in the vicinity of the biofilm. In the colours corresponding
to each zone, fitted regression models are provided.

A clearer change in the DO profile came at a depth of ~495 µm, which can be attributed to
significant oxygen consumption (Equation (1)) and (in the absence of another apparent oxygen sink) to
the presence of an aerobic metabolism. This oxygen consumption was distributed over a 45 µm-thick
region, in which a concave profile (positive second spatial derivative) could be observed. The reactive
consumption criterion in biofilms and sediments has been extensively detailed by Berg et al. [24].
The fitting of a second-degree polynomic model allowed the oxygen consumption rate (OCR) to be
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estimated, following Equation (5). The resulting value was 9.42 × 10−3 mol·s−1·m−3, which is on the
same order of magnitude as other OCRs reported in literature for aerobic biofilms [25,26]. Below this
presumable aerobic layer, the DO concentration stabilised for ~20 µm. The resulting, almost flat
profile, reveals the existence of another biofilm region, in which oxygen is no longer being consumed.
This led us to hypothesise that this zone is mainly inhabited by microorganisms other than aerobes,
which thrive because of the “oxygen-diffusion barrier” provided by the upper layers of the biofilm.
This narrow microenvironment seems to be the logical candidate to host the Geobacter population,
which is the most important exoelectrogen found in our biofilm (see Section 3.4). Several authors
maintain that these low DO conditions are optimal for the growth and development of Geobacter;
however, this is still an issue subject to some controversy, as discussed in a recent review by Reguera
and Kashefi [27]. This review summarises research that concludes a certain tolerance of Geobacter to
oxygen, as reflected in its capacity to encode proteins of the oxidative stress response and to adapt to
microaerophilic conditions.

The relatively small thickness of this “exoelectrogen” layer does not contradict the high CD
observed in our set-up (~2 mA·cm−2), which is in agreement with previous studies that show that
the exoelectrogenic activity of Geobacter is due to “active” layers of little thickness relative to the total
width of the biofilm [28,29].

When the microsensor tip was placed at a depth of 550 µm (leaving the biofilm vicinity and
entering the bulk of the carbon felt electrode), the oxygen concentration began to slightly increase
again, and over a very wide region (spanning depths from ~800 to 2500 µm), the average DO was about
130 µM. In this zone, the DO concentration profile presented two very pronounced “hills” that can be
attributed to the existence of large cavities within the carbon felt (Figure 1). These hills showed similar
slope values to those found in the DBL of the external surface of the electrode, thus, suggesting a
common subjacent phenomenon. Likely, these cavities are acting as “channels” that allow the transport
of DO through the electrode, revealing a complex structure that has been extensively studied in
electrochemical energy-storage systems [30–32]. A relevant reason for the lack of colonisation by
exoelectrogens of carbon felt electrodes in deep layers may be due to its porous structure that may
be channelling DO to the inner domain. Although, the size of the pores (~300 µm, see Figure 2) also
suggests that the limited diffusion of the buffering substances is a plausible hypothesis for this lack
of colonisation, as has been pointed out in recent research [33]. In this investigation, for cavities
in bioanodes between 100 and 500 µm, the limiting factor for the development of the biofilm was
determined to be the accumulation of metabolites that triggers local acidification. As a consequence
of these results, this same structure could be relevant to carry or remove other substances related
to the microbial metabolism (e.g., substrate, inhibitors, protons), highlighting the importance of
the optimization of the volume/active area electrode relationship in different applications of METs,
an aspect which has been remarked on in other studies [33–36]. The behaviour of carbon felt anodes
without attached biofilm has not been analysed in this study, since there is an extensive literature
on the subject and the results obtained have been acceptably consistent with the expected cavity
distributions [37,38].

2.3. The Biofilm under Substrate Limited Conditions

In the final phase of the experiment, the anodic biofilm was kept under starving conditions for
seven days (once CD declined below 10% of its maximum value, no acetate was fed to the anode).
After this period, when acetate was fed again, the oxygen concentration decreased, as observed
previously (results not shown, the behaviour was similar to that depicted in Figure 1), revealing a
hypothetic reactivation of the aerobic metabolism. However, CD profiles did not resume previous
values and remained below 5% of the maximum current value, which suggests that electrogenic
microorganisms were affected by either the lack of a carbon source, the prolonged exposure to oxygen,
or both. However, the lack of carbon source can be ruled out, since previous work has shown that
electrogenic biofilms can remain active for long periods of time in the absence of a carbon source [39,40].
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In contrast, the exposure to oxygen seems a more plausible explanation. Indeed, when acetate is
present and available to the aerobic microorganisms, these are capable of depleting oxygen from
the bulk (Figure 1), thus, protecting the electrogenic microorganisms in contact with the electrode
from DO. In the absence of a carbon source, the aerobic microorganisms are no longer capable of
consuming oxygen, and the “barrier effect” is lost, which increases the local DO concentration and
exposure times in deep layers of the biofilm. However, this is a hypothesis that needs to be supported
by further experiments.

2.4. Biofilm Composition

The microbial composition of the biofilm was analysed by pyrosequencing after 90 days of
operation. The total number of pyrosequencing reads were 41,523, and the valid reads were 26,002
(62.6%). The number of operational taxonomic units (OTUs) found in the sample was 126, a number
that indicates the high specialization of this community.

The taxonomic composition at the genus level (Figure 4) of the anodic community shows a great
relative abundance of the exoelectrogen Geobacter (33.2%). The presence of this anaerobic bacteria
in an air-exposed surface is not surprising in light of other research that has shown the presence
of Geobacter in both natural [41] and engineered aerobic biofilms [19,42]. The stratification of DO
through the carbon felt (see Figures 3 and 4) probably promoted the appearance of “low oxygen”
microenvironments, coherent with the tolerance of Geobacter to the presence of DO [27]. The most
abundant genus on the biofilm was Pseudomonas (45.5%), which is considered a facultative anaerobe that
could be favoured as a result of microaerophilic conditions [43] and has been recognised as electroactive.
However, Pseudomonas can be discarded as the main exoelectrogen in our study since the reported
current densities for this genus are lower than expected for Geobacter-based electrogenic biofilms [7,44],
which are in accordance with those observed in this study (~2 mA·cm−2). Species assigned to this
taxon, such as P. aeruginosa, are capable of oxidising organic matter using oxygen as a terminal electron
acceptor, inducing steep gradients in DO concentrations in pure culture biofilms [7,20]. Another less
prevalent genus in the sample was Clostridium (6.9%), a strict anaerobic that can ferment a variety of
substrates. The genera Flavobacterium (4.5%) and Bacillus (4.1%) can generally be considered aerobic.
However, their role in this community is not fully understood. Flavobacterium has also been identified
in cathodic biofilms exposed to oxygen [17].
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3. Experimental

3.1. Reactor Set-Up and Biofilm Growth

Tests were carried out on a biofilm growing in a porous electrode in a specially designed
single-chamber microbial electrolysis cell under aerobic conditions for all experimental procedures
(Figure 1). The methacrylate reactor allowed for the easy handling of the microelectrode, while using a
three-electrode electrical arrangement, establishing a working electrode (WE) potential of +0.1 V with
respect to the reference electrode (RE).

A carbon-felt WE (Sigracell® GFA 6, SGL, Wiesbaden, Germany), a commercial RE microelectrode
(Ag/AgCl, +0.197 vs. SHE, Unisense, Aarhus, Denmark), and a platinum mesh (Goodfellow, London,
UK) counter electrode (CE) was used. The dimensions of the WE and CE were 8 × 2 cm and 2 × 2 cm,
respectively. The inoculation procedure consisted of mixing fluvial sediment, freshly obtained with
growth medium, in a 1:5 volume ratio. The growth medium composition per litre was 0.87 g of K2HPO4,
0.68 g of KH2PO4, 0.25 g of NH4CL, 0.453 g of MgCl2·6H2O, 0.1 g of KCl, 0.04 g of CaCl2·2H2O,
and 10 mL of mineral solution. The mineral solution composition was detailed by Marshall et al. [45].
Sodium acetate was added to the mixture as a carbon source to reach a final concentration of 6.1 mM in
the start-up cycle. The reactor was kept at room temperature (22 ± 2 ◦C). Feeding was done in batch
mode (i.e., by replacing the entire medium at the beginning of every new cycle). Sodium acetate was
added to achieve a 10 mM concentration in the medium (except in the start-up cycle) when the current
dropped below 10% of the maximum value. The biofilm was maintained for 60 days in the described
growing conditions (acclimation period) before starting the analyses of this study.

3.2. DO Concentration Measurement

DO concentration in the exoelectrogenic biofilm was measured using a microelectrode (OX-10,
UNISENSE, Aarhus, Denmark) that works as a Clark-type electrode [46]. The tip diameter chosen
was approximately 10 µm, which ensures an adequate relationship with the estimated thickness of
the biofilm (less than 100 µm). The microelectrode was introduced into the thin film cell using a
programmable micropositioning system. The step size in the z axis (axis in which the microelectrode
passes through the electrode vertically to its surface, Figure 5) was 1 µm ± 20 nm. The permanence
time of the microsensor in each position was 3 s, since the response time to reach 90% of the signal,
as detailed by the manufacturer, is 1–3 s. The current signal was acquired and registered using a
specific amplifier (Microsensor Multimeter, UNISENSE, Aarhus, Denmark) and the associated software
(UNISENSE logger). The sensor was calibrated with a two-point procedure. First, it was placed in an
air-saturated medium, and then, the zero level was obtained by generously bubbled nitrogen in the
same medium. In order to place the microsensor tip at the desired height over the biofilm surface,
a video microscope system (Model VCAM3) was used. The analysis of the DO concentration profiles
was based on the one-dimensional form of Fick’s first law, assuming the biofilm can be considered a
flat slab (Equation (1)):

∂c
∂t

= D· ∂
2c
∂2x
−OCR (1)

where c is the concentration (mol·m−3), D is the diffusion coefficient (m2·s−1), and OCR (mol·m−3·s−1)
is the oxygen consumption rate (OCR is assumed to be constant during the experiment). The D value
for oxygen in water at 20 ◦C (2.27 × 10−9 m2·s) was obtained from de Beer et al. [22]. For the biofilm,
D was corrected using a relative effective diffusion coefficient (Equation (2)):

Dbio = Daq·γ (2)

where Dbio is the oxygen diffusion coefficient in the biofilm, Daq is the oxygen diffusion coefficient
in water, and γ is the effective diffusion coefficient, with a value taken as 0.88, according to
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Lewandowski et al. [21], and it is consistent with other studies [47]. The steady-state solutions
to Equation (1) yields Equations (3)–(5):

∂2c
∂2x

=
OCR
Dbio

(3)

∂c
∂x

=
OCR
Dbio

x + A (4)

c =
OCR
Dbio

x2 + Ax + B (5)
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connections to the potentiostat (4); methacrylate cell (5); counter electrode (CE) (6); reference electrode
(RE) adapter (7); working electrode (WE) (8); and microelectrode sampling hole (9).

Equation (5), where A and B are constants, allows us to detect the presence of net oxygen
consumption and calculate the OCR in the biofilm if the quadratic term is present (the sign of the
second spatial derivative of the DO concentration profile can be used to discern between oxygen
consumption or production [24]). In this sense, if the quadratic term is not present, it is possible to
estimate the oxygen flux (J), following Equation (4) with OCR = 0 (Equation (6)):

J = Dbio
∂c
∂x

(6)

where J is in mol·m−2·s−1. The first or second order models have been used to calculate the coefficients
in Equation (3), according to convenience, in each zone of the profile, using R software [48] to perform
the least squares regression. R has also been used to elaborate the graphs.

3.3. Experimental Procedure

DO concentration profiles were recorded at various stages during the substrate degradation
cycles, once the start-up and stabilization period was completed. The most stable profiles, like those
analysed in this article, were produced during the constant part of the current cycle, which occurs
between the feeding and final decay. To perform the DO concentration profiles, the microelectrode
tip was placed 500 µm from the apparent surface of the biofilm and then moved 5 mm through
the carbon felt electrode. The position of the microelectrode was changed every 3 s for profile
recording, assuming that the nominal response time was less than this interval. For a constant height
measurement, the microelectrode was held outside the diffusion boundary layer (DBL), 100 µm above

64



Catalysts 2020, 10, 1341

the apparent surface of the biofilm. Total organic carbon (TOC) was determined by a TOC multi N/C
3100 (Analytikjena, Jena, Germany).

3.4. Microbial Community Analysis

Once the experiment was completed, a sample was taken for the analysis of microbial communities.
For this purpose, a 1 × 1 cm portion of carbon felt was cut using sterilised scissors. Genomic DNA
from the electrodic sample was extracted with the PowerSoil® DNA Isolation Kit (MoBio Laboratories
Inc., Carlsbad, CA, USA), following the manufacturer’s instructions. The entire DNA extract
was used for the pyrosequencing of the 16S-rRNA gene-based massive library, targeting the
eubacterial region V1–V3 16S-rRNA, and performed at MR DNA (www.mrdnalab.com, Shallowater,
TX, USA), utilising MiSeq equipment (Illumina, San Diego, CT, USA). The primer set used was
27Fmod (5′-AGRGTTTGATCMTGGCTCAG-3′) /519 R modBio (5′-GTNTTACNGCGGCKGCTG-3′).
Diluted DNA extracts were used as a template for polymerase chain reaction (PCR) reactions.
The obtained DNA reads were compiled in FASTq files for further bioinformatics processing.
The trimming of the 16S-rRNA bar-coded sequences into libraries was carried out using QIIME
software, version 1.8.018 [49]. Quality filtering of the reads was performed at Q25 quality prior to
grouping into operational taxonomic units (OTUs) at a 97% sequence homology cut-off. The following
steps were performed using QIIME, a denoising procedure using a denoiser algorithm [50]. Final OTUs
were taxonomically classified using BLASTn against a database derived from the Ribosomal Database
Project II (RDPII, http://rdp.cme.msu.edu) and the National Centre for Biotechnology Information
(NCBI, www.ncbi.nlm.nih.gov).

4. Conclusions

The proliferation and biocatalytic activity of Geobacter in air-exposed anodes depends on the
anaerobic microenvironment provided by the aerobic microorganisms present in outer layers of
the biofilm, which consume DO. The porous structure of the carbon felt causes the channelling of
DO in internal zones. This study confirms Geobacter’s tolerance to sustained oxygen concentrations
below 90 µM. During periods in which the biofilm is maintained without substrate, oxygen diffuses
through the biofilm height. If these periods without substrate are longer than six days, the inner
electroactive layers seem to be irreversibly affected, and the exoelectrogenic activity does not resume
again after feeding.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/11/1341/s1,
Figure S1: Dissolved oxygen profile. Rejected because the data acquisition system was accidentally interrupted at
the end of the experiment; Figure S2: Another dissolved oxygen profile. Rejected because the data acquisition
system was accidentally interrupted at the end of the experiment.
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31. Döner, A.; Karcı, İ.; Kardaş, G. Effect of C-felt supported Ni, Co and NiCo catalysts to produce hydrogen.

Int. J. Hydrogen Energy 2012, 37, 9470–9476. [CrossRef]
32. González, Z.; Sánchez, A.; Blanco, C.; Granda, M.; Menéndez, R.; Santamaría, R. Enhanced performance of a

Bi-modified graphite felt as the positive electrode of a vanadium redox flow battery. Electrochem. Commun.
2011, 13, 1379–1382. [CrossRef]

33. Chong, P.; Erable, B.; Bergel, A. Effect of pore size on the current produced by 3-dimensional porous microbial
anodes: A critical review. Bioresour. Technol. 2019, 289, 121641. [CrossRef]

34. Blanchet, E.; Erable, B.; De Solan, M.-L.; Bergel, A. Two-dimensional carbon cloth and three-dimensional
carbon felt perform similarly to form bioanode fed with food waste. Electrochem. Commun. 2016. [CrossRef]

35. Brunschweiger, S.; Ojong, E.T.; Weisser, J.; Schwaferts, C.; Elsner, M.; Ivleva, N.P.; Haseneder, R.; Hofmann, T.;
Glas, K. The effect of clogging on the long-term stability of different carbon fiber brushes in microbial fuel
cells for brewery wastewater treatment. Bioresour. Technol. Rep. 2020, 11, 100420. [CrossRef]

36. Flexer, V.; Jourdin, L. Purposely designed hierarchical porous electrodes for high rate microbial
electrosynthesis of acetate from carbon dioxide. Acc. Chem. Res. 2020, 53, 311–321. [CrossRef]

37. Ma, P.; Ma, H.; Galia, A.; Sabatino, S.; Scialdone, O. Reduction of oxygen to H2O2 at carbon felt cathode
in undivided cells. Effect of the ratio between the anode and the cathode surfaces and of other operative
parameters. Sep. Purif. Technol. 2019, 208, 116–122. [CrossRef]

38. Smith, R.E.G.; Davies, T.J.; Baynes, N.d.B.; Nichols, R.J. The electrochemical characterisation of graphite felts.
J. Electroanal. Chem. 2015, 747, 29–38. [CrossRef]

39. Marozava, S.; Röling, W.F.M.; Seifert, J.; Küffner, R.; von Bergen, M.; Meckenstock, R.U. Physiology of
geobacter metallireducens under excess and limitation of electron donors. Part II. Mimicking environmental
conditions during cultivation in retentostats. Syst. Appl. Microbiol. 2014, 37, 287–295. [CrossRef]

40. Lin, B.; Westerhoff, H.V.; Röling, W.F.M. How geobacteraceae may dominate subsurface biodegradation:
Physiology of geobacter metallireducens in slow-growth habitat-simulating retentostats. Environ. Microbiol.
2009, 11, 2425–2433. [CrossRef]

41. Commault, A.S.; Barrière, F.; Lapinsonnière, L.; Lear, G.; Bouvier, S.; Weld, R.J. Influence of inoculum
and anode surface properties on the selection of Geobacter-dominated biofilms. Bioresour. Technol. 2015,
195, 265–272. [CrossRef]

42. Nevin, K.P.; Zhang, P.; Franks, A.E.; Woodard, T.L.; Lovley, D.R. Anaerobes unleashed: Aerobic fuel cells of
Geobacter sulfurreducens. J. Power Sources 2011, 196, 7514–7518. [CrossRef]

43. Peix, A.; Ramírez-Bahena, M.-H.; Velázquez, E. Historical evolution and current status of the taxonomy of
genus Pseudomonas. Infect. Genet. Evol. 2009, 9, 1132–1147. [CrossRef]

44. Su, W.; Zhang, L.; Li, D.; Zhan, G.; Qian, J.; Tao, Y. Dissimilatory nitrate reduction by Pseudomonas alcaliphila
with an electrode as the sole electron donor. Biotechnol. Bioeng. 2012, 109, 2904–2910. [CrossRef] [PubMed]

45. Marshall, C.W.; Ross, D.E.; Fichot, E.B.; Norman, R.S.; May, H.D. Electrosynthesis of commodity chemicals
by an autotrophic microbial community. Appl. Environ. Microbiol. 2012, 78, 8412–8420. [CrossRef] [PubMed]

46. Revsbech, N.P. An oxygen microsensor with a guard cathode. Limnol. Oceanogr. 1989, 34, 474–478. [CrossRef]

67



Catalysts 2020, 10, 1341

47. Stewart, P.S. A review of experimental measurements of effective diffusive permeabilities and effective
diffusion coefficients in biofilms. Biotechnol. Bioeng. 1998, 59, 261–272. [CrossRef]

48. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2015.

49. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Pena, A.G.;
Goodrich, J.K.; Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data.
Nat. Methods 2010, 7, 335–336. [CrossRef] [PubMed]

50. Reeder, J.; Knight, R. Rapidly denoising pyrosequencing amplicon reads by exploiting rank-abundance
distributions. Nat. Methods 2010, 7, 668–669. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

68



Citation: Valdebenito, G.;

Gonzaléz-Carvajal, M.; Santibañez,

L.; Cancino, P. Metal–Organic

Frameworks (MOFs) and Materials

Derived from MOFs as Catalysts for

the Development of Green Processes.

Catalysts 2022, 12, 136. https://

doi.org/10.3390/catal12020136

Academic Editors: José

Ignacio Lombraña, Héctor Valdés

and Cristian Ferreiro

Received: 31 December 2021

Accepted: 19 January 2022

Published: 22 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Review

Metal–Organic Frameworks (MOFs) and Materials
Derived from MOFs as Catalysts for the Development of
Green Processes
Gonzalo Valdebenito, Marco Gonzaléz-Carvajal, Luis Santibañez and Patricio Cancino *

Facultad de Ciencias Químicas y Farmacéuticas, Universidad de Chile, Santiago 8380000, Chile;
gonvaldebenito@ug.uchile.cl (G.V.); mgonzalezcar96@gmail.com (M.G.-C.); santibanezcamposl@gmail.com (L.S.)
* Correspondence: pcancino@ciq.uchile.cl

Abstract: This review will be centered around the work that has been reported on the development of
metal–organic frameworks (MOFs) serving as catalysts for the conversion of carbon dioxide into short-
chain hydrocarbons and the generation of clean energies starting from biomass. MOFs have mainly
been used as support for catalysts or to prepare catalysts derived from MOFs (as sacrifice template),
obtaining interesting results in the hydrogenation or oxidation of biomass. They have presented a
good performance in the hydrogenation of CO2 into light hydrocarbon fuels. The common patterns
to be considered in the performance of the catalysts are the acidity of MOFs, metal nodes, surface
area and the dispersion of the active sites, and these parameters will be discussed in this review.

Keywords: metal–organic frameworks; heterogeneous catalysis; carbon dioxide; biomass;
hydrogenation; oxidation; Fisher-Tropsch

1. Introduction

In recent years, the world has seen a significant increase in temperature due to different
pollutants present in the atmosphere. These pollutants are responsible for the famous
greenhouse gas effect [1]. CO2 is one of the pollutants found in greater concentration in the
atmosphere and its emission is mainly due to the use of fossil fuels (heating, automobiles,
industrial chimneys) [1,2]. Today there are many proposals to generate a cleaner and
healthier environment for living, but one of the proposals that attract the most attention
is the conversion of CO2 to hydrocarbon molecules, which can later be used as fuel in
different areas [3–5]. This proposal largely solves the problem of atmospheric pollution
on the planet and opens up new areas for the development and research of renewable
energies [4].

One of the main problems found in the conversion of CO2 into hydrocarbon is the
need for high-energy processes [5]. Different chemical processes have been investigated
that can help to implement a fast and cheap process for the synthesis of renewable energies
from CO2, such as the use of different types of raw material catalysts [6].

In the last few decades, the valorisation of biomass has garnered great interest. This
is due to the fact that by using biomass, one is able to obtain valuable chemical products
and sustainable biofuel. The production of this kind of product aims to complement
conventional energy sources, especially fossil fuel used in most types of transport [4].
Biomass can be classified into two groups: edible, which is rather scarce, and the much
more abundant non-edible biomass. Among the edible kind, we find starch and oils,
which are created by processing oilseeds such as rapeseed, miscanthus or soy, and can
be transformed into biofuel, also known as biodiesel [7]. This fuel can also be produced
from recycled oils obtained from food and gastronomic industries. Fat acids in the oils
from both sources, fresh and recycled, are converted into biodiesel by going through a
transesterification process that, along with the esters corresponding to the biodiesel, yields
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glycerol, a compound that is produced in quantities exceeding its industrial demand [8].
Because of this, the refining and upgrading of glycerol are desirable in order to prevent this
by-product from turning into waste and harnessing the biomass completely [8]. Glycerol is
considered a platform compound, that is, a chemical species from which other species with
added value can be formed, such as diols or glycerol carbonate, which are used in various
industries. However, the chemical reactions involved in the conversion of glycerol usually
need to be carried out in the presence of a catalyst. It is common to use homogeneous
catalysts for these reactions [9].

With respect to the non-edible biomass, the most abundant is lignocellulose. It is part of
the structural basis of every plant, so it can be obtained from crops, farming waste or forest
waste [10]. Lignocellulosic biomass is divided into three parts: cellulose, hemicellulose and
lignin, and for their separation, different methods have been employed, such as thermal
methods, pyrolysis or gasification, all of which require high amounts of energy and are
not very selective [10]. Fermentation is a more selective method, but it is not efficient in
terms of yield. The catalytic conversion of biomass is a better method since the chemical
specificity of catalysts enhances the selectivity and, when used in optimal conditions, can
also enhance the yielding rate while reducing the required energy [11].

Heterogeneous catalysts are the most used for the conversion of lignocellulosic
biomass, particularly supported catalysts. This kind of material consists of a catalytically
active molecule, mostly transition metal species, hosted into the structure of a different
and chemically stable material known as the support [12,13]. Different compounds have
been used as support, such as alumina, zeolites or activated carbon. This provides sup-
ported catalysts with an augmented surface area, which improves the substrate/catalyst
interaction [14,15].

Another kind of catalyst is that of coordination polymers, among which metal–organic
frameworks (MOFs) are the most used. MOFs are classified within the group of porous
materials. These compounds are formed by two important parts that define the structural
base: the inorganic moiety and the organic linker [16]. The inorganic part corresponds to
the metallic center, which presents simultaneous coordinated bonds with different ligands
of organic nature. The structure of these species presents porosity, which is the fundamental
characteristic of metal–organic frameworks. The existence of pores is mainly due to the
geometrical network that is formed between the bonds of the organic ligands and the
metallic centres. The length of the organic ligands and the extensive bonds formed with
the metallic centres contribute greatly to the size and diameter of the pores present in the
MOF, thus determining the catalytic activity [16,17]. On the other hand, the volume of the
pores and the specific surface area that these ligands provide in the network characterize
MOFs as excellent immobilizers for molecular catalysts.

The physical and chemical characteristics of these compounds can be modified, as
different types of MOF can be formed by using different metallic centres and organic ligands,
thus generating greater selectivity towards a certain chemical reaction. All these properties
allow the synthesis of a wide range of compounds with different characteristics, which
will help to choose the most suitable type of MOF for various reactions [3–5]. Regarding
the organic ligands used for the synthesis of MOFs, the most common are polyamines,
phosphonates, crown ethers and carboxylates (Figure 1) [16].

The use of these compounds is quite varied because they can become very versatile
or specific, depending on the area in which their use is required. Some of the applications
can be as adsorbent materials in aqueous solutions, due to their properties and structural
characteristics, in addition to the low cost [18]. Within the novel research and technolo-
gies related to the use of new types of energy from renewable sources, the use of MOFs
as electrochemical capacitors and in fuel electrodes for rechargeable batteries has been
developed [17].
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Besides, the structure and pores of MOFs can be modified by post-synthetic procedures
that allow the material to be more selective, determining greater efficiency in the CO2
adsorption process; these modifications lead to an efficient catalytic process [18–21]. The
use of MOFs in heterogeneous catalysis has been of great importance due to their physical
and chemical properties; these greatly improve the parameters necessary to be considered
for a useful catalyst [18]. The properties of MOFs that stand out are the high thermal
stability, the high porosity that serves as an active site for chemical reactions and the
enormous regenerative capacity that allows the reuse of these compounds, which finally
lead to a lower total cost for the catalytic reactions [19]. Altering the structure of a MOF
is not such a complex process and it facilitates the addition of different ligands to the
structure, thus making the network more useful in different scenarios, such as the solution
medium in which the reaction is taking place [20,21]. These processes allow MOFs to be
used in many areas, such as electrocatalysis, photocatalysis and biocatalysis [22–24].

Different ways of covering the need to create and use various types of renewable
energies, such as fuels and biofuels, by the use of CO2 and biomass as the main raw material
will be highlighted in the following sections. For the synthesis and chemical conversion of
CO2, catalysts will be mentioned based on the properties of metal–organic frameworks,
which affect different variables that significantly reduce the reaction parameters. In this
way, MOFs are shown to decrease the monetary and energy costs of the processes, which
are involved in the transformation of CO2 and biomass into valuable products.

2. MOFs for Conversion of CO2 into Light Hydrocarbons Fuels

Carbon dioxide is a very stable molecule, comparable to water (∆G◦
f = −396 kJ/mol).

Due to this fact, the use of CO2 as a precursor to obtaining valuable products requires high
energy; especially CO2 conversion to light hydrocarbon fuels (LHCF) [25,26].

An excellent alternative to producing renewable fuels starting with CO2 is using
catalysts, thus reducing the carbon footprint of the processes. The heterogeneous catalysts
offer an alternative to decreasing the high activation energies associated with CO2 activation
to produce renewable fuels. Zeolites, oxides, nanoparticles and supported catalysts have
shown promising results in the preparation of LHCF by CO2 reduction. This type of catalyst
is capable of controlling the selectivity to methane, C2–C8 paraffins and olefins, with a
detriment in the production of CO [27–35].

MOFs have been shown to be very active catalysts; they are useful in different chemical
reactions to produce valuable products. [36–39]. However, in this particular field, they
have not been used very often, despite having many attractive characteristics for the
conversion, for example, of CO2 into LHCF. These characteristics include a high surface
area, high pore size, Brönsted acid sites and a well-defined position of the active sites in the
crystalline network.

Several researchers have worked using MOFs in CO2 conversion into LHCF [40–43].
Generally, in these reactions, MOFs have been used as supporting material or to manufac-
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ture MOF-derived catalysts by pyrolysis. Particularly, the generation of MOF-derived cata-
lysts by pyrolysis offers interesting characteristics when compared to the classical supported
catalysts, that is, high dispersion of the active sites, thermal stability and surface area.

The performance, benefits and future perspective of the use of MOFs or MOF-derived
catalysts to produce light hydrocarbon fuels starting with CO2 will be presented and
commented on in the following section.

2.1. MOFs Used as Supporting Materials for Catalysts

As stated above, MOFs have been used as supports for catalysts, which are then
utilized to convert CO2 into LHCF. One of the most studied catalytic systems is metallic
nanoparticles (NPs) supported on MOFs since the porous nature of MOFs permits them to
accommodate the NPs.

Hu et al. [44] prepared five catalysts based on MIL-53(Al) and ZIF-8(Zn), using dif-
ferent modifications in the syntheses in order to obtain a variety of morphologies. All
catalysts were charged with α-Fe2O3 NPs. The most remarkable point was that, despite
the conversion for all catalysts being lower than 30%, the selectivity to hydrocarbons was
very high, between 75–80%. Additionally, the performance of the MOFs as the supporting
material was compared against γ-Al2O3 and α-Fe2O3 (without support) as control reactions.
The results showed clear differences associated with user support; the conversion and
the selectivity to hydrocarbons were higher when using MOFs as support than that of
the controls. Moreover, when comparing the two MOFs, it was possible to observe some
differences relative to the produced amount of methane and olefins. It became evident
that the selectivity was sensible to the acidity of the MOF used in each catalytic reaction.
Moreover, the conversion was also modulated by the morphology of the corresponding
MOF and particle size of the catalyst and surface area. The surface area was 1535 m2 g−1

for MIL-53(Al) and 1918 m2 g−1 for ZIF-8(Zn), with ZIF-8(Zn) being more active than
MIL-53(Al) as a catalyst.

Tarasov et al. [45] used MIL-53(Al) as support, but they embedded the material with
Co NPs as active metal sites. The obtained results were similar to those obtained by
Hu et al. [44]; the conversion was between 25–38% and the selectivity to hydrocarbons was
74–91%. The study focused on the effect of the reaction conditions, mainly the temperature,
which ranged from 260 to 340 ◦C. As the temperature was raised, the conversion and the
selectivity increased. The amount of methane increased with higher temperatures, while
the obtained amount of C2–C5 and C5+ was reduced. The Brönsted acid sites present in
the catalyst permitted the regulation of the relationship between paraffins and olefins. The
proposed mechanism related to this catalytic reaction assumed that the Co NPs generated
interactions with CO2, thus reducing it to CO. This step was followed by the Fisher-Tropsch
reaction (FTR), which produced light hydrocarbons (Figure 2).

The hydrogenation of CO2 was studied by Zhao et al. [46] using a Zr-based metal–
organic framework, Zr6O4(OH)4(BDC)6 (UiO-66) (BDC = 1,4-benzenedicarboxylate), as
support for Ni NPs generated by an in situ reduction, obtaining highly monodispersed ultra-
small nanoparticles (1.6–2.6 nm) (Ni@UiO-66). The catalysts were prepared by modifying
the load of Ni NPs from 5 to 30 wt%. The dependence of the conversion with temperature
was studied for the hydrogenation of CO2 to CH4; the highest conversions were achieved
when the loadings were 20, 25 and 30 wt% at 340 ◦C. The selectivity was tested for a reaction
time of 100 h at 300 ◦C, using a load of 20% (20Ni@UiO-66), obtaining 58% of conversion
and 100% of selectivity to CH4 [46].

A similar study by Zhen et al. [47] reported the synthesis of Ni@MIL-101 with the same
loadings of Ni NPs. The catalyst had a high surface area of 3297 m2 g−1, which showed
an excellent performance to methanation of CO2, achieving 100% of the conversion with
a 100% selectivity to CH4 at 300 ◦C. On the other hand, Zhen et al. [48] also used MOF-5
as support for Ni NPs. The catalyst exhibited a surface area of 2961 m2 g−1 at 300 ◦C; the
conversion was 57%, obtaining exclusively CH4 (Table 1).
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Table 1. Summary of catalytic results for the hydrogenation of CO2 with different supported catalysts.

Catalyst CO2 Conversion
(%)

Mass of
Catalysts (g)

Temperature
(◦C)

Selectivity (%)
Reference

CO CH4 C2–C4− C2–C4
= C5

+

MIL-53(Al)/Fe2O3 20 1 300 20 41 34 0 5 [44]
ZIF-8(a)(Zn)/Fe2O3 23 1 300 23 21 23 21 12 [44]
ZIF-8(b)(Zn)/Fe2O3 25 1 300 21 22 30 15 12 [44]
ZIF-8(c)(Zn)/Fe2O3 30 1 300 17 25 40 8 10 [44]
10%Co/MIL-53(Al) 25 0.8 260 26 26 22 0 26 [45]
10%Co/MIL-53(Al) 30 0.8 300 19 28 24 0 28 [45]
10%Co/MIL-53(Al) 38 0.8 340 9 32 27 0 32 [45]

5Ni@UiO-66 8 0.1 300 # # # # # [46]
10Ni@UiO-66 13 0.1 300 # # # # # [46]
15Ni@UiO-66 25 0.1 300 # # # # # [46]
20Ni@UiO-66 58 0.1 300 100 0 0 0 0 [46]
25Ni@UiO-66 50 0.1 300 # # # # # [46]
30Ni@UiO-66 41 0.1 300 # # # # # [46]

20Ni@MIL-101 100 0.2 300 100 0 0 0 0 [47]
10Ni@MOF-5 57 0.2 300 100 0 0 0 0 [48]

# The authors do not give information about the selectivity.

The hydrogenation of CO2 can also produce MeOH. The generation of MeOH, starting
from CO2, was tested by Somorjai et al. [49] using Cu NPs (18 nm) over two different
MOFs as support, UiO-66, MIL-101 and ZIF-8. The reactions were carried out at 175 ◦C and
0.4 g of the catalyst. The results were interesting since only CuUiO-66 was able to catalyze
the reaction, obtaining 5% conversion and 100% selectivity. The X-ray photoelectron
spectroscopy data obtained on the surface of the catalyst showed that the presence of Zr
oxide clusters or Zn oxides generated a strong interaction with the Cu NPs. This interaction
allowed the coexistence of different oxidation states of copper, which play different roles in
the mechanism of the production of methanol.

In a similar way, Lin et al. [50] developed Cu/ZnOx NPs supported on UiO-bpy in
order to take advantage of the synergistic interaction that occurs between copper and zinc.
The reaction was conducted at 250 ◦C and 0.1–0.3 g of catalyst; the conversion was 17.4%
and the selectivity to MeOH was 85.6%. The importance of the Zn was demonstrated using
only Cu in the reaction; the performance of the catalyst decreased. On the other hand,
a TPD of CO2 study revealed that the vacancies or unsaturated Zr sites of the support
(UiO-bpy) interact with the CO2 in the catalytic cycle. These open sites can adsorb CO2
and accept dissociated hydrogen atoms to form Zr-H, likely playing a key role in catalytic
CO2 hydrogenation.
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2.2. Catalysts Obtained by Pyrolysis of MOFs

Another synthetic route to obtaining heterogeneous catalysts for CO2 activation is the
preparation of these by pyrolysis of MOFs. Several papers can be found in the literature
reporting this technique, and these will be summarized in this section.

Liu et al. [51] synthesized Fe-based catalysts by pyrolysis of Fe-MIL-88. The catalysts
contained a high load of Fe, in comparison with classical supported catalysts. The authors
controlled the temperature and the time of the syntheses of these catalysts, with the loading
of Fe in the obtained catalysts resulting between 34–51%. The used conditions in the
preparation of these catalysts affected the mean particle size and dispersion. The authors
remarked that the dispersion of the active sites was more homogeneous than in the classical
supported catalysts. The results were promising; the best performance was achieved with a
46% conversion and 82% selectivity to light hydrocarbons, with C2–C4 paraffins (34%) being
the main products. Compared with the aluminum oxide supported catalysts, these MOF-
derived catalysts were capable of obtaining higher CO2 conversion and better selectivity
of valuable products. The MOF-derived catalysts showed larger stability than aluminum
oxide supported catalysts due to the high dispersion of metal particles in the matrix.

Another Fe-based catalyst was synthesized by pyrolysis of (Fe-BDC) MOF (BDC =
1,4-benzenedicarboxylate). The hydrogenation of CO2 after 12 h of reaction was promoted
by sodium, together with the MOF-derived catalyst (Na-Fe@C). The catalyst exhibited
interesting results, showing a conversion close to 40% and a selectivity of 80% to hydro-
carbons, with C5+ as the main product [52]. The authors also proposed a combination of
hierarchical zeolite H-ZSM-5 with the prepared MOF-derived catalyst, expecting to obtain
aromatics as the main products. The acid environment contributed by the zeolite did not
produce significant changes in the conversion; however, the new reaction environment
permitted the isolation of aromatic compounds. Moreover, the aromatic compounds were
the main products of the catalytic reaction. Different concentrations of zeolite were tested
and compared, and the most active one used 0.2 M of H-ZSM-5 together with Na-Fe@C,
with selectivities close to 30% for C5+ and 42% for aromatic compounds.

A similar process was tested by Martin, Dusselier et al. [53] by combining a chabazite-
type zeolite (CHA) with In-ZrMOF, starting from (Zr)UiO-67-bipy-In, which was calcined
at 580 ◦C for 5 h. The new material presented good dispersion and strong acidity, which
allowed for the couple activation of CO2. The catalytic reaction was carried out at 375 ◦C,
and the products were obtained with space–time yields of 0.1 mol of CO2 converted to
light olefins per gram of In per hour. However, the selectivity to CO was high at 70%, and
the remaining 30% was distributed between olefins (25%), with several minor products
also distributed among paraffins (2%), methane (2%) and oxygenated products (1%). In
this case, the acidity of the material allowed the breaking of the C-O bond, thus activating
CO2. Nevertheless, the following step corresponding to the hydrogenation of CO2 was not
successful due to the high amount of reported CO.

Ramirez et al. [54] reported the preparation of several catalysts by pyrolysis of Basolite
F300 (Fe-MOF). These catalysts contained a loading of ca. 41% of Fe. The set of catalysts
was prepared by the addition of 0.75% of fourteen different promotors and was used to
evaluate the improvement of the reverse water gas shift (RWGS) activity (Fe, Cu, Mo, Rh,
Pt, Ni) [55–60] or olefin selectivity (Li, Na, K, Mg, Mn, Ca, Zn, Co) [61–65]. The results
permitted us to conclude (Table 2) that the use of the different metals as promotors could
activate or inhibit the reaction. For example, K, Pt and Cu activated the reaction, increasing
the conversion in comparison with the used control catalysts. In contrast to the catalysts
without promotors, with Mo, Ca and Mn, the conversion decreased.
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Table 2. Summary of catalytic results of Fe/C catalysts using different metals as promotors at 320 ◦C.

Catalyst Conv. (%)
Selectivity (%)

CO C1 C2–C6 C2=C6 C7+

Fe/C 24 39 39 12 1 9
Fe/C + Fe 25 40 38 12 1 9
Fe/C + Cu 29 23 53 15 2 7
Fe/C + Mo 22 50 30 9 1 10
Fe/C + Li 26 38 40 12 2 8
Fe/C + Na 27 38 32 15 4 11
Fe/C + K 35 17 18 7 40 18

Fe/C + Mg 22 48 39 9 1 3
Fe/C + Ca 24 40 43 13 1 3
Fe/C + Zn 23 41 45 13 1 0
Fe/C + Ni 26 34 52 13 1 0
Fe/C + Co 26 32 51 14 2 1
Fe/C + Mn 23 45 38 8 1 8
Fe/C + Pt 30 22 51 19 3 5
Fe/C + Rh 25 17 63 19 1 0

The best promotors were K for the olefin selectivity and Rh for the RWGS reaction,
while the worst was Mo for this same reaction. The metals that resulted as promotors
considerably enhanced the selectivity towards hydrocarbons, varying it between 83% and
50%. Thus, the most active catalyst was that which contained K as promotor (conversion
35% and selectivity 83%). Furthermore, when this catalyst was used, a higher amount of
olefins (C2–C6) was obtained. The reaction conditions using this catalyst were investigated,
modulating the loading of K, the temperature of the reaction and time. The reaction time
did not present a significant effect and the loading of K did not change the conversion
when the loading was above 0.75%, while a lower loading of K decreased the conversion
and selectivity to HC. Finally, the optimal temperature resulted at 375 ◦C, achieving 40%
of conversion. Data corresponding to the catalytic reactions carried out at 320 ◦C are
summarized in Table 2.

Pyrolyzed MOFs have also been used in methanation reactions. From pyrolyzed
ZIF-67 (Co), Co-xH2/Ar was obtained with a surface area of 125 m2 gCo

−1. [66]. The
methanation reaction was conducted at 300 ◦C; the conversion achieved a 48.5% with a
97% of selectivity to CH4. In the same way, Ni@C was prepared by pyrolysis of Ni-MOF,
and the surface area was shown to be 177 m2 g−1. The temperature dependence of the
reaction was studied, and the conversion achieved 100% when the temperature of the
reaction exceeded 300 ◦C, with 100% selectivity [67]. Additionally, to understand the
reaction mechanism, in situ DRIFTS spectra were recorded, in order to show the catalyst
co-interacting with CO2 and H2 at different temperatures (between 50 to 400 ◦C). From the
results, it was possible to conclude that an intermediary species, Ni–CO2, was formed due
to the interaction between the catalyst and CO2, followed by the reaction of dissociated H to
form Ni–C–(OH)2 intermediates. These intermediates continued reacting with dissociated
H to produce CH4 and H2O.

2.3. Perspectives and Conclusions

The generation of renewable fuels from CO2 is a field intensely explored in recent
years. However, the direct use of MOFs as catalysts for this reaction is scarce and opens
up a great perspective of possibilities, mainly in the generation of light hydrocarbon fuels
from CO2. The recent reports discussed in this work show the first steps that have been
taken in this area, with interesting and promising results. Two strategies have been used
to convert CO2 in LHCF: MOFs used as supporting material for catalysts, and catalysts
obtained by pyrolysis of MOFs.

When MOFs are used as support, the intrinsic characteristics of MOFs are more
determinant in the result, modulating the conversion and the selectivity by surface area,
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dispersion or/and acidity. Moreover, the acidity of the support modulates the selectivity,
for example, the ratio between the obtained olefins and the paraffins. It is important to
consider that, at the time of designing a MOF as support, the use of a metal ion that will
provide an acidic environment has to be considered in order to increase the production
of hydrocarbons over CO. Additionally, the utilization of specific organic linkers, which
will increase the porosity and the surface area and directly affect the conversion in these
processes, has to be also evaluated.

On the other hand, the use of MOFs to prepare catalysts by pyrolysis will completely
change the original properties of the MOF. Moreover, the obtained new catalyst will present
high dispersion, low particle size and high surface area. The main point in the design of
the MOF is the selection of the active metal ion. The cited authors have used Fe or Co to
prepare this type of catalyst due to the fact that these metals are active in the RWGS and
the Fisher-Tropsch reaction.

An unexplored way to face these reactions is to directly test MOFs as catalysts, com-
bining the acidity of an active metal ion and the organic linkers that will generate high
surface areas. The combination of metals ions to produce bimetallic MOFs may also be a
promising area of focus to enhance the conversion and the selectivity to LHCF. Moreover,
these bimetallic MOFs may also be used in pyrolysis processes in order to obtain new
bimetallic nanoparticles with high dispersion, activity and selectivity.

In summary, MOFs have shown promising results, presenting high selectivity to LHCF.
Nevertheless, they have not been extensively used in this field and, therefore, remain
an open field of research. The use of catalysts is very important to generate sustainable
processes to convert CO2 into hydrocarbons, decreasing the carbon footprint and helping
to mitigate the greenhouse effect. The use of MOFs in these catalytic reactions still presents
many challenges, thus opening a number of new areas of research.

3. MOFs and Their Application in Hydrogenation and Oxidation Reactions for
Biomass Valorisation

This section will discuss the structural and chemical properties of MOFs, which must
be considered when choosing them as support or catalysts for biomass upgrading reactions.

3.1. Hydrogenation

Platform compounds found in biomass can undergo diverse transformations depend-
ing on the type of reaction in which they are involved. Hydrogenation or reduction
reactions are useful to obtain alcohol from carbonyl compounds [68] or saturated hydro-
carbons by cleavage of C–O bonds [69,70]. Herein, we present the properties of MOFs,
which directly influence the behaviour of hydrogenation reactions of biomass platform
compounds (Figure 3).
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3.1.1. Surface Area and Pore Size

Ruiqi et al. [68] reported the use of MOFs designated as UiO-66 and H-UiO-66 as
support for different transition metal nanoparticles (Au, Pt, Cu and Pd). These materials
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were used as heterogeneous catalysts in the hydrogenation of furfural, using molecular
hydrogen to obtain furfuryl alcohol. The best results were achieved in relatively mild
conditions (60 ◦C and 0.5 Mpa) using water as solvent and Pd/H-UiO-66 as the catalyst,
yielding a complete conversion and >99% selectivity to furfuryl alcohol with a TOF of
66.7 h−1. These good results are attributable to the high dispersion and uniform distribution
of the nanoparticles (NPs) over the highly porous MOF. This allows reducing the mass
diffusion resistance and grants great accessibility for the substrate to interact with the
active sites of the catalyst (Pd NPs). ATR-IR spectroscopy showed that the principal
interaction between the substrate and the catalyst occurred through the C=O and C=C
bonds (stretching bands at 1670 cm−1 and 1540 cm−1, respectively), which explains the
high selectivity of the catalytic system [71]. Since the hydrogenation of the carbonyl group
of furfurals is necessary for alcohol formation, the interaction between carbonyl groups
from the substrate and the Pd NPs from the catalyst is fundamental for high conversion
and selectivity [72].

Yuan et al. [71] also studied MOF UiO-66 as a support for several metallic NPs. The
obtained results indicated that the best catalyst was Ru/UiO-66, which showed a furfural
conversion of 94.9% with 100% selectivity to furfuryl alcohol. The Ru/UiO-66 catalyst
presented the highest surface area, as compared to the other catalysts studied in this work.
Another interesting feature was that the Ru NPs in the catalyst were oxidized in contact
with air. However, the obtained RuOx species were again reduced under the reaction
conditions, giving rise to the active sites for the hydrogenation of the substrate. The authors
suggest that the good results obtained were attributed to the small size of the Ru NPs (less
than 3 nm), the interaction of the Ru NPs with the support and the redox properties of the
RuOx species.

Jian et al. [73] used Pd@UiO-66, Pd@UiO-66–NH2 and Pd/UiO-66–NH2 in the catalytic
hydrogenation of levulinic acid (LA) to obtain γ-valerolactone (GVL). Results showed that
a good dispersion of Pd NPs throughout the MOF improves the conversion. The worst
dispersion was found in Pd/UiO-66–NH2, where Pd NPs were located along the edges of
the MOF instead of inside the MOF. This, because the traditional impregnation technique
yields Pd NPs with a 5.8 nm diameter, was too big to penetrate the MOF structure. On
the other hand, Pd@UiO-66 and Pd@UiO-66–NH2 were synthesized with a double solvent
method, using water and n-hexane [74], which produced Pd NPs with a mean particle size
of 1.1 nm, thus enabling them to enter the MOF structure. This procedure enhanced the
dispersion of the NPs. It is worth noting that the NH2 group had a notorious influence
on the loading of Pd contained within the MOF [75]. The percentage of Pd present in
the catalyst was determined by ICP-AES, showing a 0.57% for Pd@UiO-66, and 0.94%
Pd@UiO-66–NH2 (with an expected theoretical value of 1%). These results were explained
by the coordinating capacity of the –NH2 group, which retained the Pd NPs inside the
MOF. Under the selected conditions for the catalytic studies, Pd@UiO-66–NH2 presented
the best results both in structural properties, including Pd loading and dispersion, and in
catalytic activity, converting 98.2% of the substrate with a selectivity of 100% towards the
GVL after 2 h of reaction (hydrogen pressure, 2 MPa; temperature, 140 ◦C).

The proposed mechanism for the transformation of lactic acid to GVL sets the necessity
of sites that allow the activation of hydrogen and acid sites, including both Lewis and
Brönsted, which promote the LA dehydration. The Pd NPs take care of the first step,
activating the hydrogen when it disperses and adsorbs on them, while the Zr6 clusters
generate the Lewis and Brönsted acid sites that interact with the –OH group from the
LA [76–78]. When both molecular hydrogen and LA have interacted with the catalyst,
the first hydrogenation step occurs, producing 4-hydroxipentanoic acid adsorbed in the
NP@MOF system, followed by acid catalysed dehydration allowing the intramolecular
esterification thus yielding GVL [73]. This proposed mechanism remarks the importance
of good NPs dispersion along the MOF structure since it is a determinant for the hydro-
genation step. Another relevant factor is the existence of the acid sites present in the MOF
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structure, which makes possible not only the activation of LA but also the final dehydration
step, which is a common important factor in biomass upgrading reactions.

3.1.2. Acidity

As mentioned, acid sites play a very important role in the properties of a catalyst.
For example, Xiang et al. [79] studied the chemical transformation of furfuryl alcohol
into 4-hydroxi-2-cyclopenthenol (HCP) and 2-cyclopenthenone (CPE), using FeZn, FeZn-P,
Cr-MIL-101 and Fe-MIL-100 as catalysts. The Lewis acid sites are necessary for this reaction
since the substrate–catalyst interaction occurs on these sites to promote dehydration, aldol
condensation and hydrogenation of the substrate. In the FeZn and FeZn-P catalysts (double-
metal cyanide kind of MOFs or DMC), the ZnII ions correspond to the acid sites, while for
Cr-MIL-101 and Fe-MIL-100, the CrIII and FeIII are the acid sites, respectively. The catalysts
acidity was determined by FT-IR, measuring the absorption bands of pyridine chemisorbed
on the Lewis (1450 cm−1) and Brönsted (1540 cm−1) acid sites [80]. This study determined
that both FeZn and FeZn-P catalysts presented a Lewis/Brönsted acid site density ratio
of 10.2 and 12.8, respectively, while Cr-MIL-101 and Fe-MIL-100 only presented the Lewis
acidity with acid site densities of 2790 and 3072 mmol·g−1, respectively [79].

For the transformation of furfuryl alcohol, Brönsted acids such as H2SO4, HCl,
p-toluensulfonic acid, H-ZSM-5 (an acidified commercial zeolite), hyaluronic acid or
Amberlyst-15 (a strongly acid exchange resin) readily catalyse the hydrolysis reaction,
favoring the production of levulinic acid [81,82]. For example, when using Amberlyst-15,
only a 16.5% selectivity towards the HCP is achieved, yielding mostly levulinic acid as the
product. On the other hand, all the catalysts used by this research group presented Lewis
acid sites and exhibited higher yields for the HCP product. Cr-MIL-101 and Fe-MIL-100
presented a relatively lower conversion, being below 85%, with selectivity values ca. 70%
versus 88.8% of conversion (approximately 86% selectivity towards HCP) achieved with
FeZn, and 95.2% conversion (96.2% selectivity towards HCP) achieved with FeZn-P. This
behaviour was attributed to the weaker acidity of CrIII and FeIII ions as compared to that of
the ZnII ions.

When comparing the two DMC catalysts, the better results obtained for FeZn-P are
attributed, according to the authors, to the higher surface area (42.6 m2·g−1) and acid
density (1349 mmol·g−1). However, it is worth noting that while Fe- and Cr-based catalysts
present surface areas 20 and 70 times higher than that of FeZn-P and higher Lewis acid
densities as well, their conversions and selectivity still remain lower than FeZn-P. This may
be related to the absence of Bronsted acidity in Cr-MIL-101 and Fe-MIL-100, which would
have a significant impact on the catalytic activity of both materials in the furfuryl-alcohol
conversion.

The two DMC catalysts were used to study the conversion of furfuryl alcohol to CPE,
using from 2 to 6 MPa, augmenting the CPE yield from 20.4% to 61.5%, the highest achieved
conversion. This indicates that the DMC materials can be used as acid catalysts and hy-
drogenation catalysts. The authors point out that DMC catalysts have been primarily used
as acid catalysts, so, by being active in hydrogenation catalysis, they become bifunctional
catalysts for both types of reactions. This was corroborated with the study of the furfuryl
alcohol conversion to CPE using other catalysts in the presence of molecular hydrogen. The
acid catalysts Amberlyst-15 and Al-MCM-41 were not able to catalyse this reaction, while
the bifunctional DMC and MIL catalysts reported in this work displayed a considerable
CPE yield with the used experimental conditions, thus confirming the necessity of both
acid and hydrogenation catalytic active sites.

A point worth considering is the fact that the acidity of a MOF can be modified with
post-synthetic methods, such as the dispersion of Brönsted acid molecules (for example,
sulfuric or phosphoric acid) throughout the MOF. Phosphoric acid, for example, is able to
host inside the pores of MIL-101, enhancing its activity in the catalytic hydrodeoxygenation
of biomass oleic acid to yield saturated hydrocarbons [68]. In this work, the concentrations
of phosphoric acid dispersed in the Pt@MIL-101 supported system were varied, resulting
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in a dramatic enhancement of the oleic acid conversion from 15% to 57% when the con-
centration of phosphoric acid was raised from 30 mM to 60 mM. Further increase of the
concentration of phosphoric acid produced more discrete augmentations (conversions of
68% and 86.5% for 120 mM and 240 mM, respectively). A higher content of phosphoric
acid hosted inside the MIL-101 pores increased the Pt particle size distribution values
supported on the MOF. Moreover, the presence of this Brönsted acid had a direct influence
on the reaction mechanism, switching from a decarbonylation/hydrogenation system to a
hydrodeoxygenation and favouring the production of heptadecane over octadecane.

Another example is presented by Zhang et al. [83], who reported the use of MIL-
101–SO3H(x) as catalysts (x = 25, 50, 80 and 100) that have different amounts of –SO3H
groups. These catalysts were studied in the GVL hydrogenation reaction to obtain ethyl
valerate, with 98% conversion and 83% selectivity using H2 at 250 ◦C for 10 h. The authors
mention that the incorporation of a sulfonic acid functional group (–SO3H) in the MOF is
favorable due to the properties that this group confers to the catalyst, such as strong acidity,
favorable textural properties and high hydrothermal stability. The results indicated that a
greater number of –SO3H acid groups produced a greater conversion of GVL. On the other
hand, the obtained good results were attributed to the fact that the palladium supported
on the acid materials showed bifunctional catalytic properties, allowing an increase in
the density of acid sites. This resulted in increased activity in the opening of the GVL
ring and the subsequent hydrodeoxygenation of the C=O bond, allowing the intermediate
ethyl pentenoate to be obtained, which was then hydrogenated by the Pd particles to form
ethyl valerate.

3.1.3. Metal Nodes

The work by Anil et al. [84] indicates that metal node coordination plays an important
role in the catalytic activity of a MOF. The catalytic hydrogenation of furfural (FUR) was
studied, using Zr-based MOFs (Zr-MOFs) such as UiO-66, UiO-67 and DUT-52 as catalysts,
and 2-propanol (2P) as the hydrogen source. The reaction, in absence of the catalyst,
presents a conversion under 2%, and from 2% to 5% when carried out in the presence
of these Zr-MOFs. The values of conversion do not vary much, whether the reaction is
catalysed or not, nor even when the used catalysts are varied, despite the fact that these
have different structural properties [85]. While UiO-67 has the highest surface area and pore
size, its catalytic activity was not significantly higher than that of UiO-66 or DUT-52, thus
indicating that these parameters were not determinant for the catalytic system. However,
the number of metal nodes coordinated with carboxylic groups in the unit cell of different
MOFs appears to be relevant. When using catalysts with fewer nodes, the conversion is
improved. DUT-52 (12 Zr nodes) presented 2.1% conversion, while DUT-67 (8 Zr nodes)
had 16.4% and MOF-808 (6 Zr nodes) showed a dramatic increase with 81.3% of conversion
for the furfural hydrogenation. This relation between the lower number of nodes and the
higher conversion values is explained by the fact that fewer nodes mean more unused
space around the metal ions, allowing for better accessibility of the substrate molecules to
the active Zr sites, thus yielding higher conversions.

The number of acid and basic sites is another parameter influenced by the number
of metal nodes [86,87], and it is determined by TPD-NH3 and TPD-CO2, with MOF-808
presenting the highest values for available acid (0.85 mmol·g−1) and basic (0.15 mmol·g−1)
sites. This is consistent with the fact that MOF-808 is the most active of all the studied
Zr-MOFs.

The activation of MOF-808 with methanol modifies the catalyst metal nodes, altering its
structure without affecting the crystalline or porous properties of the MOF. This treatment
allows the removal of coordinated formate groups, µ3–OH and physisorbed DMF, and
generates the coordination of methoxi and terminal –OH groups, in addition to forming the
coordinatively unsaturated Zr sites, which facilitate the furfural and 2-propanol adsorption
on the metal nodes and enhance the catalytic activity. This has been proven by comparing
the results obtained for the same experimental conditions (T: 40 ◦C, t: 24 h, Cat/FUR/2P:
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0.1/0.5/12.5) for the hydrogenation of furfural, using the as-synthesized and the methanol
activated forms of MOF-808 as catalysts. The activated form surpassed the as-synthesized
conversion by over 60% (27.5% versus 96.5%), corroborating the effect of activating the
catalysts prior to its use [84].

The methanol activation technique was previously reported by Yang et al. [88], who
studied the activation of UiO-66 and Nu-1000, corroborating the formation of methoxi
groups on the metal nodes, which modify the surface chemistry of the MOFs. The same
author with a different research group [89] made use of this technique for the catalytic
dehydration of tert-butyl alcohol. The activated MOF was characterized by FTIR and
compared with the as-synthesized material. Two characteristic νC–H absorption bands
at 2931 cm−1 and 2866 cm−1, corresponding to formate groups coordinated to the Zr
nodes (Zr–OOCH), disappeared and were replaced by absorption bands at 2929 cm−1 and
2827 cm−1, corresponding to the νC–H vibrations from methoxi groups coordinated with
the Zr nodes (Zr–OCH3) [90]. Thus, the substitution of the formate groups by methoxi
groups necessary for the activation was confirmed. When analysing the spectrum of the
MOF activated with deuterated methanol, it is possible to observe that the methoxi bands
are shifted to lower energies (2203 cm−1 and 2060 cm−1), as expected for the νC–D vibration
of the deuterated methoxi coordinated group. Using spectral data, it was possible to prove
that the generation of these metoxi coordinated groups is in fact produced by the methanol
activation method.

The activated M-MOF-808 also proved to be an efficient catalyst in the hydrogena-
tion reaction of carbonylic biomass derivatives to produce alcohols. Among the studied
substrates, 5-hydroximethylfurfural (5-HMF), ethyl levulinate, 5-methylfurfural, benzalde-
hyde, 4-chlorobenzaldehyde and acetophenone were hydrogenated to their respective
alcohols in mild conditions (T: 82 ◦C, S/Cat: 0.106), yielding conversions and selectivities
above 90%. The summary of the reactions and its catalytic results are shown in the Figure 4
and Table 3.

Table 3. Different catalysts and catalytic conditions in hydrogenation reactions for biomass valorisation.

Catalyst Catalyst
(mg) Sudstrate Substrate

(mmol)
Hydrogen

Sours T (◦C) t (h) Conv.
(%)

Selectivity
(%) Product Ref.

a Pd/H-UiO-66 0.3 mol% FUR 5.0 0.5 MPa H2 60 3 100 >99 FOL [68]

b Ru/UiO-66 100 FUR 0.1 mL FUR in
9.9 mL H2O 0.5 MPa H2 20 4 94.9 100 FOL [71]

c Pd@UiO-66–
NH2

150 LA 5 2 MPa H2 140 2 98 100 GVL [73]

d
FeZn-P 100 FOL 10.2 - 150 6 95 88.2 HCP

[79]
FeZn-P 100 FOL 10.2 4 MPa H2 150 6 95 61.5 CPE

e Pd/MIL-101–
SO3H 100 GVL 10 3 MPa H2 250 10 98 83 Ethyl

valerate

f a Pt/P@MIL 50 Oleic
acid

0.0047
(mmol/s·gcat)

2 MPa H2 300 2 75 - HDO
products [70]

g M-MOF-808 100 FUR 10 IPA b 416
mmol

40 24 96.5 88.6 FOL [84]

a Catalysis in gas phase. b IPA: 2-propanol.
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3.2. Oxidation
MOFs as Sacrifice Templates (MOF Derived Catalysts)

As already mentioned, the use of MOFs as heterogeneous catalysts is based on the
adequate structural properties of the material, such as the ordered metal ions distribution
and the porosity of the MOF, which allows a good substrate diffusion in the catalytic pro-
cess [91–93]. However, the use of MOFs as sacrifice templates to obtain metal nanoparticles
(NPs) or supported metal oxides has become of great interest [94–96]. This method usually
consists of the generation of a MOF-support or MOF-nanoparticle system, which is then
calcinated or pyrolyzed [97], yielding a material with the reduced metal ions from the MOF
highly dispersed along the support or as nanoparticles. This allows the combination of
the porous properties of the support with the ordered dispersion of the catalytically active
species, producing a metal-support interface with interesting properties.
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Yu-Te Liao et al. [98] reported the preparation of the cage shaped catalysts,
AuxPd@Co3O4, used in the oxidation of 5-hydroximethylfurfural (HMF). These mate-
rials are alloys of Au-Pd nanoparticles supported on cobalt oxide and were obtained using
a De novo process, reported previously by the same group [99,100]. This method mixes
gold and palladium ions with the linkers and Co ions before producing ZIF-67. This yields
the Au-Pd-ZIF-67 system, which is then calcinated to form the AuxPd@Co3O4 catalysts.

The catalysts were prepared with different Au/Pd ratios, i.e., 0.1:0, 0.1:0.1, 0.05:0.1,
0.1:0.2, 0.05:0.2, 0.025:0.2, 0:0.2. The surface area and the pore size varied from 11 to
75 m2 g−1 and 10 to 55 nm, respectively. The highest performing catalyst, Au0.5Pd@Co3O4
(Au/Pd ratio 0.1:0.1), presents a specific surface area of 64 m2 g−1, much lower than the
original MOF specific surface area, 722 m2 g−1, due to the decomposition of the organic
framework. Even when it is known that a high specific surface area enhances the catalytic
activity of a MOF [97], in this case, the original structure is sacrificed to prioritize a better
interaction with CoII ions. The thermal treatment performed on the precursor (Au-Pd-
ZIF-67) is relevant, because this method allows a uniform distribution of the metallic NPs
in the Co3O4 cages, corroborated by TEM-EDX. Moreover, XPS analysis confirmed the
presence of highly active AuI ions in the interface between the NPs alloy and the Co3O4
support. The AuI ion formation has been observed in systems where Au is embedded
within reducible oxide supports [101,102]. To clarify the contribution of the MOF synthesis
method upon the presence of AuI ions, the authors compared Au0.5Pd/Co3O4, obtained
with the Sol-immobilization method, with Au0.5Pd@Co3O4, obtained with the De novo
method, showing Au+/Au0 ratios of 0 and 0.23, respectively. This study served to verify
that the method used to synthesize the MOF affects the presence of AuI ions. In the De
novo method, the metallic NPs are surrounded by the ZIF-67 crystalline lattice that contains
uniformly distributed CoII ions, while in the Sol-immobilization method, the NPs are
attached to the Co3O4 affecting the interface between the Au and the Co3O4. This was
also proved by the CoIII/CoII ratio in the cages of Au0.5Pd/Co3O4 y Au0.5Pd@Co3O4 (2.52
and 2.13, respectively), showing that there is a higher interaction between the metallic
NPs and the Co3O4 in the Au0.5Pd@Co3O4 system. A lower CoIII/CoII ratio represents a
higher interaction because it has been demonstrated that Au0 and/or Pd0 interact with
CoIII, forming Au+δ, PdII y CoII ions and decreasing the CoIII/CoII ratio [103].

The catalytic results indicate that AuxPd@Co3O4 catalysts present rather high HMF
conversion values (from 57% to 100%) to different products, i.e., 5-hydroxymethyl-2-
furancarboxylic acid (HMFCA), 2,5-diformylfuran (DFF), 5-formylfurancarboxylic acid
(FFCA) and 2,5-furandicarboxylic acid (FDCA). The best results were achieved with the
Au0.5Pd@Co3O4, which presented a 100% conversion and 95% selectivity towards the
desired product FDCA at 90 ◦C, using NaOH and Na2CO3 as basic media and 10%
H2O2 as the oxidizing agent. The good results are attributed to the cage-like structure
of Au0.5Pd@Co3O4 that has a homogeneous distribution of the Au-Pd NPs covered by
the cobalt ions, thus increasing the Au/Co3O4 interface. These structural features are
necessary for the catalytic process to occur since Pd forms part of the NPs alloy, allowing
an increase of AuI ions. The presence of Au and AuI ions produces hemiacetal and alcoxide
intermediates in the catalytic process, which then interact with hydroperoxide radicals
and oxygen produced in situ along the Au-Co3O4 interface. This allows the generation of
HMFA, FFCA and FDCA [101,104,105]. The high performance of Au0.5Pd@Co3O4 in the
oxidation of HMF to FDCA is mainly attributed to the Au-Co3O4 interface that facilitates
the HMFCA oxidation to FFCA. This is a slow step in the reaction, and it is relevant in the
production of FDCA [106,107]. On the other hand, there is an important contribution from
the hydroperoxide radicals produced from the H2O2, which activates the Lewis acid sites
on the Co3O4 and AuI and accelerates the oxidation reaction.

Feng et al. [108] also used ZIF-67 as a sacrifice template to obtain cobalt-based N-
doped carbon materials (Co@C–N), using these as heterogeneous catalysts in the oxidative
esterification of HMF to produce dimethyl furandicarboxilic acid (DMFDCA). Unlike
the work of Yu-Te Liao et al., this group pyrolyzed ZIF-67 alone to generate Co@C–N
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derivatives. The thermogravimetric analysis determined the pyrolysis temperature; this
is when the organic linkers decompose over 500 ◦C. Thus, pyrolysis temperatures of 600,
700, 800 and 900 ◦C were used. It was determined that the transformation of ZIF-67 into
metallic Co implies a mass loss of 73.3%. However, for this system, the mass loss for the
temperatures mentioned previously was between 28.3% and 46.6%. This indicates the
formation of a carbon-containing material instead of a material composed of only Co NPs.
To better understand the structural aspects of the catalysts, XRD analyses were performed
on the Co@C–N materials. The results showed the presence of graphite carbon sheets
and metallic Co. The intensity of the diffraction peaks suggests the formation of a Co
phase with a high crystallization degree. On the other hand, the Raman spectra of the
Co@C–N samples revealed G and D carbon bands characteristic for sp2 graphite carbon
and disoriented carbon, respectively [109]. The intensity ratio of the IG/ID bands for the
Co@C–N (600), Co@C–N (700), Co@C–N (800) and Co@C–N (900) materials was 0.86, 0.97,
1.29 and 1.97, respectively, which reveals that the crystalline degree of graphite carbon
could be improved with higher temperatures. These results make clear that it is possible to
obtain carbon-based materials containing Co NPs.

As mentioned above, the thermal treatment used on the MOF precursor is key to
achieving an adequate distribution of metallic NPs over the material structure, since it
derives in good dispersion of the catalytically active sites. SEM analysis proved that this
was achieved since the pyrolyzed NPs roughly kept the polyhedric form of ZIF-67 with a
slight contraction. Moreover, the SEM analysis made evident that the Co NPs were highly
dispersed on the material, which was mainly due to the order of the organic linkers from
the ZIF-67 precursor.

The presence of nitrogen and its influence in the catalytic process was investigated
as well. The N content for Co@C–N (600), Co@C–N (700), Co@C–N (800) y Co@C–N
(900) was found to be 9.7, 5.8, 2.1 and 0.6%, respectively, showing a decrease at higher
temperatures. Besides, two kinds of nitrogen species were found by XPS technique in the
Co@C–N catalysts by two high-resolution N1s peaks that suggest the presence of pyridine
nitrogen (c.a. 399 eV) and graphite nitrogen (c.a. 401 eV) [110]. These results indicate
that the relative content of graphite N increased with the pyrolysis temperature, while the
relative pyridine N content decreased as the used temperature was increased. This implies
a higher graphitization at higher temperatures, which is beneficial for better electronic
mobility. Reports indicate that a strong interaction between metallic NPs and graphite
walls can enhance the activity of nanocarbon catalysts’ activity due to the electron transfer
from the metal atoms to the carbon shells; a process that occurs until the Fermi level reaches
equilibrium [111,112]. Moreover, the pyridine N doping produces structural flaws in the
C–N compounds when forming the O2 adsorption sites and basic sites, which are necessary
for the formation of oxygen radicals, as well as the substrate interaction with the surface
of the catalysts. These structural features had a clear repercussion in the catalytic results
obtained for the oxidative esterification of HMF to produce DMFDCA.

The catalytic reactions were performed at 100 ◦C, using sodium carbonate as the
base, methanol as the solvent and 2 MPa of molecular oxygen as the oxidant. The most
active catalyst turned out to be Co@C–N (800) since it showed an appropriate nitrogen
content in its structure and a relatively high graphitic-N/C ratio, which contributed to the
balance between the nitrogen contents and nitrogen species. This balance can result in
higher electron mobility and more active sites, which helps in the activation and reduction
of O2. The strong electronic interaction between the Co atoms and N-doping carbon
is prone to generate strong electron acceptors (Co nanoparticles) and electron donors
(C–N composites), leading to the high catalytic activity of Co@C–N (800) in the oxidative
esterification reaction.

Another example of a MOF as a sacrifice template was reported by Bao et al. [113]
who synthetized an active catalyst for the aerobic oxidation of HMF to FDCA with holey
2D Mn2O3 nanoflakes (M400). These were obtained by the calcination of the MnTPA-MOF
at 400 ◦C. A remarkable detail is that the thermal treatment used on the MnTPA precursor
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generates a change in the MOF structure. This was observed in the calcination at 250,
300, 350 and 400 ◦C of MnTPA to obtain the M250, M300, M350 and M400 materials,
respectively. The PXRD, FESEM and N2 adsorption/desorption characterization analysis
demonstrated these structural changes caused by the used calcination temperature. The
PXRD diffractograms showed that the thermal treatment at 250 and 300 ◦C (M250 and
M300) resulted in the decreasing and widening of the diffraction peaks compared to the
MnTPA precursor, which implies the solvent elimination and partial amorphization of the
original MOF. When the temperature rises to 350 ◦C, the diffraction peaks of the MnTPA
precursor completely disappear, generating peaks that can be attributed to Mn2O3 (JCPDS
41-1442) and Mn3O4 (JCPDS 01-1127). This suggests the decomposition of the crystalline
MnTPA, forming metal oxides. The data collected from the FESEM analysis supports
this theory as a flake-like structure is observed with a smooth surface and a thickness of
60–130 nm for the pristine MnTPA, which is preserved in the M250 and M300 material
with few differences in surface and thickness. For the M350 material, the surface of the
flakes became rough, and pores began to appear as the thickness decreased to 30 nm.
When the calcination temperature increased to 400 ◦C, the thickness of the flakes was
ca. 20 nm, and more holes were observed. This, combined with the FTIR spectra of all
materials, showed that the structure changes due to the decomposition of the organic
linkers losing the crystalline structure to yield metal oxides. It is worth mentioning that the
morphological changes aim for a higher surface area of the catalyst, which, as we have seen
before, is a very important factor for the catalytic activity of any heterogeneous catalyst.
N2 adsorption/desorption studies were performed, and the results corroborate a higher
porosity of M400 over the rest of the materials. The study showed that M400 presents a
surface area of 61.5 m2 g−1 while the pore size distribution showed micropores of 2.4 nm
and mesopores of 22.7 nm, attributed to the nanoflakes pores and the interflake pores,
respectively, proving that the M400 material presented the most adequate characteristics to
be used as the catalyst.

Another important characteristic in a catalyst is the presence of metallic species that
have an adequate redox couple to carry out the catalytic process. XPS spectra showed that
M400 presented MnII, MnIII and MnIV ions, which allowed the presence of MnII/MnIV

and MnIII/MnIV redox couples (peak intensities of 0.36 and 0.77, respectively). These data
indicate a relatively high proportion of MnIV with respect to the other oxidation states.

M350 and M400 were selected as catalysts for the aerobic oxidation of HMF to FDCA
due to the structural properties of these materials. The reactions were made at 100 ◦C
and 1.4 Mpa of O2 in the presence of NaHCO3 (three equivalents of NaHCO3 for each
equivalent of HMF) for 24 h. For comparison, the same reaction conditions were used
in three other reactions, i.e., in the absence of the catalyst, using activated Mn2O3 as the
catalyst and using activated MnO2 as the catalyst. The results showed that in the absence
of any catalyst, the total yield of HMFCA and FDCA was below 4%. For the activated
Mn2O3, the total yield for HMFCA, FFCA and FDCA did not surpass 13%, and for the
activated MnO2, only a 12% yield was observed for the desired FDCA, with a 91.1% of
HMF conversion, revealing a poor selectivity. The M350 material showed an almost total
HMF conversion with an FDCA total yield of 76.1%, but this was lower than the 99.5%
FDCA yield of M400 with a 100% HMF conversion. This difference was attributed to the
presence of Mn3O4 in the M350 structure, while the good results obtained with M400 as the
catalyst were attributed to the abundant surface pores present in the M400 material since
they allow a better substrate diffusion and increased the catalytically active sites available
on the catalyst surface.

Up to this point, it has become evident that the pyrolysis temperature is important
to obtain a heterogeneous catalyst with adequate structural properties such as pore size,
surface area, metal dispersion and metal-support interface. Fang et al. [114] remark on
the importance of thermal control in the synthesis process. In this work, the ZIF-67 MOF
was encapsulated in the mesoporous silica KIT-6, which acted as support to obtain the
ZIF-67@KIT-6 precursor. This precursor was then calcinated at 250 ◦C to produce a catalyst
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with highly dispersed cobalt oxide NPs that maintained the support structure (Co@KIT-
6). The authors indicated that the control of certain parameters, such as heating rate,
temperature and calcination time, was crucial to achieving ultrafine metal oxide NPs. In
this work, a sufficient calcination time was critical for the complete oxidation of metal
ions and the elimination of organic linkers. The calcination temperature and the heating
rate were carefully set to 250 ◦C (above the MOF decomposition temperature in an O2
atmosphere [115]) and 1 ◦C/min respectively. According to the Kirkendall effect, the
dispersed and ordered metal ions tend to aggregate to reduce their surface-free energy
under thermal treatment. At higher temperatures (e.g., 275 ◦C or 300 ◦C), the metal ions
are more prone to aggregate in bigger particles (>5 nm). On the other hand, faster heating
rates (2 and 3 ◦C/min) accelerate the decomposition process, producing larger aggregates
(c.a. 5 nm). Hence, the key elements to achieve ultrafine Co3O4 NPs were slow heating
rates, low calcination temperatures and sufficient thermolysis time.

Co@KIT-6 was used as a catalyst in the aerobic oxidation of HMF to obtain FDCA
at 80 ◦C while using water as solvent. The authors made a comparative study using
KIT-6 and Co/KIT-6. The original KIT-6 did not present conversion under the reaction
conditions. Besides, the Co/KIT-6 prepared with a typical impregnation method exhibited
a poor activity, achieving a 10% HMF conversion and total FDCA yield of 9.5%. The
results obtained with Co@KIT-6 indicated a 100% HMF conversion with a 99% selectivity
towards the desired FDCA. These good results were attributed to the presence of highly
oxidant ultrafine Co3O4 NPs confined in the KIT-6 mesopores, which were effective for
the oxidation of HMF to FDCA, following the Mars van Krevelen reaction mechanism.
According to this mechanism, the lattice oxygen in Co3O4 facilitates HMF oxidation to
FDCA, being subsequently replenished by the oxygen present in the reaction atmosphere.

Fang et al. [116] have also reported the synthesis of FeCo/C bimetallic catalysts, used
in the aerobic oxidation reaction of HMF to obtain DFF. In this case, the FeCo/C catalysts
were obtained from MIL-45b MOF by thermolysis at 500, 600, 700 and 800 ◦C, with a
heating rate of 1 ◦C min−1 for 6 h. These were named FeCo/C(T), where T represents the
calcination temperature. The studies indicate that the best catalyst was FeCo/C(500), with
which conversion and selectivity of >99% to the DFF product were obtained. The good
results were attributed to the fact that the hollow structure of the FeCo/C(500) catalyst
promotes the adsorption of HMF, as well as the rapid desorption of the formed DFF, leading
to a higher product yield. The catalysts obtained at higher temperatures, i.e., 600, 700 and
800, did not present the same properties since the pores collapsed due to the effect of
the temperature. This highlights that thermal control in the synthesis of the catalyst is a
relevant parameter. The summary of the reactions and its catalytic results are shown in the
Figure 5 and Table 4.

Table 4. Catalytic conditions for the different catalysts of Figure 5 in the HMF oxidation.

Catalyst (mg) Substrate
(mmol) Base Oxidant Temperature

(◦C) Time (h) Conv. HMF
(%) Ref.

a 10 0.3 NaOH H2O2 90 1 100 [98]

b 10 0.3 NaOH/Na2CO3 H2O2 90 1 100 [98]

c 100 0.5 Na2CO3 O2 100 5 99 [108]

d 100 0.5 Na2CO3 O2 100 5 99 [108]

e 150 50 mM NaHCO3 O2 100 24 >99 [113]

f 150 50 mM NaHCO3 O2 100 24 >99 [113]

g 1 mol% 0.1 - Air 80 2 100 [114]

h 20 mol% 1 Na2CO3 O2 100 ◦C 6 >99 [116]
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3.3. Perspectives and Conclusions

It is evident that MOFs are a great alternative to be used in the synthesis of hetero-
geneous catalysts due to their high number of properties and versatility. Due to this, it
is important that this type of compound be studied in catalytic reactions that involve the
use of substrates from biomass. In this way, the properties of MOFs that were described
in this section are necessary to achieve good results in chemical transformations, which
involve platform compounds such as furfural or levulinic acid, since their derivatives are
important in the current chemical industry.

In this chapter, four properties were highlighted that are considered relevant when
designing a heterogeneous catalyst—based on MOFs for hydrogenation reactions—and that
can finally be extrapolated to other catalytic reactions. The first important characteristics are
the pore size and the dispersion of the nanoparticles within the MOF. Both are important
because they are related to the accessibility of the substrate to the active sites of the catalyst,
and the availability of these sites to carry out the catalytic process. In both cases, the choice
of the MOF and the catalyst synthesis method are important. Second, the type of acidic
sites that the catalyst may have must be considered, these being the Brönsted and Lewis
acidic sites. The acidic sites are essential to generate the possibilities of interaction of the
substrate with the active metallic sites of the catalyst; in addition, being able to modulate
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the selectivity of the reaction, depending on the type of acid site. Finally, the connectivity
of the metallic nodes with the ligands must be taken into account in such a way that there
is an optimal ratio of connected nodes that allows maintaining an adequate pore size
and high availability of active acid sites. It is possible to note that all the aforementioned
characteristics point to two central properties, the availability of the active sites of the
catalyst and the accessibility of the substrate to these active sites. Therefore, we consider
these parameters and the relationship between them to be of vital importance in designing
MOFs that may have interesting potential in the transformation of biomass.
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Abstract: There appears to be consensus among the general public that curtailing harmful emissions
resulting from industrial, petrochemical and transportation sectors is a common good. However,
there is also a need for balancing operating expenditures for applying the required technical solutions
and implementing advanced emission mitigation technologies to meet desired sustainability goals.
The emission of NOx from Fluid Catalytic Cracking (FCC) units in refineries for petroleum processing
is a major concern, especially for those units located in densely populated urban settings. In this
work we strive to review options towards cost-efficient and pragmatic emissions mitigation using
optimal amounts of precious metal while evaluating the potential benefits of typical promoter dopant
packages. We demonstrate that at present catalyst development level the refinery is no longer forced
to make a promoter selection based on preconceived notions regarding precious metal activity but
can rather make decisions based on the best “total cost” financial impact to the operation without
measurable loss of the CO/NOx emission selectivity.

Keywords: Pd-based promoter; NOx emission; environmental catalysis; refinery compliance; FCC

1. Instructions

As society develops awareness and concern regarding the extent that environmental
pollution, in particular that of the atmosphere, has a negative impact on the quality of
life, there is an ever-increasing demand for the (petro)chemical industry to take action
and contribute to the overall goal of environmental protection [1]. In an earlier commu-
nication we presented our view of the pragmatic approach towards CO oxidation in a
fluid catalytic cracking unit, both from a catalyst design as well as implementation cost
perspective [2]. There are, however, further considerations refineries may need to account
for when operating in highly regulated areas, where additional focus is dedicated to NOx
emissions [3].

For readers’ reference, the schematic depiction of the FCC unit regenerator setup
as well as the relevant catalyst movement steps under operating conditions are shown
in Figure 1. Aside from CO2, a greenhouse gas that is, unfortunately, emitted as part of
the FCC process due to spent catalyst regeneration, the regenerator is also potentially
a major source of CO emissions. These emissions are typically addressed by adding a
CO promoter component, often Pt- or Pd-based, to the FCC catalyst formulation [4,5].
The specific promoter choice is often based on the FCC unit certification and existing
emissions levels, as well as the financial commitment of the refiner towards environmental
protection. Commonly, some 2–5 pounds of CO promoter per ton of FCC catalyst are
necessary to maintain a reasonable (1–3 ppm) platinum group metal (PGM) concentration
in the circulating catalyst inventory [6].
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species that were not removed in the riser can be oxidized to NOx in the regenerator and 
thus contribute to the overall FCC unit NOx emission footprint [10,11]. 

Regardless, the key concern is that the generated NOx emissions are not only corro-
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Figure 1. The FCC unit regenerator as well as the associated catalyst logistic streams are schematically
shown. Image reprinted from a prior publication [2].

The critical downside of using promoter catalysts is that typically the PGM used to
successfully convert CO to CO2 is also prolific at oxidizing nitrogen-containing compounds
to NOx under the oxygen-rich conditions of the FCC regenerator [7,8]. The NOx emissions
from the regenerator may originate from a multitude of reaction pathways. As an example,
nitrogen species may originate from crude oil and then be deposited as part of coke-species
on the spent catalyst surface [9]. The combustion of coke in this case would lead to a release
of this nitrogen in the form of NOx once the catalyst is treated in the oxidizing environment
of the regenerator. Alternatively, NOx can also originate from nitrates and nitrites that can
be present in the crude oil feedstock and are decomposed in the regenerator to form nitrous
oxides. Finally, while not too common, residual ammonia species that were not removed in
the riser can be oxidized to NOx in the regenerator and thus contribute to the overall FCC
unit NOx emission footprint [10,11].

Regardless, the key concern is that the generated NOx emissions are not only corrosive
to the refinery equipment but are also highly harmful to the environment and human
health [12]. Sometimes a refinery exhaust stack system will include a selective noncatalytic
reduction (SNCR) process or selective catalytic reduction (SCR) emission system that allows
for NOx conversion to N2 by means of treatment with NH3 while invoking the help of a
catalyst [13,14]. While the general notion is that the SCR units can successfully take care of
NOx, there is still significant concern around the consistency and concentration of the NOx
emissions over time as well as the ability of the SCR unit to accurately control the NH3
dosing to match the ammonia demand to the NOx emissions at any given time during the
SCR unit operation [15]. The reason this aspect deserves significant attention is that the
failure to comply with the emissions regulations may force a refinery FCC unit shutdown
or may result in hefty financial penalties from the regulating authorities [16].

With the above considerations in mind, refineries located in areas with stringent
emissions regulations are therefore required to carefully select the promoter package used
in the FCC unit to achieve the delicate balance between CO oxidation and possible NOx
generation. Moreover, the refiner is also interested in a linear or at least as linear as possible,
emissions profile, to avoid any NOx emissions spikes that could potentially disrupt the
SCR operation and lead to a NOx breakthrough at the stack.

In the past, there have been several extensive and fundamental studies into the NOx
formation and mitigation chemistry [17,18]. Certainly, there is a significant degree of
understanding and a number of strategies, especially in mobile emissions catalysis, as to
ways for NOx mitigation [19]. In this work, however, we will review and discuss the poten-
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tial pathways towards improved NOx generation control as well as the practical aspects
of a catalyst design implementation in a refinery FCC unit. We will review approaches
that allow suitable CO/NOx selectivity, i.e., desired CO oxidation at acceptable NOx gen-
eration levels. Furthermore, the impact of different types of dopants on the promoter
activity and selectivity will be discussed. We will also share some of the considerations
the typical refiner needs to account for to maintain both an economically viable as well as
environmentally sustainable unit operation.

2. Results and Discussion
2.1. Promoter Pd-Loading

There is a general tendency for refiners to assume that when emissions related pro-
moters containing PGM are concerned, a higher loading (wt. % or ppm) of the precious
metal will yield higher activity, e.g., for CO oxidation. And, in fact, oftentimes this is the
case; however, the obvious question that a refiner will ask next is regarding the cost. That
is, is it worth the increased operating expenses?

To address this concern, we have prepared a series of catalysts with identical support
but varying concentration of Pd as shown in Figure 2. All samples discussed in this work
are summarized in Table 1 in the experimental section. The 250–1000 ppm Pd range is
quite typical for industrial applications [9], with higher concentrations generally less viable
in the refining industry due to the prohibitively high costs. As an example, 1000 ppm Pd
in a promoter would result in an ~900 $/kg Pd metal surcharge (at 2800 $/oz.t. Pd price
on 1 July 2021) [20]. In this work we have chosen a ceria/alumina support as basis for all
testing since the extent to which one can achieve lower NOx emissions has been shown
to depend on the ceria-content of CO promoters [2]. Among other possible explanations,
we want to mention here the potential of ceria to reduce a portion of the NOx emissions
by trapping some of the NO2 in the regenerator and storing it in the form of cerium
nitrate which can then be decomposed in the FCC unit riser. Examples of successful
implementation of this strategy are well known from prior reports of mobile emissions
catalyst systems [21–23].
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Table 1. The sample composition as well as measured CO conversion, NOx generation and CO/NOx ratio values for the
samples discussed in this contribution are reported.

Promoter CeO2
(wt. %)

CuO
(wt. %)

SrO
(wt. %)

Pd
(ppm)

Pt
(ppm)

Total Surface
Area (m2/g) 2

CO
Conversion

(%) 1

NOx
Generation

(%) 1

CO/NOx
Ratio

Reference-1 10 0 0 250 0 87 47.0 80.6 0.58

Reference-2 10 0 0 500 0 87 53.7 80.9 0.67

Reference-3 10 0 0 1000 0 87 55.7 90.2 0.62

Catalyst A 10 0.6 0 0 0 88 23.5 35.3 0.67

Catalyst B 10 0.3 0 500 0 86 46.8 65.1 0.72

Catalyst C 10 0.6 0 500 0 88 49.8 67.5 0.74

Catalyst D 10 0 0.6 0 0 90 4.8 6.8 0.71

Catalyst E 10 0 0.6 500 0 90 47.7 67.5 0.71

Catalyst F 10 0 1.2 500 0 86 47.6 79.1 0.60

Catalyst G 10 0 0 0 300 87 72.5 107.6 0.67
1 Test: 99% spent FCC catalyst + 1% fresh promoter, plug flow reactor operating at 1 L/min flow rate with a feed of 2 vol. % O2 in N2 at
700 ◦C. Values determined by comparing to a promoter-free base case experiment. The method used to calculate CO conversion and NOx
generation is reported in the next chapter. 2 The same batch of alumina support was used for all samples allowing for comparable pore size
distribution and structure for all catalysts. The typical total pore volume for this support is 0.2 cm3/g.

From Figure 2, Reference-1 (250 ppm Pd) appears to be only slightly inferior to
Reference-2 (500 ppm Pd) when the CO conversion efficiency is concerned. There is also
minimal to no variability in NOx emission, which one could consider surprising at first, yet
there may be a plausible explanation to this observation. As reported previously [24,25],
the effective PGM surface area available for the reaction does not necessarily scale pro-
portionally with the total PGM content in the sample. That is, while in a 1 nm Pd particle
~50% of Pd atoms form the surface, the surface Pd atoms in at 20 nm particle account for
only ~5% of the total Pd present in the particle. Therefore, it should not be surprising that
the activity benefit observed from the higher Pd content in Reference-2 and Reference-3
(Figure 2) offers are minor benefit to the overall promoter performance. This is especially
concerning from a practical utilization aspect since the Reference-2 and Reference-3, due
to their Pd content, come at a two- and 4-fold premium in PGM cost, respectively, when
compared to Reference-1.

Before we move on, we also need to emphasize that one of the key parameters which
may be used to assess promoter efficiency is the CO/NOx ratio, i.e., the NOx generation
penalty or cost for CO oxidation. Unsurprisingly, higher values would be more desirable,
and even seemingly minor shifts in this ratio can significantly affect the refinery’s decision
regarding the type of promoter/catalyst to be used in the unit. The CO/NOx ratios for
the reference promoters are listed in Table 1 with the Reference-2 design exhibiting the
best value at 0.67. With the above in mind, as well as considering the fact that in this
contribution we aim to demonstrate options that the typical refinery faces, and also in
order to stay within the reasonable PGM content limits that are typical for the industry, we
will use Reference-2 in subsequent comparisons.

2.2. Impact of Dopant Package

Based on the findings in the previous section, further testing is performed using
catalysts that contain 500 ppm Pd in all cases. The focus here is the impact of dopants
which may or may not affect the CO and NOx activity of the promoters. Figure 3 shows
the results observed for several samples that were prepared and tested in this study.
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The benchmark promoter in this series is the dopant-free Reference-2 catalyst that
demonstrates a 53.7% CO conversion efficiency at an 80.9% NOx generation level, which
yields value of 0.67 CO/NOx. The addition of just 0.3% CuO, Catalyst B in Figure 3, leads to
a decrease of CO conversion to 46.8% while generating only 65.1% NOx in the process, i.e.,
we observe a 0.72 CO/NOx yield. Interestingly, while the nominal yield of CO/NOx has
gone up from 0.67 observed for the undoped Reference-2 sample, the overall activity with
regards to absolute emission value has dropped significantly. This observation suggests
that CuO acts as a poison for the Pd that was deposited on the support surface. We note,
however, that this observation is not totally surprising as copper affinity to PGM is well
known [26,27] and has been earlier shown to be generally detrimental to Pd performance
in mobile emissions catalysts [21]. Cu can alloy with Pd, possibly forming Pd-core Cu-shell
structures as have been reported previously [28]. The encapsulation of Pd, i.e., deactivation
of the surface, would also explain the drop in NOx generation observed for Catalyst B.

Following the logic of the observation above, it would be reasonable to expect that
further addition of CuO would lead to an even stronger degree of Pd encapsulation
and deactivation. However, this is not the case. When doping 500 ppm Pd with 0.6%
CuO (Catalyst C), the promoter appears to gain some CO activity (49.8%) and develops
additional NOx (67.5%). As a result, a CO/NOx ratio of 0.74 is observed, which appears to
be an improvement, in fact to be the best sample discussed in this set so far. The results
suggest that CuO may be a CO promoter that just happens to partially deactivate Pd, at
least to a certain degree.

To further explore the behavior of CuO as a catalyst under chosen reaction conditions,
a Pd-free 0.6% CuO Catalyst A is tested (Figure 3). With a CO conversion level of 23.5% at
a NOx generation of 35.3% the catalyst exhibits a CO/NOx of 0.67, which, coincidentally,
is same as the Cu-free Reference-2 catalyst. This observation suggests that the PGM-free
catalyst exhibits the same selectivity for CO as the Pd-design yet achieves only ~44% of
the total activity of the PGM option (Reference-2). The importance of this observation is
that beyond the simple “highest conversion catalyst” choice one now needs to also address
concerns of a more practical nature to determine the “best” solution for the application in
each specific case.

In most cases, the refinery will first need to consider whether the performance of a
promoter, present typically at a 0.5–1 wt. % loading in the FCC catalyst blend, is sufficient
to meet the set emissions targets. In this case, one would expect CuO-based, or similar
in nature, catalysts to dominate the CO promoter field. Alternatively, the refinery could
choose to accept a blend with a much higher promoter loading, yet that could come
at the expense of the FCC activity [29]. Furthermore, the addition of higher promoter
amounts tends to effectively serve as a cracking catalyst dilutant and, therefore, may result
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in reduction of the unit conversion as well as gasoline and LPG yields, a compromise
most refiners would not be willing to accept. Furthermore, increasing the dosing of the
CuO-based promoter, e.g., such as Catalyst A, would lead to significant CuO-levels in
the equilibrium catalyst (ECat) that is periodically extracted from the FCC unit. Blending
of Catalyst A and Reference-2 to achieve reduced Cu levels is described in detail in the
Supporting Information section (Figure S1).

The equilibrium catalyst, also referred to as purchased equilibrium catalyst (ECat
or PCat), is not necessarily a refinery waste stream. On the contrary, this material is a
commodity that the refinery can often sell to another refinery that operates under different
constraints or has a very limited operating budget, in which case the purchase of the
relatively cheap PCat may be a financially viable option to maintain business. In fact,
under the COVID-19 economic conditions, when the demand for transportation fuels
dropped to historically low levels [30], a significant number of refineries were forced to
switch to elevated levels of PCat purchasing from certain large and complex FCC units
globally to be able to sustain operations. One of the main concerns around using CuO
in FCC units is the strong tendency to dehydrogenate hydrocarbons, which in turn leads
to significant amounts of H2 and coke as well as has a detrimental effect on gasoline and
LCO yields [31,32]. For those reasons, the general notion in the refining community is
to avoid adding metals such as Cu, Ni or Co to the FCC units. Certainly, this makes the
CuO-containing CO promoters less attractive and becomes a concern for potential buyers
of PCat.

A further concern is that the increase of CuO concentration in PCat can trigger several
environmental health and safety (EH&S) concerns around the handling and disposition of
spent catalyst, with Cu known to be a potential hazard for aquatic species when exposed
to marine environments or landfilled in significant concentrations [33,34].

With the limitations for CuO-based promoter use as described above, a more common
approach for a refinery is to choose a PGM-based promoter, often using Pt or Pd as the
key catalytic species. This in turn brings us back to the results described above where the
Pd-based CuO-free system (Reference-2) offers a CO/NOx selectivity of 0.67 at an overall
CO conversion level of ~53.7%. That is, the catalyst has the necessary activity density
such that when it is added to the FCC blend at a maximum level of 1 wt. %, the desired
emissions targets can be met without diluting the cracking catalyst.

The cost of the catalyst support in the example studied here would be essentially the
same in all cases as we have purposefully used the same ceria/alumina support throughout
the study. Hence, the differentiation of the cost is predominantly driven by the cost of
the PGM and/or dopants, if these are present. To keep the overall analysis transparent,
we need to make an assumption that the fixed cost of PGM and/or CuO deposition on
the support is identical and will thus not affect the overall financial estimates. That is,
we focus here on the cost of raw materials while omitting the large-scale manufacturing
concerns to simplify the discussion. We also use a Pd metal spot value of 2800 $/oz.t.
(reasonable average value for the late Q2 2021) [20] and a Cu-nitrate solution (28%) value
of 3 $/kg. With the constraints in mind, Reference-2 with the CO/NOx selectivity of
0.67 costs ~450 $/kg in Pd for a promoter achieving a total CO conversion of ~53.7%. The
refinery may choose to go for a higher CO/NOx selectivity, e.g., 0.74 achieved by Catalyst
C (500 ppm Pd + 0.6% CuO), which would still cost ~450 $/kg because of the negligible
(<0.1 $/kg) cost impact from addition of the CuO in this case. Therefore, at first glance, it
would seem the shift in selectivity is essentially free, however, as discussed earlier, CuO
has some tendency to poison Pd, i.e. the shift in selectivity also leads to a decrease of the
overall CO conversion efficiency from ~53.7 to ~49.8%. While seemingly minor, this ~7.2%
relative decrease of activity must be considered. If the refinery is operating well below the
CO emission limit while being close to the maximum allowed NOx emission, the refinery
may choose to pay the premium and accept the less-than-perfect Pd utilization. On the
contrary, if the refinery is somewhat concerned about NOx, but aims to comply with the CO
emissions regulation, the unit would be forced to use a more selective catalyst but increase
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the dosing. For example, to match the CO activity of the CuO-free catalyst, one would
need to dose 7–8% more of the Pd/CuO promoter, which in turn further increases cost to
~480–490 $/kg, a roughly 30 – 40 $/kg premium for the improved CO/NOx selectivity.
Considering the promoter consumption across a network of refineries on an annual basis,
especially in light of recent margin pressure, a decision to purchase premium promoters
with better selectivity as opposed to a “good-enough” promoter, becomes quite costly.

In addition to addressing the NOx emissions in the regenerator through a careful
choice of a promoter catalyst, one can also choose to trap and store NOx using a NOx-
adsorber, which can then be regenerated in the riser, where NOx would be reduced to N2
and NH3, both of which can be removed at the top of the riser column. The concept of
trapping NOx is well established in the field of mobile emissions control, where elements
such as Sr and Ba are used to selectively trap NO2, e.g. in diesel motor emissions control
systems [35–37]. The adsorber functions in a stoichiometric way and, ideally, should not
introduce any adverse performance effects to the overall promoter system. To explore the
potential of the trapping concept, we have decided to invoke Sr (Catalyst D, E & F) and
compare it’s impacts on the promoter activity with the Pd-only (Reference-2) system. Sr was
chosen over Ba due to its molecular weight (87.62 g/mol for Sr compared to 137.33 g/mol
for Ba), which means that at the same nominal wt. % in the promoter formulation we
can achieve a significantly higher number of Sr-sites, and consequently an ~32% higher
potential nitrate capacity (SrO vs. BaO) as both elements can bind two NO2 molecules [38].
The CO conversion % as well as NOx generation % values for the compared samples are
reported in the Figure 4.
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Since Sr is known to have no redox activity [38,39], it is a reasonable assumption
that the addition of Sr does not lead to an increase in the CO oxidation activity. It is
also not likely that the addition of a relatively small (0.6 wt. %) amount of SrO dopant
could markedly block CeO2 (or rather the mixture of Ce2O3 and CeO2) that is part of
the catalyst support, from delivering some “background” CO oxidation activity. This is
exemplified in Figure 4 where Catalyst D (PGM-free SrO/CeO2-based design) shows a
4.79% CO conversion efficiency and a 6.82% NOx generation. CO/NOx ratio in this case is
0.71, however, we do not deem it to be significant since the overall activity is extremely
low. The unanswered question, nonetheless, is whether the addition of Sr has any benefit.
That is, whether Sr can capture NOx, but the amount generated on the ceria support is
overwhelming the trap or whether the trap cannot effectively function due to the high
operating conditions of the regenerator. This concern gains importance since the traditional
NOx trap operating window in mobile emissions applications, e.g. for Fuel Cut NOx Trap
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(FCNT) applications, is between ~300 and 500 ◦C with temperature above ~650–700 ◦C
used for the trap regeneration [40].

To explore this concern further we have prepared the promoter Catalyst E with
500 ppm Pd and 0.6 wt. % SrO on the same particle, see Figure 4. Interestingly, there is no
benefit in NOx emission reduction, but there appears to be a reduction in the CO oxidation
activity. Whether this observation suggests that Sr affect the Pd/support interaction and
limits the PGM ability to make CO2 remains unclear at this time. To further probe the
concept, we have also prepared Catalyst F (500 ppm Pd with 1.2% SrO), which seems to
maintain the CO activity same as Catalyst E, but now allows a slight decrease in NOx
generation. While conceptually possible, we suggest that further increase of SrO content
becomes impractical for refineries for reasons like those discussed for CuO earlier. SrO is
certainly less of an EH&S concern when it comes to catalyst handling, however, there is
still the potential for Sr-mobility. Specifically, there is the concern of Sr forming carbonate
deposits around valves and fittings in an FCC unit, which while not highly likely, is
something refiners would consider, especially when the Sr levels are increasing above
~1–2 wt. % in the promoter catalyst.

2.3. Pt vs. Pd Comparison

Let us now turn to the obvious question the reader may have after the Pd-based
catalyst analysis: how does a Pd-based promoter compare to a Pt-based promoter? In the
past it was common to argue that NOx-sensitive FCC units ought to use a Pd promoter and
all other units can use Pt-based catalysts. While there may have been a performance-related
rationale in the past, when emissions standards were less stringent and the promoter
catalyst designs were very simple, e.g. PGM/Al2O3. Furthermore, Pd used to be more
affordable in the past compared to Pt [19,20]. This trend reversed in 2015 with the decrease
in consumer preference for diesel-powered light-duty vehicles, which led to a decline in
the global Pt prices [41]. Today, in 2021, with Pd price is more than double that of Pt, the
number of refineries willing to utilize Pd-based promoters is declining. To address the
question at hand, we have compared Reference-2 with a Pt-based promoter (Catalyst G)
using the design and sample synthesis methods reported in a previous publication [2].
Because the support material is ceria-alumina in both cases, we can specifically probe the
impact of the PGM on the observed performance. The comparison is reported in Figure 5.
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Catalyst G exhibits strong CO conversion at 72.5% while generating 107.6% NOx
emission, which yields a CO/NOx ratio of 0.67. Incidentally, and quite surprisingly, this is
exactly the CO/NOx ratio observed for the Pd-based Reference-2. For readers convenience,
we have also included a linear extrapolation of the performance of Reference-2 (reported
as Reference-2* is Figure 5) performance at an elevated usage in the unit assuming the goal
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of the experiment were to match CO activity of the Pd-based design to that of Catalyst G.
Not surprisingly, the NOx is almost identical to what is observed for the Pt-based catalyst
G since the CO/NOx ratio in this assumption remains unchanged. Considering the PGM
cost of Reference-2 is ~450 $/kg, increasing the dosage by ~26% to match the CO activity
to Catalyst G (300 ppm Pt design), the PGM cost of Reference-2* is estimated at ~567 $/kg.
Note that Catalyst G, a Pt-based CO promoter, has a PGM cost of only ~107 $/kg at current
Pt (1135 $/oz t. in July 2021) value [20], making Catalyst G very attractive from a cost to
operate perspective.

What the observation also suggests is that because the CO/NOx ratios of the two
promoters, Catalyst G and Reference-2, are identical, one can now choose the suitable
PGM based on refinery environmental regulatory (e.g., EPA in the US) consent decrees or
PGM price, rather than NOx performance. In other words, the former notion of having to
use a Pd-based promoter for FCC units that are NOx constrained is not necessarily true
at present. This in turn is excellent for the refineries, who can now maximize the cost
savings by choosing the product based on current market PGM-price. That is, in Q2 2021
Pt-based promoters are strongly preferred, however, in the future, should Pd once again be
lower priced than Pt, the Pd-based promoters can once again become financially attractive.
Moreover, it appears there is flexibility in the choice of PGM, after all, the two catalysts
compared here are supported on the exact same kind of ceria-alumina support.

3. Experimental
3.1. Material Synthesis

A series of reference and experimental catalysts was prepared-the full list is provided
in Table 1. In all cases, γ-Al2O3 microspheres with a typical D50 of 80 µm and a total surface
area (TSA) of 90 m2/g were used as the alumina support. Commercially available cerium
nitrate, copper nitrate and strontium nitrate, industrial grade in all cases, were used as
precursors to form the doping package for the alumina support. An aqueous solution of
Pd-nitrate, with a typical Pd-content of 20 wt. %, and Pt-nitrate, with a typical Pt content
of 10 wt. % was used as PGM source. Both dopants as well as PGM were deposited via
incipient wetness impregnation to afford even metal distribution on the support.

Reference catalysts 1–3 were prepared by impregnating the alumina support with
the aqueous palladium nitrate solution such that the desired final metal concentration is
achieved. The reference catalysts included in this study (reported in Table 1) are Pd/Al2O3
with 250–1000 ppm precious metal loading, as earlier reported as industry standard and
reference point in the past [9]. Experimental Catalysts A–G were prepared by first im-
pregnating the alumina support with cerium-nitrate such that the desired final CeO2
concentration is achieved. The support is then calcined at 550 ◦C for 2 h. For Catalyst A,
the ceria-alumina support was further impregnated with Cu-nitrate at incipient wetness
and the material was then calcined at 550 ◦C for 2 h. Catalyst B is prepared like catalyst
A but using half the amount of Cu-nitrate to achieve the desired CuO-concentration. The
material is then calcined at 550 ◦C for 2 h. Subsequently, the desired amount of the Pd
nitrate solution is impregnated onto the CeO2/CuO/Al2O3 support. Catalyst C is pre-
pared by impregnating Catalyst A with the desired amount of the Pd nitrate solution such
that the final Pd concentration target is met. Catalyst D is prepared by impregnating the
ceria/alumina support with strontium nitrate followed by a calcination at 550 ◦C for 2 h.
Catalyst E is prepared by impregnating Catalyst D with the desired amount of the Pd
nitrate solution such that the final Pd concentration target is met. Catalyst F is prepared by
impregnating the ceria/alumina support with strontium nitrate followed by a calcination
at 550 ◦C for 2 h. Subsequently, the material is impregnated with the desired amount of
the Pd nitrate solution such that the final Pd concentration target is met. Catalyst G is
prepared by impregnating the ceria/alumina support with the desired amount of the Pt
nitrate solution. For all catalysts, upon PGM deposition, samples were calcined at 550 ◦C
for 2 h.
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The chemical composition of the catalysts was verified using a combination of X-
ray Fluorescence (XRF) (PANalytical, Westborough, MA, USA), used for base and first
transition row metal quantification, as well as Inductively Coupled Plasma (ICP) (Agilent
Technologies, Santa Clara, CA, USA), used for Pd and Pt quantification. The measured
values are essentially equivalent to those reported in Table 1, with a typical uncertainty
of ~0.1 wt. % for base and first transition row metals and ~15 ppm for Pd and Pt. As
there is no indication that the reported levels of experimental uncertainty in the chemical
composition analysis could significantly affect the observations or conclusions presented
in this work, these values were rounded up when reported in Table 1.

3.2. Catalyst Ageing and Testing

All catalyst testing work was performed as the Chemical Process & Energy Resources
Institute (CPERI) located in Thessaloniki, Greece. The testing was in accord with the indus-
try standard protocol of CPERI; detailed description of this test protocol was previously
reported [42].

The protocol for the evaluation includes mixing spent FCC catalyst with the additive
(1 wt. %) and loading this mixture in a fluidized bed reactor. The above mixture is then
regenerated at 700 ◦C by 2 vol. % O2 diluted in N2. The NOx and CO emissions were
measured during the regeneration procedure. The reduction in CO emissions resulted in
increased NOx emissions.

The effect of catalyst mixtures on NOx and CO emissions during regeneration of FCC
catalyst was tested using a fluidized-bed reactor. A three-zone radiant heater furnace is
used to heat up the reactor to the desired temperature, achieved via standard temperature
controllers. Reaction temperature is measured by a thermocouple placed inside the catalytic
bed. The bench-scale unit is equipped with a gas feed system, capable to supply the
following gas components: O2 and N2. The volume flow rates of individual components,
at the laboratory temperature, are monitored by mass flow controllers. The analysis section
of the unit involves a FT-IR gas analyzer from MKS Instruments (MKS-MG2030). For the
purposes of this study the signals from the NOx and CO were recorded and stored in the
PC every 5 s. Integration of the gas concentration vs. time curves provided the cumulative
amounts of gases produced or consumed.

All of the additives were evaluated in respect to their ability to affect NOx and curtail
CO emissions during the regeneration of the spent FCC catalyst. The pure spent catalyst
was used for the base case tests, while for the evaluation studies mixtures of 1 wt. % of the
additive and 99 wt. % of the spent catalyst were loaded on the reactor. All catalytic materi-
als were sieved at 63–106 µm. The reaction conditions for this protocol are summarized
in Table 2. Pure spent catalyst was tested as a base case and each experiment was carried
out more than once for repeatability reasons. All results showed great repeatability, for the
chosen reactor setup and under the specific experimental conditions reported in this study,
an average variation of ±5% was determined. For readers’ reference, this variation is also
reported as error bars in the Figures presented in this report. The NOx generation and
CO conversion, defined as follows from integrated amounts (gmol/gr of spent catalyst),
is also calculated in relation to the base case. All catalysts were tested after a simulated
steam-ageing, which is used to simulate the regenerator portion of the FCC operation
cycle and has been demonstrated sufficient to discern trends and draw reasonable conclu-
sions for promoter catalyst previously [2]. The chosen procedure is a 12 h ageing with a
Tmax = 787 ◦C using a closed, fluidized steam reactor that using 90% H2O-steam/10% N2
mixture.
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Table 2. The CO promoter testing parameters are reported.

Reactor Type Fluid Bed

Reactor loading 10 gr

Catalyst mixture 99 wt. % spent FCC catalyst + 1 wt. % CO promoter

Inlet gas flow rate 1 L/min

Inlet gas composition 2 vol. % O2 in N2

Reactor bed temperature 700 ◦C

The CO conversion (% decrease) values were calculated using the formula reported
in Equation (1) below, where the “Base Case” refers to the CO emissions as measured
for the non-promoted base system, i.e., the spent FCC catalyst without any additional
environmental additives. In this “Base Case” the spent FCC catalyst is diluted with
1 wt. % inert microsphere phase to allow for correct catalyst amount for subsequent
comparisons (inert replaced with active ingredients). The “Promoter” refers to the CO
emissions observed when the spent FCC catalyst is promoted with the respective additive
at a 1 wt. % doping level. In this way, the measured results can directly be related to the
additive performance.

CO (% decrease)= 100×COBase Case − COPromoter

COBase Case
(1)

The NOx generation (% increase) values were calculated using the formula reported
in Equation (2) below, where the “Base Case” refers to the NOx emissions as measured
for the non-promoted base system, i.e., the spent FCC catalyst without any additional
environmental additives. Similar to the approach described above, in the “Base Case” the
spent FCC catalyst is diluted with 1 wt. % inert microsphere phase to allow for correct
catalyst amount for subsequent comparisons (inert replaced with active ingredients). The
“Promoter” refers to the NOx emissions observed when the spent FCC catalyst is promoted
with the respective additive at a 1 wt. % doping level. In this way, the measured results
can directly be related to the additive performance. Note that the general trend for CO
promoters to oxidize CO to CO2 and N-species to NOx, in the context of Equation (2),
results in positive values for NOx generation, as it describes the additional NOx forming as
a result of promoter addition to the FCC catalyst.

NOx (% increase)= 100×NOxPromoter − NOxBase Case

NOxBase Case
(2)

4. Conclusions

In this work we have considered the conceptual approaches toward NOx mitigation
from a refinery FCC unit and have found that the key consideration when choosing
a catalyst is not only based on the absolute activity values, but also on the CO/NOx
selectivity as well as the overall promoter cost to the refinery. There are clear benefits
of using dopants, e.g. Cu and Sr, however their practical application is limited due to a
number of operational, economic as well as EH&S concerns. With the current generation of
promoter catalysts as well as the existing emissions regulations in mind, it is now viable to
use Pt-based promoters instead of Pd-based ones, that were preferred in the past when the
Pt/Pd cost spread was significantly in favor of Pd.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11101146/s1, Figure S1: The CO conversion and NOx generation emission values
observed for selected catalysts are reported. The values are generated following the procedure
described in Section 2.2. Table S1: The estimated sample cost as well as measured CO conver-
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sion, NOx generation and CO/NOx ratio values for the samples discussed in this contribution
are reported.
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Abstract: This work studied the removal of phenol from industrial effluents through catalytic
ozonation in the presence of granular activated carbon in a continuous fixed-bed reactor. Phenol
was chosen as model pollutant because of its environmental impact and high toxicity. Based on the
evolution of total organic carbon (TOC) and phenol concentration, a kinetic model was proposed to
study the effect of the operational variables on the combined adsorption–oxidation (Ad/Ox) process.
The proposed three-phase model expressed the oxidation phenomena in the liquid and the adsorption
and oxidation on the surface of the granular activated carbon in the form of two kinetic constants, k1

and k2 respectively. The interpretation of the constants allow to study the benefits and behaviour
of the use of activated carbon during the ozonisation process under different conditions affecting
adsorption, oxidation, and mass transfer. Additionally, the calculated kinetic parameters helped
to explain the observed changes in treatment efficiency. The results showed that phenol would be
completely removed at an effective contact time of 3.71 min, operating at an alkaline pH of 11.0 and
an ozone gas concentration of 19.0 mg L−1. Under these conditions, a 97.0% decrease in the initial
total organic carbon was observed.

Keywords: catalytic ozonation; three-phase modelling; fixed-bed reactor; wastewater treatment;
phenol; granular activated carbon; Ad/Ox

1. Introduction

Increases in the world population and the industrial revolution have brought many
advantages to humanity. However, the intensive use and pollution of natural resources
is leading many developed countries on the European and American continents towards
an ecological deficit by the first third of the 21st century [1]. For this reason, national
governments are encouraging the improvement of manufacturing production processes to
increase the efficiency of water resources, as well as raw materials, in order to minimise the
environmental impact of goods produced. In the context of water scarcity, the responsible
use and management of wastewater is a desirable objective [2].

To safeguard the environment and public health, it is necessary the development and
implementation of effective wastewater treatment that allow us to exceed the quality stan-
dards regulated by the U.S. Environmental Protection Agency’s (EPA) Water Quality Stan-
dards Regulation (WQSR) [3] or the Water Framework Directive (Directive 2000/60/EC) of
the European Union [4]. This is one of the highest-priority challenges that society must
solve in the next decade. In fact, in 2015, the United Nations (UN) included SDG 6 on Clean
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Water and Sanitation in the Sustainable Development Goals (SDGs) for the safe treatment
of wastewater, to ensure the availability of water and its sustainable management for future
generations [5].

A common example of this type of pollution is phenolic wastewater from the cellulose,
oil refining, metallurgical, and plastics industries [6]. Phenol is an EPA priority compound
listed on the Contaminant Candidate List 4 (CCL4) [7] of substances that are of high toxicity
to humans and aquatic life. In humans, phenol has been reported as a potential source of
skin irritation and kidney problems, and it has been associated with leukaemia and other
mutagenic diseases [8]. Toxicity levels harmful to humans and aquatic life are between 9
and 25 mg L−1 [9]. In many countries, such as Brazil, its discharge into the environment is
limited to a concentration of 0.5 mg L−1 and in the USA, to a concentration of less than
0.001 mg L−1.

Different treatment methods have been proposed for the removal of phenols from
wastewater, the most traditional being chemical oxidation by Fenton reaction (100%) [10],
adsorption (26%) [6], extraction by liquid membrane emulsion (72%) [11], coagulation and
precipitation (36.8%) [12], or activated sludge (87%) [9]. Other biological treatments [13],
especially enzymatic treatments, using peroxidases (98%) [14] or tyrosinase (25%) [15]
reduced the phenol concentration after 30 and 2 h respectively. Activated sludge is one
of the most widely used treatments due to its low cost and ease of handling, but it is
limited in applicability because the microorganisms, despite prior acclimatisation, are
incapable of treating phenol concentrations of more than 100 mg L−1. This is due to the low
biodegradability of these effluents and the inhibitory effects that these concentrations of
phenol have on the microorganisms [16]. Unfortunately, many wastewaters from chemical
and petrochemical industries far exceed these concentrations. For example, in the coke
industry and petrochemical plants concentrations in the range of 28–3900 mg L−1 are com-
mon [17]. Other treatments based on adsorption on activated carbons could be a feasible
alternative. Adsorption is considered one of the most efficient and effective methods to
separate emerging pollutants such as diclofenac [18] and petrochemical effluents contain-
ing benzene and toluene [19], due to its simplicity and flexibility of use, its high porosity,
large specific surface area and, the high degree of surface interactions [20]. However, the
presence of organic content in the wastewater could be a potential limitation because it
could interfere in pollutants removal efficiency by competing for adsorption active sites on
activated carbon [21]. Consequently, given the complexity of typical aqueous effluents in
the industry, adsorption alone would not be the most suitable method.

In order to provide efficient solution for the treatment of these effluents, advanced
oxidation processes (AOPs) have attracted the interest of many researchers due to their
advantages [22,23]. Among the many existing AOPs, ozonation is a process with a high
oxidation potential, which can lead to efficient removal of organic compounds, such as
pharmaceuticals, personal care products, pesticides, solvents and surfactants, even at
low ozone concentrations [24–26]. However, certain groups of organic compounds are
particularly refractory to oxidation by ozone, such as carboxylic, oxalic, and pyruvic
acids [27].

A combination of ozonisation and adsorption processes with activated carbon (AC)
could be more efficient and sustainable treatment for wastewaters containing refractory
organic pollutants. Some of the previous studies in which catalytic ozonisation processes
with activated carbons were used for the removal of different organic compounds are listed
in Table S1. According with Table S1, catalytic ozonation with granular activated carbons
(GAC) could overcome the limitations of ozonation due to the adsorption capacity, high
surface area, and the catalytic activity.

The catalytic mechanism of ozonisation in the presence of GAC is still unclear, but
recent results suggest that the carbon essentially promotes the decomposition of ozone with
a consequent increase in the production of radicals. These hydroxyl radicals would not be
bound to the surface, remaining free to react in the aqueous phase. Therefore, the activated
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carbon would behave as an initiator of the radical-like chain reaction that transforms ozone
into hydroxyl radicals, which in turn react with the organic compounds in the bulk [28].

On the other hand, other authors, such as Nawrocki and Kasprzyk-Hordern [29] and
Guo et al. [30], have postulated that the activated carbon initiates the decomposition of
ozone into hydroxyl radicals, and then the ozone reacts with the superficial oxygenated
groups to generate H2O2, which in turn reacts with the ozone in the bulk to produce
hydroxyl radicals. In other words, in this model, the catalyst plays a dual role during the
catalytic ozonisation process. First, it adsorbs and decomposes the ozone, leading to the
formation of active species, and then the active species reacts with the non-chemisorbed
organic compounds. In addition, the activated carbon adsorbs organic compounds, and
then reacts with the oxidising species generated on the catalyst’s surface via the Criegee
mechanism [31].

These mechanistic reactions of ozone decomposition and radical reactions, depending
on the pH of the medium, can be summarised, according to Beltrán et al. [26]:

• Homogeneous reaction (at the liquid level):

O3 + OH− → HO−2 +O2 (1)

O3 + HO−2 → HO•2+O•−3 (2)

O3 + Initiator→ O•−3 + Initiator+ (3)

HO•2 � O•−2 + H+ (4)

• Heterogeneous reactions (at the level of the solid):

For an acid pH:
O3 + GAC � O3 −GAC (5)

O3 −GAC � O−GAC + O2 (6)

O3 + O−GAC � 2O2 + GAC (7)

For an alkaline pH:
OH−+GAC � OH−GAC (8)

O3+OH−GAC � O•3 −GAC + HO• (9)

O3+O• −GAC � O•−2 +GAC + O2 (10)

• Homogeneous propagation and termination reactions:

O3 + O2
− → O•−3 +O2 (11)

O•−3 + H+ → HO•3 (12)

HO•3 → HO• + O2 (13)

HO•3 + Scavenger→ Oxidation products (14)

According with this, the integration of a GAC catalyst into a continuous adsorption–
ozonisation (Ad/Ox) process would lead to a complete removal and mineralisation of
phenol containing waters. Ad/Ox process is a complex system involving different aspects,
such as mass transfer and radical generation or adsorption equilibria, among others. Few
studies deepened the kinetics of the process with the prospect of implementation of this
catalytic technology on an industrial scale. Thus, a study of the behaviour of the system
operating in a fixed-bed under different operating conditions through a kinetic model
could provide the necessary information to achieve the desired final scale-up.

Given the excessive number of variables involved in Ad/Ox process, some of which
are unknown, it is impossible to develop a rigorous model, let alone propose a detailed
reaction mechanism. Consequently, from a practical point of view, a model employing
experimental data derived under different operational conditions can serve as a basis for
real applications, as long as the model adequately simulates the experimental data.
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Therefore, this study aimed to develop a three-phase kinetic model of a continuous
process in a fixed-bed catalytic ozonation (Ad/Ox) treatment with granular activated
carbon (GAC). Phenol was chosen as a model organic pollutant because of its environmental
impact, high toxicity, and occurrence in the industry. It has been proposed a kinetic model
that includes mass transfer parameters, adsorption equilibria, and reaction rate constants
at the solid and liquid surface, to analyze the effect of operating conditions and to identify
the operational strategies that will lead to increased degradation and mineralisation rates.

2. Results and Discussion
2.1. Removal of Phenol and Mineralisation

In order to study the influence of GAC on phenol removal, a preliminary experiment
was performed with ozone alone in a fixed-bed reactor, with an inert material (glass
spheres) and adsorption or ozonation only in the presence of GAC, in order to evaluate
the improvement achieved by activated carbon. The transitory profiles of the primary
degradation and mineralisation of the three systems are compared in Figure 1.

Figure 1. Comparison of ozonation alone, adsorption, and catalytic ozonation processes with GAC in a fixed-bed reactor for
phenol removal. Evolution of (a) primary degradation and (b) mineralisation in terms of TOC. Experimental conditions:
C0 = 250 mg L−1; QG = 0.05 L h−1; CO3 ,G = 12.0 mg L−1; QL = 12 mL min−1; pH = 6.5; MCAT = 70.8 g L−1; P = 1.0 atm;
T = 20 ◦C; V = 0.14 L.

Ozonation alone achieved a primary degradation of only 10% (see Figure 1). This low
degradation could be due to the oxidation potential of ozone being lower (E◦ = 2.07 V) than
that of the hydroxyl radicals (E◦ = 2.80 V) generated by the indirect reactions associated
with the decomposition of ozone in the presence of GAC [22]. The mineralisation of phenol
in the catalytic system was more efficient compared with ozonation alone or adsorption,
with a 41.7% mineralisation achieved 20 min after reaching the steady state.

As can be seen in Figure 1b, the mineralisation obtained by catalytic ozonisation
with GAC does not match the sum (35.0%) of the efficiencies obtained by ozonisation
or adsorption with GAC. According to Lin et al. [32], this could be because during the
catalytic ozonisation adsorption, reaction, and desorption processes of oxidised pollutants
were involved, in contrast to the ozonisation. In overall, the results indicate that GAC had
some catalytic activity to increase the generation of oxidative species responsible for the
degradation of phenol. This same effect was observed by Xiong et al. [33], who obtained
26.1% additional mineralisation using the catalytic system with GAC in a basket reactor,
compared with adsorption or ozonisation alone. According with their research, the lower
molecular weight of the oxidation by-products adsorbed onto the GAC could explain the
higher removal obtained in comparison with ozone alone.
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2.2. Kinetic Model of the Ad/Ox Process Operated in a Continuous Fixed-Bed Reactor

The implementation of this system on an industrial scale requires predictions of the
system’s behaviour. Therefore, the development of the three-phase model was based on
the considerations made by Ferreiro et al. [17], in which the G–L–S ozone mass transfer, the
adsorption process of both ozone and phenol, and the parallel chemical reaction occurring
at both the liquid and solid levels were taken into account. The application of the Ad/Ox
model in a continuous system was based on the following considerations:

• The overall oxidation rate of the process is represented by the ozone consumption in
the parallel reaction process (both at the liquid and solid level);

• The oxidation rate of the parallel stages, in the liquid phase and on the GAC, were
represented by pseudo-first-order kinetics with respect to phenol;

• The GAC was considered a sufficiently porous material, where the diffusion of ozone
and phenol into the catalyst particles took place;

• The adsorption kinetics during the Ad/Ox process are represented by a pseudo-
second-order kinetic equation (Equation (20));

• The kinetic constant of phenol removal in the solid incorporates the degradation and
desorption of organic compounds;

• The degradation kinetics in both liquids and solids, as well as the adsorption, are
influenced by the operational conditions of the ozonisation process.

Taking into account the above, the combined process of the physical adsorption and
oxidation of phenol must be described through its correlation with ozone consumption.
Therefore, the following expression was defined, which relates the rate of phenol oxidation,
−rP, to the ozone consumed:

− rP = −dFP

dV
= z× NO3 , (15)

where z is the stoichiometric coefficient of the reaction between transferred ozone and
oxidised phenol, V is the bed volume, FP is the phenol mass flow and NO3 is the total ozone
consumption. From the ozone consumption in the liquid (NI

O3 ) and the production of
ozone at the GAC’s surface (NII

O3 ), the following expressions (Equations (16)–(18)) were
obtained:

NO3 = NI
O3

+ NII
O3

= KLa×
(

C∗O3,L − CO3,L

)
(16)

NI
O3

= kc,L × CO3,L × CP = kc,L × CP ×
(
CO3,L − 0

)
= kc,L × CP ×

(
P∗O3

He
− 0

)
(17)

NII
O3

= kc,S ×
CO3,L

m
× ZP ×M

CAT
, (18)

where KLa is the volumetric ozone mass transfer coefficient, C*O3,L is the concentration of
dissolved ozone in the liquid phase at saturation conditions, kc,L is the kinetic constant of
the reaction between phenol and ozone at the liquid level, CO3,L is the ozone concentration
in the liquid phase, CP is the phenol concentration, P*O3 is the partial pressure of ozone in
equilibrium with the ozone concentration in the liquid phase, He is Henry’s constant, ZP is
the concentration of phenol adsorbed on the GAC, and MCAT is the GAC concentration.
Equation (18) assumes that the ozone adsorbed on the solid phase catalyst is in equilibrium
with the ozone concentration in the liquid, which can be expressed as CO3,L = m × C*O3,S,
where m is the slope of the equilibrium line between the liquid and solid phases.

After the description of the phenol degradation process through ozone consumption,
the adsorption equilibrium must have been taken into account in the kinetic model of
the Ad/Ox process, because the catalytically functional adsorbent used in this system
was GAC, a material with high porosity and large available specific surface area. The
equilibrium was assumed to be a Freundlich isotherm, in accordance with the adsorption
experiments carried out in previous studies of the same GAC [17]. Freundlich equation

111



Catalysts 2021, 11, 1014

was used because the adsorption step in these systems is usually a quick process [34].
Freundlich’s equation is given by the following expression [24]:

ZP,∞ = KF × C1/nF
P (19)

where ZP,∞ is the concentration of phenol in equilibrium with the concentration of the
liquid phase, KF is the Freundlich constant and nF is a factor describing the adsorption
intensity. Consequently, the kinetics corresponding to the adsorption process could be
described through pseudo-second-order kinetics, according to the following equation [35]:

(
−dZP

dt

)

ads
= kads × (ZP,∞ − ZP)

2 ×MCAT (20)

To describe the evolution of the phenol concentration over time at each longitudinal
position of the fixed-bed tubular system, It have been used the axial dispersion model of
Alhemed et al. [36]. The measurement of axial dispersion considers the possible deviation
from ideal flow due to turbulence, as well as changes in bed characteristics and gas
presence. For a tubular system, with one-dimensional flow and first-order kinetics, the
axial dispersion is given by the following Equation (21):

ν× dCP

dL
− DL ×

d2CP

dL2 = 0 (21)

where DL is the axial dispersion coefficient, L is the length of tubular reactor (GAC bed
height), and ν is the linear flow velocity of the fluid. Through Equations (19)–(21), the
overall velocity, incorporating the kinetic terms of adsorption, chemical reaction and
dispersion, can be inferred from the following general expression:

(
−dCP

dt

)
=

(
−dCP

dt

)

disp
+

(
−dCP

dt

)

ads
+

(
−dFP

dV

)

ox
, (22)

To determine the evolution of phenol oxidation with reaction time and reactor position
during a continuous catalytic ozonation process (Ad/Ox) on a GAC bed, for a dL volume
it was obtained the following Equation (23):

ν× ∂CP

∂L
− DL ×

∂2CP

∂L2 +
∂CP

∂t
+

(
1− ε

ε

)
× ∂ZP

∂t
+ kP × Cn

P = 0, (23)

where ε is the bed porosity, kP is the kinetic constant that relates the reaction of ozone to
the phenol in both the liquid and the solid, and n is the kinetic order reaction. Considering
that the chemical reaction takes place both in the liquid and at the surface of the GAC, it
have been obtained the following Equation (24) from Equations (17) and (18):

− rO3 = kc,L × CO3,L × CP + kc,S ×
CO3,L

m
× ZP = kc,L × CO3,L × CP + kc,S ×

CO3,L

m
×M2

CAT × KF × C1/nF
P (24)

Assuming that the ozone concentration is constant after an initial transitory period,
and that the ozone distribution in the liquid and solid is proportional to its
consumption [17,37], the following global kinetic constants, k1 and k2, were defined, which
incorporated the chemical reaction and mass transfer, leading to the following expression:

ν× ∂CO3,L

∂L
− DL ×

∂2CP

∂L2 +
∂CO3,L

∂t
+ k1 × CP + k2 × C1/nF

P = 0, (25)

where k1 and k2 are the kinetic constants of phenol removal, referring to the liquid and solid
phases, respectively. The combination of Equations (19)–(21) and (25) offers a description
of the evolution of the phenol concentration in the system through the determination of
the kinetic, fluodynamic, and equilibrium parameters.
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2.3. Determination of the Characteristic Parameters of the Continuous Ad/Ox System

Due to the high complexity of the three-phase Ad/Ox model, before solving the equa-
tions describing the process, it was necessary to determine the characteristic parameters of
the system. The characteristic parameters it have been considered the interstitial velocity,
dispersion coefficient, kinetic constants of adsorption and equilibrium parameters.

The interstitial velocity was determined from the velocity at which the liquid flows
through the voids in the bed, according to Equation (26):

ν =
QL

A× ε
(26)

where QL is the liquid flow rate through the bed voids and A is the cross-sectional area
of the reactor. With the studied flow rate (QL = 12 mL min−1) and void fraction (ε = 0.32),
an interstitial velocity of 5.8 cm min−1 was obtained. Another characteristic parameter
was the axial dispersion coefficient, which characterises the degree of back-mixing of the
flow. For a flow rate QG = 0.2 mL min−1, a dispersion coefficient DL = 12.8 cm2 min−1 was
obtained.

Regarding the residence time, the ratio of liquid and gas volumes was considered to
be proportional to their respective flow rates. Consequently, both liquid and gas take the
same time to circulate through the GAC fixed-bed column. For the studied flow rate, an
empty bed contact time (EBCT) of 11.6 min was estimated. This value coincided with the
time commonly used (10–30 min) in industrial water treatment processes in real plants [38].

With respect to the determination of the mass transfer coefficient of the reaction system
(KLa) was estimated from ozone concentration in the gas (see Figure S1) for each pressure
and ozone flow rate with a determination coefficient of R2 ∼= 0.99 (see Figures S2 and S3).
It was observed that with increasing gas flow rate, the mass transfer coefficient increased
slightly from 0.130 to 0.183 min−1 at a flow rate of 0.05 and 0.4 L h−1 respectively. Regarding
the pressure it was observed an increased from 0.110 to 0.125 min−1 at a pressure of 1.0 and
2.5 atm respectively. Obtained KLa values were according with other ozonation systems of
literature [24,27].

Finally, it have been discussed the equilibrium and kinetic adsorption parameters
necessary for the resolution of Equations (19)–(21) and (25). The adsorptive characteristics
of the GAC at different pH conditions between 3.0 and 11.0 are shown in Figure 2.

Figure 2. Determination of the adsorption parameters for the different pH values studied and at a temperature of 20 ◦C.
(a) Adsorption isotherms of phenol on GAC; (b) evolution of adsorption kinetics fitted to a pseudo-second order model for
different hydraulic retention times.

All phenol adsorption isotherms in Figure 2a were fitted by the empirical Freundlich
multilayer adsorption model, which assumes the existence of interactions between the
adsorbed molecules on the adsorbent [39]. Figure 2b shows the adsorption kinetic profiles
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fitted to a pseudo-second order model, which assumes that the chemical reaction is sig-
nificant. The adsorption parameters necessary to the Ad/Ox kinetic model were listed in
Table 1. A regression analysis of the experimental data showed a coefficient of determina-
tion R2 > 0.98, indicating that both the Freundlich isotherm and the pseudo-second-order
kinetic model adequately described the adsorption phenomena. The amount of phenol
adsorbed on the GAC surface was greater (KF = 2.01 (mg g−1) (L mg−1)1/n

F) at neutral
pH than that at an alkaline pH (KF = 1.49 (mg g−1) (L mg−1)1/n

F). This could be because
when the pH of the solution is higher, the electrostatic interactions of attraction between
the phenol and the GAC are lower [40].

Table 1. Summary of the kinetic parameters obtained from the pseudo-second-order and equilibrium
model determined via the Freundlich isotherm model for the adsorption of phenol on the GAC’s
surface at a temperature of 20 ◦C and different pH values.

pH = 3.0 pH = 6.0 pH = 9.0 pH = 11.0

Equilibrium

KF, (mg g−1) (L mg−1)1/n
F 1.89 2.01 1.82 1.49

nF 1.12 1.19 1.10 1.06
R2 0.981 0.995 0.984 0.991

Kinetic

kads, g mg−1 min−1 2.77 × 10−4 3.10 × 10−4 2.52 × 10−4 4.85 × 10−5

R2 0.992 0.987 0.996 0.993

In order to explain the effect of pH on the adsorption phenomenon in more detail,
the zeta potential was determined over a wide range of pH (2.5–11.5) (Figure 3). Based
on obtained zeta potential values, at pH = 7.0, it was observed that the attraction due to
electrostatic charge was greater than at other acidic or alkaline pH values. This is because
their potential value (32.2 mV) was higher than that observed at pH = 3.0 (30.53 mV) or
pH = 9.0 (10.47 mV). In contrast, at pH = 11.0, a lower adsorption capacity was achieved
because of the repulsive forces between the negative charges of the phenol and the GAC
surface difficult the adsorption of phenol. For this reason, the zeta potential value was
−2.2 mV. Although higher adsorption of phenol would be achieved at neutral or acidic pH,
oxidation by catalytic ozonation will be more effective at alkaline pH values because the
generation of more hydroxyl radicals is promoted. Consequently, it will be necessary to
work at higher pH values even if the adsorptive properties of the GAC are lost.

Figure 3. Evolution of the GAC’s zeta potential at different pH values.
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2.4. Effect of Operational Conditions and Kinetic Model Validation

In order to establish the most favourable operational conditions leading to higher
mineralisation and primary degradation, the effects of system pressure, ozone dose, ozone
flow rate, initial phenol concentration, and pH on the fixed-bed reaction system with GAC
were analysed. Figure 4 shows the transient profiles of the obtained primary degradation
and mineralization, fitted to the proposed Ad/Ox model.

Figure 4. Effect of operational conditions on the primary degradation and mineralisation of phenol-containing waters during
a catalytic ozonation process with GAC: (a,b) pH 1, (c,d) pressure 2, and (e,f) ozone concentration at inlet 3, showing the
experimental profiles and fitted to the Ad/Ox kinetic model. Experimental conditions: 1 CP0 = 250.0 mg L−1, P = 1.0 atm,
CO3,G = 12.0 mg L−1, QL = 12 mL min−1, QG = 0.05 L h−1, V = 0.14 L; 2 CP0 = 250.0 mg L−1, pH = 11.0,
CO3,G = 12.0 mg L−1, QL = 12 mL min−1, QG = 0.05 L h−1, V = 0.14 L; 3 CP0 = 250.0 mg L−1, P = 2.5 atm, pH = 11.0,
QL = 12 mL min−1, QG = 0.05 L h−1, V = 0.14 L.
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According to Figure 4a,b, the pH of the solution plays an important role in the catalytic
ozonation of phenol, as well as in the mass transfer and its subsequent decomposition [24].
As the pH of the solution increased, the rate of degradation and mineralisation increased,
becoming higher than at more acidic pH. This is because at more alkaline pH, the oxidation
mechanism involved is predominantly radicalary and generates more HO• due to the
higher concentration of hydroxide anions, and, consequently, a higher oxidation potential
(E◦ = 2.80 V) [41] as shown in Figure S4a. In contrast, at weakly acidic pH levels, the pre-
dominant mechanism is the direct reaction of ozone, as this pathway is more selective [27].
This statement could lead to an error, given that at pH = 11.0, the participation of the direct
reaction of ozone with phenol is insignificant. This is because depending on the pH, phenol
can dissociate, according to the equilibrium shown in Equation (27) [17]:

C6H5OH(aq) + H2O(l) � C6H5O−(aq) + H3O+(aq) pKa = 9.95 (27)

According to Equation (27), the nature of these species could affect the reactivity
with ozone. At acidic pH, electrophilic substitution reactions with ozone (direct reaction)
would be promoted due to the character of the substituent groups. However, since the
–O– group of phenolate ion is more reactive group (k = 1.4 × 109 M−1 s−1) than –OH
(k = 1300 M−1 s−1) of phenol [22], the reactivity of ozone increases with pH to attack the
pollutant. Consequently, at pH = 11.0, complete primary degradation and mineralisation
was achieved, with a total organic carbon reduction of 88.5%.

This same behaviour was observed by Xiong et al. [33]—in a slurry-type reactor. A
mineralisation of 70.2% was achieved operating at an alkaline pH. Oyher authors such
as, Chand et al. [42] observed an increase of 7.2% in phenol mineralisation operating at a
slightly alkaline pH (pH = 9.0). The difference in efficiency observed could be due to the pH
plays a determining role in the charge of the surface hydroxyl groups on the catalyst. In this
respect, the adsorptive properties of the GAC could contribute to the greater adsorption
of the degradation by-products, and, consequently, to a greater reduction in TOC. In any
case, the contribution of adsorption during the catalytic ozonisation of phenol-containing
waters did not comprise more than 5–23% of the TOC removal [43].

In order to validate the Ad/Ox kinetic model for the proposed continuous catalytic
ozonisation process, the dynamics were adjusted for the different operational conditions. In
Table 2, the values of the kinetic constants obtained after adjusting the profiles for the anal-
yses of both primary degradation and mineralisation are shown. According to the relative
standard error values, in general terms, the fit was good, showing an RSE of approximately
5% for the primary degradation and mineralisation profiles. According to the kinetic
constant k2, referring to the solid, slight increases were observed at neutral (4.6 ×10−3

(mg L−1) (mg g−1 GAC min)−1) and acidic (3.8 × 10−3 (mg L−1) (mg g−1 GAC min)−1)
pH values, agreeing with the adsorption phenomenon described above. Respect the kinetic
constant of the liquid (k1), at alkaline pH (k1 = 0.20 min−1), it was observed in Figure
S4a, an increased production of radical species capable of degrading a phenol-containing
effluent. The kinetic constants obtained from the evolution of the mineralisation were lower
due to the more refractory nature of the degradation products such as p-benzoquinone
(k = 2.5 × 103 M−1 s−1) or catechol (k = 5.2 × 105 M−1 s−1) according with Figure S5 [22].
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Table 2. Summary of the adsorption and oxidation kinetic constants of the Ad/Ox kinetic model related to the removal and
mineralisation of phenol during catalytic ozonation with GAC.

Parameter/Evolution
Effect of pH 1

pH = 3.0 pH = 6.0 pH = 9.0 pH = 11.0

Phenol removal
k1 (min−1) 0.05 0.09 0.12 0.20

k2 × 103 (mg L−1)(mg g−1 GAC min)−1 3.8 4.6 3.7 2.1
RSE (%) 4.5 5.3 5.0 4.8

Mineralisation
k1 × 101 (min−1) 0.009 0.017 0.022 0.038

k2 × 104 (mg L−1)(mg g−1 GAC min)−1 0.71 0.86 0.69 0.39
RSE (%) 3.7 4.1 3.9 4.4

Effect of pressure 2

P = 1.0 atm P = 1.5 atm P = 2.0 atm P = 2.5 atm

Phenol removal
k1 (min−1) 0.20 0.21 0.22 0.23

k2 × 103 (mg L−1)(mg g−1 GAC min)−1 2.1 2.1 2.1 2.2
RSE (%) 4.1 4.6 4.0 5.2

Mineralisation
k1 × 101 (min−1) 0.038 0.039 0.041 0.044

k2 × 104 (mg L−1)(mg g−1 GAC min)−1 0.39 0.39 0.39 0.42
RSE (%) 4.5 4.2 4.7 4.3

Effect of ozone gas concentration 3

CO3 ,G = 7.0 mg L−1 CO3 ,G = 12.0 mg L−1 CO3 ,G = 19.0 mg L−1 CO3 ,G = 26.0 mg L−1

Phenol removal
k1 (min−1) 0.19 0.23 0.24 0.15

k2 × 103 (mg L−1)(mg g−1 GAC min)−1 2.0 2.2 2.4 1.8
RSE (%) 5.3 4.9 4.9 5.1

Mineralisation
k1 × 101 (min−1) 0.036 0.044 0.045 0.028

k2 × 104 (mg L−1)(mg g−1 GAC min)−1 0.37 0.42 0.45 0.34
RSE (%) 4.8 4.2 4.6 4.7

Effect of ozone flow rate 4

QG = 0.05 L h−1 QG = 0.1 L h−1 QG = 0.2 L h−1 QG = 0.4 L h−1

Phenol removal
k1 (min−1) 0.24 0.25 0.26 0.27

k2 × 103 (mg L−1)(mg g−1 GAC min)−1 2.4 2.4 2.5 2.5
RSE (%) 4.7 4.9 4.4 4.2

Mineralisation
k1 × 101 (min−1) 0.045 0.047 0.049 0.051

k2 × 104 (mg L−1)(mg g−1 GAC min)−1 0.45 0.45 0.47 0.47
RSE (%) 5.0 4.4 4.8 4.3

Effect of initial phenol concentration 5

CP0 = 250.0 mg L−1 CP0 = 500.0 mg L−1 CP0 = 750.0 mg L−1 CP0 = 1000.0 mg L−1

Phenol removal
k1 (min−1) 0.27 0.19 0.17 0.16

k2 ×103 (mg L−1)(mg g−1 GAC min)−1 2.5 2.7 3.0 3.2
RSE (%) 4.0 4.3 4.8 4.5

Mineralisation
k1 × 101 (min−1) 0.051 0.036 0.031 0.030

k2 × 104 (mg L−1)(mg g−1 GAC min)−1 0.47 0.51 0.56 0.60
RSE (%) 4.2 4.6 3.9 4.4

Experimental conditions: 1 CP0 = 250.0 mg L−1, P = 1.0 atm, CO3 ,G = 12.0 mg L−1, QL = 12 mL min−1, QG = 0.05 L h−1, V = 0.14 L.
2 CP0 = 250.0 mg L−1, pH = 11.0, CO3 ,G = 12.0 mg L−1, QL = 12 mL min−1, QG = 0.05 L h−1, V = 0.14 L. 3 CP0 = 250.0 mg L−1, P = 2.5 atm,
pH = 11.0, QL = 12 mL min−1, QG = 0.05 L h−1, V = 0.14 L. 4 CP0 = 250.0 mg L−1, P = 2.5 atm, pH = 11.0; CO3 ,G = 19.0 mg L−1,
QL = 12 mL min−1, V = 0.14 L. 5 pH = 11.0, P = 2.5 atm; CO3 ,G = 19.0 mg L−1, QL = 12 mL min−1, QG = 0.4 L h−1, V = 0.14 L.

The effect of system pressure on the enhancement of degradation and mineralisation
was studied in the range of 1 to 2.5 atm. Pressure is a operational variable that could affect
mass transfer and, consequently, improve the contact amongst the ozone molecules in the
gaseous and liquid phases [44,45] (see Figure S2). As shown in Figure 4c,d, the increase
in pressure to 2.5 atm had a slightly positive effect, but not as evident as the effect of pH,
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because it only improved mineralisation by 1.8%, which was within the experimental error.
The observed improvement could be due to the generation of slightly smaller bubbles,
which could lead to an increase in the specific contact surface area between the liquid and
gas phases. The same effect was observed for the kinetic constants of the Ad/Ox model.
This could be due to the internal pressure in the gas microbubbles being much higher than
the external pressure applied to them.

Figure 4e,f show the effects of ozone dose. Increasing the ozone dose from 7.0 to
19.0 mg L−1 increased the force gradient, thus improving the mass transfer and ultimately
significantly increasing the rate of phenol removal until complete degradation; subse-
quently, mineralisation improved from 85.0% to 94.0% after reaching a steady state at
60 min. However, higher ozone doses led to a decrease in mineralisation from 94.0% to
79.0% at 26.0 mg L−1. This can be explained via the mechanism proposed by Buhler
et al. [46], as shown in Equations (28) and (29):

O3 + HO• → HO•4 k = 2× 109 M−1s−1 (28)

HO•4 → HO•2 + O2 k = 2.8× 104 s−1 (29)

According to Equations (27) and (28), when there is an ozone dose above the critical
value of 19.0 mg L−1, ozone reacts with the generated hydroxyl radicals, producing radicals
with a lower oxidative capacity (HO2

• and O2) than hydroxyl radical, according with
Figure S4b. On the other hand, according to Rekhate and Srivastava [41], another feasible
explanation could be that, when applying an excessive ozone dose, its utilisation is limited
by the number of active sites available on the GAC catalyst’s surface. Consequently, the
resulting excess of ozone would react only through the direct pathway.

This same effect was observed by Nawaz et al. [47] who reported TOC removal rates
of 50.6, 85.2, and 79.5% at ozone doses of 10, 20 and 50 mg L−1, respectively. However,
increasing the ozone dose did not lead to total phenol mineralisation.

After analysing the kinetic constants of the degradation and mineralisation profiles,
the use of dose of 19.0 mg L−1 enhanced the kinetics at the solid level (k2 = 2.4 × 10−3

(mg L−1) (mg g−1 GAC min)−1) compared with lower doses (CO3,G = 7.0 mg L−1), where
a constant of 2.0 × 10−3 (mg L−1) (mg g−1 GAC min)−1 was obtained. This could have
been because the pore structure of the activated carbon may have been affected by the
ozonisation treatment, as described by Guelli Ulson de Souza et al. [6] and confirmed in
previous studies with pristine and TiO2-doped GACs [17,24].

Another operational variable that could have an effect on phenol removal is the ozone
flow rate. Different flow rates between 0.05 and 0.4 L h−1 were evaluated (Figure 5a,b).
Increasing the ozone flow rate led to a increase in phenol degradation rate and mineral-
isation efficiency (97.0%) at a flow rate of 0.4 L h−1. This increase could be due to the
influence of the flow rate on the ozone mass transfer from the gas to the liquid phase (see
Figure S3), and therefore on the effective ozone utilisation. This effect was negligible; a
better explanation might be that the quantity of ozone transferred to the liquid phase was
higher than that used for oxidation and subsequent decomposition. As was the case with
pressure, the improvement in the kinetic constants was not clearly evident here, except the
one for the oxidation in the liquid (k1), which increased from 0.045 to 0.051 min−1 in the
mineralisation.
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Figure 5. Analysis of CP and TOC concentration profiles during the initial transitory period (t < 70 min) and adjustment
to the Ad/Ox kinetic model. Effect of (a,b) ozone flow rate 1 and (c,d) concentration of the pollutant load 2. Experi-
mental conditions: 1 CP0 = 250.0 mg L−1, P = 2.5 atm, pH = 11.0; CO3,G = 19.0 mg L−1, QL = 12 mL min−1, V = 0.14 L;
2 pH = 11.0, P = 2.5 atm; CO3,G = 19.0 mg L−1, QL = 12 mL min−1, QG = 0.05 L h−1, V = 0.14 L.

This same effect was observed by Yang et al. [48] during the treatment of an industrial
effluent. A significant reduction in COD was initially observed up to a critical value of
2.0 L min−1. After that, a negative effect was seen.

In order to study the feasibility of the catalytic ozonation treatment in this continuous
system, a wider range of initial phenol concentrations that are common in industrial
effluents (up to 1000.0 mg L−1) was evaluated [17]. As shown in Figure 5c,d, the time
required for complete degradation and TOC removal was greater at higher initial phenol
concentrations [49]. Evaluating the transitory profiles, it can be seen that after 70 min of
reaction, the same levels of complete degradation and 97.0% mineralisation were reached,
and kinetic constants for the initial concentration of 1000.0 mg L−1 of 0.27 min−1 and
2.5 × 10−3 (mg L−1) (mg g−1 GAC min)−1 were obtained.

As a comparison of the obtained efficiencies, Lin and Wang [50] studied the removal
of phenol through a catalytic ozonation process in a basket reactor with AC as the catalyst.
At a temperature of 30 ◦C and after 2 h of reaction, they achieved complete phenol removal
and a COD reduction rate of 85%. Beltrán et al. [43] evaluated the use of AC catalysts with
other oxides, such as Fe, Co, and alumina, to treat a phenol-containing effluent via catalytic
ozonation in a slurry reactor. However, no significant improvement was observed in the
catalytic activities of the AC and the other three composites in terms of TOC reduction,
which was about 90% after 5 h of reaction. Chaichanawong et al. [39] degraded an aqueous
solution containing phenol in a slurry-type reactor, via a catalytic ozonisation process with
three ACs with different physico-chemical properties. With a mesoporous carbon, the
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complete degradation of phenol and a mineralisation of 85.7% were obtained during the
ozonisation and simultaneous adsorption process over 2 h. Guelli Ulson de Souza et al. [6]
studied the simultaneous application of ozonation and adsorption processes in a packed
bed of AC for the removal of phenol from an industrial stream. With a catalyst loading of
592.22 g L−1, it achieved complete degradation and a COD reduction of 60.67%.

Finally, the toxicity of the effluent was determined in order to evaluate the feasibility
of the discharge of the treated effluent into the river. According to De Luis et al. [16], a
toxicity value less than 1 TU indicates that an effluent is non-toxic or exhibits low toxicity.
Thus, the effluent before treatment showed a value of 18.02 TU, while after treatment
carried out under favourable operational conditions its toxicity decreased to 0.09 TU.

In overall terms, taking into account that complete degradation, a mineralisation of
97.0% and a toxicity-free effluent were obtained with an empty bed contact time of 11.6 min
and a catalyst load of 432.14 g L−1. The adequately combine adsorption and ozonisation
processes shows that the proposed continuous Ad/Ox system would be viable for scaling
up into a real process in accordance with the technical criteria.

3. Materials and Methods
3.1. Materials

The granular activated carbon Kemisorb® 530 GR 12 × 40 (Kemira Ibérica, Barcelona,
Spain) was used as the catalytic material, with an average particle size of 1.0 mm. The acti-
vated carbon used throughout the experiments was characterised in a previous work [17].
Table 3 summarises the main physical properties of the GAC Kemisorb® 530.

Table 3. Textural and chemical surface properties of GAC Kemisorb® 530.

Property Kemisorb® 530

SBET (m2 g−1) 961.5
Sext (m2 g−1) 410.4
VT (cm3 g−1) 0.38

Vmicro (cm3 g−1) 0.24
Vmeso (cm3 g−1) 0.14
Vmeso/VT (%) 36.8
Vmicro/VT (%) 63.2

DP (Å) 27.9
pHpzc 10.95

Ash (%) 11.99
Apparent density (kg m−3) 432.1

SBET—BET surface area; Sext—external surface area; VT—total pore volume; Vmicro—micropore volume; Vmeso—
mesopore volume; Vmeso/VT × 100—mesopore percentage; Vmicro/VT × 100—micropore percentage; DP—
average pore diameter.

The specific surface area (SBET), total (VT), mesopore (Vmeso) and micropore (Vmicro)
volumes, and the average pore diameter (Dp) were obtained using the BJH model by
observing N2 adsorption–desorption isotherms at 77 K [51]. The point of zero charge
(pHpzc) was determined via electrokinetic zeta potential (ς) measurements [52]. The
composition of GAC Kemisorb® 530 was measured using X-ray fluorescence (XRF) [24].
The XRF results indicate that GAC is mainly composed of SiO2 (7.72%) and Al2O3 (2.64%),
followed by Fe2O3 (0.40%), CaO (0.33%), SO3 (0.19%), MgO (0.07%), Na2O (0.06%), K2O
(0.04%), P2O5 (0.09%), TiO2 (0.11%), and MnO (0.001%).

3.2. Analytical Methods

Phenol concentration and primary intermediates was measured using a Waters Al-
liance 2695 high-performance liquid chromatograph system (Waters, Milford, CT, USA)
equipped with a Teknokroma Mediterranea SEA C18 threaded column (150 mm × 4.6 mm,
1.8 µm, Teknokroma Analitica, Sant Cugat del Vallès, Barcelona, Spain) and a guard col-
umn working at 20 ◦C under isocratic elution of a water/methanol mixture (60:40 v/v)
containing acetic acid (1%), and a flow rate of 1 mL min−1 was used. A Waters 2487 UV/Vis
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detector was used at a wavelength of 220 nm for phenol, hydroquinone, catechol, oxalic
acid, formic acid and at 254 nm for p-benzoquinone [53].

The degree of mineralisation was quantified by total organic carbon (TOC) analysis
on a Shimadzu TOC-VSCH analyser (Izasa Scientific, Alcobendas, Spain). Toxicity was
evaluated in duplicate using the Microtox® bioassay in a Microtox® toxicity analyser, Azur
500 model (Microbics Corp., New Castle, DE, USA). The measurements were carried out
according to ISO 11348-3 (1998), “Water Quality—Determination of the inhibitory effect of
water samples on the light emission of Aliivibrio fischeri (Luminescent bacteria test)—Part 3:
Method using freeze-dried bacteria” [54]. The concentration of I3

−, proportional to the
concentration of oxidising agents such as hydroxyl radicals was measured following the KI
dosimetry method described by Alfonso-Muniozguren et al. [55].

Zeta potential measurements were carried out with a ZetaSizer Ultra (Malvern Pana-
lytical, Malvern, UK) for suspensions of 1g L−1 GAC in distilled water at different pHs.

The composition of the GAC was determined by X-ray fluorescence spectroscopy
(XRF). From the pulverised sample, a borate glass bead was prepared by melting in an
induction micro furnace, and mixing the flux Spectromelt A12 (Merck KGaA, Darmstadt,
Germany) and the sample to a ratio of 20:1. An oxidising agent was added to promote the
removal (in the oxidation phase of the process) of all the organic parts of the carbon and
the fixation of the inorganic oxides. The chemical analysis of the beads was carried out
in a vacuum atmosphere, using an AXIOS model sequential wavelength dispersive X-ray
fluorescence spectrometer (WDXRF—Panalytical). The fluorometer was equipped with an
Rh and three detectors (gaseous flux, scintillation, and Xe) (Malvern Panalytical) [24].

3.3. Experimental Setup in the Continuous Fixed-Bed Catalytic System

Phenol removal via a continuous Ad/Ox process was carried out in a polyvinyl
chloride (PVC) column filled with GAC with a 25 mm outer diameter, 21.2 mm inner
diameter and 40 cm length (Figure 6). The single ozonation and Ad/Ox experiments were
performed at a constant ozone flow rate (QG = 0.05 L h−1) and a temperature of 20 ◦C,
with a fresh GAC bed of 60.5 g for each experiment and a dissolution pumping rate of
QL = 12 mL min−1. The pH was measured at different initial values (between 3.0 and 11.0),
initial phenol concentrations (250, 500, 750, and 1000 mg L−1), and a pressure between 1.0
and 2.5 atm (depending on the experiment).

Figure 6. Experimental setup used to carry out ozonation and Ad/Ox tests.
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A typical Ad/Ox or simple ozonisation experiment consisted of a continuous intro-
duction of ozone generated in situ from ultrapure oxygen using a TRIOGEN LAB2B ozone
generator (BIO UV, Lunel, France) through a porous plate placed at the bottom of the bed
column. Here, the liquid flow of the phenol-containing solution was introduced through
a PRECIFLOW peristaltic pump (LAMBDA Laboratory Instruments, Baar, Switzerland),
through the lower inlet port on the side of the column. After ascending though the column,
the gas and liquid flows passed through the granular activated carbon bed. Afterwards,
the liquid flow was collected through one of the outlets downstream of the GAC packed
bed.

The ozone concentration in the gas phase was measured with a BMT 964C ozone
analyser (BMT MESSTECHNIK GMBH, Stahnsdorf, Germany) located on the side of the
column. Dissolved ozone concentration and temperature were measured with a Rosemount
499AOZ-54 dissolved sensor (Emerson, Alcobendas, Spain). The pH value was recorded
with a Rosemount Analytical model 399 sensor integrated into a Rosemount Analytical
Solu Comp II recorder (Emerson). Residual ozone gas was removed using a Zonosistem
thermocatalytic ozone destructor (Ingeniería del Ozono S.L.U, Cádiz, Spain).

Mass transfer characterization of the reactor was performed using deionized water in
the presence of GAC, following a procedure previously described by Rodríguez et al. [37].
Operating conditions were kept similar to those used in the presence of phenol.

3.4. Statistical Analysis

The data were analysed with the SPSS software (IBM SPSS Statistics 27, SPSS Inc.,
Armonk, NY, USA). In each set of experiments, each experiment was performed in trip-
licate. Then, the relative standard deviation (RSE,%) of the data corresponding to con-
versions between 5 and 95% was calculated for the operational conditions established
by Equation (30) [56]. Each measurement was replicated at least six times, and further
replicates were carried out when the variation between each measurement exceeded 5%:

RSE =

√√√√√
N
∑

i=1

(
Cexp−Cmod

Cexp

)2

N − 1
× 100 (30)

4. Conclusions

A three-phase reaction kinetic model (Ad/Ox) for the description of G–L transfer
within the liquid and on the catalyst’s surface during the adsorption and ozonisation steps
has been proposed. The model allows us to analyse catalytic ozonation, in the presence of
GAC, for the removal of phenolic waters in a continuous process.

The combination of the simultaneous adsorption and ozonation processes with GAC
resulted in an improvement of both phenol degradation kinetics and mineralisation effi-
ciency, compared with an ozonation or adsorption process alone. The Ad/Ox kinetic model
was verified via the experimental results of the catalytic ozonation process under a wide
variety of operating conditions affecting the adsorption phenomena, the mass transfer, and
the chemical reaction itself, providing a good fit with the experimental data, with a residual
standard error of no more than 5% in most cases.

The estimation of the oxidation constants allowed us to study the role of GAC in the
ozonisation process and its interaction with phenol. Depending on the degree of phenol
dissociation, as a function of pH, the reactivity of ozone was different. At an alkaline pH
(values over 11.0), greater degradation and mineralisation were obtained, with kinetic
constants of 0.20 min−1 and 2.1 × 10−3 (mg L−1)(mg g−1 GAC min)−1 for the liquid and
solid, respectively. The use of an ozone dose above a critical value of 19.0 mg L−1 limited
the kinetics and adsorption capacity of phenol, and its oxidation products by extension,
leading to a decrease in mineralisation efficiency. On the other hand, at moderated ozone
doses, a stronger influence of GAC adsorption mechanisms was observed, as the kinetic
constant of the solid increased slightly to k2 = 2.4 × 10−3 (mg L−1)(mg g−1 GAC min)−1.
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Increases in the pressure and gas flow rate did not lead to significant improvements, due
to the insufficiency of the excess ozone transferred.

The most favourable operating conditions for the enhancement of the catalytic and ad-
sorptive action of GAC were pH = 11.0, ozone dose = 19.0 mg L−1, gas flow rate = 0.4 L h−1

and pressure = 2.5 atm. The GAC adsorbed the pollutant, subsequently exposing the phenol
to attacks by ozone through the hydroxyl radicals generated on its surface. Consequently,
the most favourable phenol removal conditions may involve a balance between the radical-
generating and adsorptive functions of GAC.

The proposed model could be applied for the prediction of the operating behaviour
of a continuous fixed-bed system under different working conditions, making it easily
scalable to the industrial level.
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concentration at the reactor outlet gas stream. Figure S2: Determination of mass transfer coefficient of
the experimental system for various pressures. Figure S3: Determination of mass transfer coefficient
of the experimental system for various ozone flow rates. Figure S4: I3

− concentration as a function of
time for 0.1 M KI. Figure S5: Analysis of the main degradation by-products during catalytic ozonation
of phenol.
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Nomenclature

ε Bed porosity, m3 m−3

ν Linear velocity of fluid flow, cm min−1

A Reactor cross-sectional area, cm2

C*
O3,L Concentration of ozone in the equilibrium with the ozone adsorbed on the activated

carbon, mg L−1

C*
O3,s Concentration of ozone on the catalyst in equilibrium with the liquid ozone concentration,

mg L−1

C*
p Calculated pollutant concentration in the liquid in terms of total organic carbon, mg L−1

Cexp Experimental pollutant concentration in the liquid, mg L−1

Cmod Modelled pollutant concentration in the liquid, mg L−1

CO3,G Concentrations of ozone in the gas phase, mg L−1

CO3,L Ozone concentration in liquid, mg L−1

Cp Pollutant concentration in the liquid, mg L−1

DL Axial dispersion coefficient, cm2 min−1

FG Ozone mass flow, g O3 h−1

FP Phenol mass flow, g h−1

He Henry’s constant, bar L mg−1

k1 Kinetic oxidation constant of phenol in the liquid, min−1

k2 Kinetic oxidation constant of phenol in the solid, (mg L−1) (mg g−1 GAC min)−1
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kads Kinetic constant of phenol adsorption, g mg−1 min−1

kc,L Elemental kinetic constant for the ozonation in the liquid, L mg−1 min−1

kc,S Elemental kinetic constant for the ozonation in the solid, L mg−1 min−1

KF Freundlich constant, (mg g−1) (L mg−1)1/n

KLa Volumetric ozone mass transfer coefficient, min−1

kP Overall kinetic reaction constant referring to the removal of phenol in both the liquid and
the solid, min−1

L Length of tubular reactor, cm
m Slope of the equilibrium line between the liquid and solid phase
mCAT Catalyst’s mass, g
MCAT Concentration of catalyst, g L−1

n Kinetic reaction order
N Number of experimental values
nF Heterogeneity factor, dimensionless
NII

O3 Ozone consumption in the solid, mg L−1 min−1

NI
O3 Ozone consumption in the liquid, mg L−1 min−1

NO3 Whole ozone consumption, mg L−1 min−1

P Pressure, atm
P*

O3 Partial pressure of the ozone in equilibrium with the adsorbed ozone on the solid, bar
PO3 Partial pressure of ozone in the gas phase, bar
QG Ozone gas flow, L min−1

QL Flow rate of liquid through the bed, mL min−1

rO3 Chemical reaction rate of phenol removal reaction by catalytic ozonation, mg L−1 min−1

rp Degradation of the pollutant in the liquid, mg L−1 min−1

RSE Relative standard deviation, %
t Time, min
V Reactor volume, L
z Stoichiometric coefficient of the reaction between phenol and ozone
Zp Concentration of pollutant in the solid, mg g−1

Zp,∞ Amount of pollutant adsorbed in the solid in equilibrium, mg g−1
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Abstract: The objective of this study is to evaluate the turbidity generated during the Fenton photo-
reaction applied to the oxidation of waters containing carbamazepine as a function of factors such
as pH, H2O2 concentration and catalyst dosage. The results let establish the degradation pathways
and the main decomposition byproducts. It is found that the pH affects the turbidity of the water.
Working between pH = 2.0 and 2.5, the turbidity is under 1 NTU due to the fact that iron, added as a
catalyst, is in the form of a ferrous ion. Operating at pH values above 3.0, the iron species in their
oxidized state (mainly ferric hydroxide in suspension) would cause turbidity. The contribution of
these ferric species is a function of the concentration of iron added to the process, verifying that the
turbidity increases linearly according to a ratio of 0.616 NTU L/mg Fe. Performing with oxidant
concentrations at (H2O2) = 2.0 mM, the turbidity undergoes a strong increase until reaching values
around 98 NTU in the steady state. High turbidity levels can be originated by the formation of
coordination complexes, consisting of the union of three molecules containing substituted carboxylic
groups (BaQD), which act as ligands towards an iron atom with Fe3+ oxidation state.

Keywords: BaQD; carbamazepine; ferric coordination complex; photo-Fenton; turbidity

1. Introduction

Over the last decade, special attention has been paid to the presence in waters (in
relation to both their distribution and concentration) of certain organic compounds that,
until now, had not been considered significant dangerous species. This is related to the
improvement of analytical technique, as formerly undetected organic components are
being more widely observed, considering that they have the potential to cause adverse
effects both environmentally and in living beings [1].

Specifically, preventive measures are being adopted to control the emissions of pharma-
ceutically active products (PhACs) on environmental systems due to the harmful impacts
that they can cause both on aquatic life and on human health [2] because they are recalci-
trant compounds that generate toxicity [3,4]. The frequent presence of PhACs in freshwater
and wastewater has promoted the establishment of water quality standards for periodic
monitoring [5]. Thus, carbamazepine (CBZ) is proposed as an anthropogenic marker of
water contamination, caused by its persistence in conventional water treatment plants, also
being perceptible in some freshwater systems [6–8].

CBZ is an anticonvulsive and mood-stabilizing drug, which is used primarily in the
treatment of epilepsy and bipolar disorder [9]. After consumption, around 10% of CBZ is
excreted from the human body [10]. Besides, CBZ is the main cause of Stevens–Johnson
syndrome that can cause toxic epidermal necrolysis [11]. This skin condition is potentially
fatal, with a mortality rate of 30%, in which cell death causes the epidermis to separate
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from the dermis [12]. On the other hand, intrauterine exposure to CBZ is associated with
a congenital defect of the spine and spinal cord, spina bifida [13] and problems with the
neurodevelopmental embryo [14]. Moreover, higher fetal losses, as well as congenital
malformation rates, have been reported among women consuming carbamazepine during
pregnancy [15]. For these reasons, the presence of CBZ in drinking water and some
groundwater is a cause for concern since it constitutes a risk factor as a possible route of
access to the embryo and the infant through intrauterine exposure or breastfeeding.

A large part of the PhACs reach the wastewater through human body excretion and, if
they are not effectively eliminated in the water treatment plants (WWTPs), both the effluent
and the sludge lead to an important source of spreading PhACs in the environment [16,17].
In particular, conventional wastewater treatment plants remove less than 10% of the CBZ
contained in the input influents [18–20]. Thus, WWTP effluents are an important gateway
for CBZ accessing surface and groundwater. In general, the concentration of CBZ is higher
in WWTPs than in exterior waters because the dilution phenomena and natural attenuation
significantly reduce the concentration of these pollutants [21].

The need to effectively eliminate PhACs has promoted Advanced Oxidation Processes,
known as AOPs [22]. Among the AOPs with the greatest applications stand out the
technologies based on oxidation with ozone [23], electrochemical oxidation, photocatalysis
based on the use of UV and Fenton processes [24] and photo-Fenton [25,26]. However,
it should be noted that the oxidation with ozone, although highly reactive with organic
compounds that have olefins or amines in their internal structure, is less effective when
applied in the degradation of the CBZ and ibuprofen [27,28]. In electrochemical oxidation,
the materials making up the electrodes are a limiting factor for industrial application.
Besides, Fenton-like processes produce hydroxyl radicals, which are strong oxidizing
agents capable of degrading a wide range of polluting organic compounds. However,
the traditional Fenton reagent requires a continuous supply of Fe2+, which produces
an excess of iron in the generated sludge [29]. To alleviate this drawback, this work
applies photo-Fenton technology since UV light increases the efficiency of the process.
Therefore, the concentrations of Fe (II) utilized can be much smaller than in the conventional
Fenton reaction.

This study evaluates the Fenton photo-reaction applied to the degradation of CBZ as
a function of several factors, such as pH, hydrogen peroxide concentration and catalyst
dosage. Experimental assays allow checking that during the oxidation treatment, the
treated waters acquire high levels of turbidity depending on the operating conditions used
in the tests. In this way, the aim of this work has been to establish the causes of turbidity in
the treated water and the factors that affect it, relating the formation of turbidity with the
degradation pathways and the main decomposition byproducts causing turbidity. Several
references reported in the bibliography have studied the photo-Fenton treatment applied to
carbamazepine degradation in domestic wastewater [30]. In general, the main objectives of
these works are based on the intensification of ultraviolet technology combined with other
AOPs as iron complexes or ultrasound waves [27,31] and the use of solar light improving
the operational cost [32,33]. However, the novelty of this work is to analyze and establish
the selectivity of the degradative routes of CBZ to water-turbidity generation as a function
of the operating conditions.

2. Results
2.1. Turbidity Changes during Carbamazepine Oxidation

During the degradation of aqueous solutions containing different drugs, using a
photo-Fenton process, it is found that turbidity appears in the treated water (see Figure 1a).
The turbidity control of the water is closely related to the effectiveness of the disinfection
processes, both chemical (chlorine or other biocides) and physical (UV radiation). This
is due to the particles causing turbidity, which reduce the efficiency of the processes of
chlorination in the elimination of pathogenic organisms, since they physically protect
microorganisms from direct contact with the disinfectant. Although the direct effects of

128



Catalysts 2021, 11, 894

turbidity on health are not known yet, it affects the organoleptic properties of the water,
which is why it often causes the rejection of consumers.

As shown in Figure 1a, the turbidity generated is a function of the type of pollu-
tant that the water contains, as well as the operating conditions used in the oxidation
treatment. Comparing these results with those shown in Figure 1b for the case of car-
bamazepine oxidation, when carrying out photo-oxidation using oxidant concentrations
(H2O2) = 15.0 mM, the oxidized water presents turbidity levels of 4.6 NTU. Meanwhile,
when using (H2O2) = 2.0 mM, the turbidity of the water increases to levels of 19.0 NTU
after 120 min of reaction. For this reason, it is necessary to perform specific studies for each
kind of effluent, since the turbidity will be determined by the presence of PhACs contained
in the water, as a consequence of the human activities in the emission sources.

Globally, the World Health Organization (WHO) Quality Guidelines for Water for
Human Consumption recommends a maximum of 5 NTU as a reference value, although the
WHO indicates that, to achieve efficient disinfection, the water must have average turbidity
lower than or equal to 1 NTU. Considering Spain, turbidity is a parameter included in
current regulations, where its maximum permitted limits are regulated in Royal Decree
140/2003 [34] on hygienic–sanitary criteria of water for human consumption and Royal
Decree 1620/2007 [35] on reuse of purified waters.

Catalysts 2021, 11, 894 3 of 18 
 

 

of chlorination in the elimination of pathogenic organisms, since they physically protect 
microorganisms from direct contact with the disinfectant. Although the direct effects of 
turbidity on health are not known yet, it affects the organoleptic properties of the water, 
which is why it often causes the rejection of consumers. 

As shown in Figure 1a, the turbidity generated is a function of the type of pollutant 
that the water contains, as well as the operating conditions used in the oxidation treat-
ment. Comparing these results with those shown in Figure 1b for the case of carbamaze-
pine oxidation, when carrying out photo-oxidation using oxidant concentrations (H2O2) = 
15.0 mM, the oxidized water presents turbidity levels of 4.6 NTU. Meanwhile, when using 
(H2O2) = 2.0 mM, the turbidity of the water increases to levels of 19.0 NTU after 120 min 
of reaction. For this reason, it is necessary to perform specific studies for each kind of 
effluent, since the turbidity will be determined by the presence of PhACs contained in the 
water, as a consequence of the human activities in the emission sources. 

Globally, the World Health Organization (WHO) Quality Guidelines for Water for 
Human Consumption recommends a maximum of 5 NTU as a reference value, although 
the WHO indicates that, to achieve efficient disinfection, the water must have average 
turbidity lower than or equal to 1 NTU. Considering Spain, turbidity is a parameter in-
cluded in current regulations, where its maximum permitted limits are regulated in Royal 
Decree 140/2003 [34] on hygienic–sanitary criteria of water for human consumption and 
Royal Decree 1620/2007 [35] on reuse of purified waters. 

  
(a) (b) 

Figure 1. (a) Turbidity analyzed on aqueous solutions containing different PhACs oxidized by photo-Fenton. Experimental 
conditions: (C) = 50.0 mg/L; pH = 3.0; (H2O2) = 15.0 mM; (Fe) = 10.0 mg/L; (UV) = 150 W; T = 25 °C. (b) Water quality 
indicators analyzed during the carbamazepine oxidation by photo-Fenton. Experimental conditions: (CBZ) = 50.0 mg/L; 
pH = 3.0; (H2O2) = 2.0 mM; (Fe) = 10.0 mg/L; (UV) = 150 W; T = 25 °C. 

On the other hand, Figure 1b represents turbidity as a function of other signs of water 
quality, such as the redox potential and the concentrations of ferrous ion and dissolved 
oxygen. As displayed, the results do not indicate a direct relationship with the formation 
of turbidity. Thus, a more in-depth analysis is necessary to estimate the effect of the main 
operating parameters of the photo-Fenton treatment on the formation of turbidity. In this 
work, pH, oxidant and catalyst dosage are considered. 

2.2. pH Effect 
Figure 2a shows the changes in turbidity of the aqueous solutions containing CBZ 

during their degradation, using the photo-Fenton process, where the pH of each test var-
ied between pH = 2.0 and 5.0. It should be noted that the pH value has remained constant 

0

1

2

3

4

5

6

7

Tu
rb

id
ity

 (N
TU

)

-600

-550

-500

-450

-400

-350

-300

0

2

4

6

8

10

12

14

16

18

20

0 10 20 30 40 50 60 70 80 90 100110120

[R
ed

ox
]

[N
TU

], 
[D

O
], 

[F
e 

2+
]

Time (min)

Turbidity (NTU)
Dissolved oxygen (mg/L)
Ferrous ion (mg/L)
Redox potential (mV)

Figure 1. (a) Turbidity analyzed on aqueous solutions containing different PhACs oxidized by photo-Fenton. Experimental
conditions: (C) = 50.0 mg/L; pH = 3.0; (H2O2) = 15.0 mM; (Fe) = 10.0 mg/L; (UV) = 150 W; T = 25 ◦C. (b) Water quality
indicators analyzed during the carbamazepine oxidation by photo-Fenton. Experimental conditions: (CBZ) = 50.0 mg/L;
pH = 3.0; (H2O2) = 2.0 mM; (Fe) = 10.0 mg/L; (UV) = 150 W; T = 25 ◦C.

On the other hand, Figure 1b represents turbidity as a function of other signs of water
quality, such as the redox potential and the concentrations of ferrous ion and dissolved
oxygen. As displayed, the results do not indicate a direct relationship with the formation
of turbidity. Thus, a more in-depth analysis is necessary to estimate the effect of the main
operating parameters of the photo-Fenton treatment on the formation of turbidity. In this
work, pH, oxidant and catalyst dosage are considered.

2.2. pH Effect

Figure 2a shows the changes in turbidity of the aqueous solutions containing CBZ
during their degradation, using the photo-Fenton process, where the pH of each test
varied between pH = 2.0 and 5.0. It should be noted that the pH value has remained
constant throughout the reaction. These results let verify that acidity affects the formation
of turbidity in the water. However, its formation does not follow a linear relationship with
the pH, but rather, three general ranges of operation are observed.
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Figure 2. (a) pH effect on turbidity changes in a photo-Fenton system during the carbamazepine oxidation. (b) Equilibrium-
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(CBZ) = 50.0 mg/L; (H2O2) = 15.0 mM; (Fe) = 10.0 mg/L; (UV) = 150 W; T = 40 ◦C.

When applying acidity between pH = 2.0 and 2.5, the turbidity of the treated water is
less than 1 NTU. This indicates that they are accepted by the legislation, which establishes
the water quality criteria for both consumption and reuse. Oxidized water samples were
analyzed to test carbamazepine degradation intermediates that coexist in the solution once
a steady state is reached (see Appendix A, Table A1). The reason that these intermediate
species cause low levels of turbidity is due to the fact that, performing at a controlled
pH = 2.0–2.5, the iron species added in the form of a catalyst are present as ferrous ions.
Iron species in their reduced state have a low capacity to react with organic matter, forming
metallic complexes or inorganic hydroxides that cause turbidity.

The intermediates detected operating at pH = 2.0 allow proposing the degradation
mechanism shown in Figure 3a, where CBZ would be oxidized through four main degra-
dation routes. The dihydroxylation of the central benzene ring in the cis position of the
hydroxyl groups, which would lead to obtaining acridones through the formation of hy-
droxylated acridines (Acridin-9-ol). On the other hand, the two benzene rings located at
the extremes of the CBZ molecule would be hydroxylated, giving rise to the simultaneous
formation of 3-hydroxy-carbamazepine (3-OH CBZ) and 2-hydroxy-carbamazepine (2-OH
CBZ). Moreover, the attack of the aromatic ring of CBZ, according to the Criegee mecha-
nism, would lead to the formation of 1-(2-benzaldehyde)-4-hydro-(1H,3H)-quinazoline-2-
one(BQM) after intramolecular reactions and rearrangements. The reaction of BQM with
hydroxyl radicals would lead to the formation of 1-(2-benzaldehyde)-(1H, 3H)-quinazoline-
2,4-dione (BQD) [20,36]. Finally, the aldehyde group of the BQD could react with the
hydroxyl radicals giving rise to the formation of the carboxyl group, generating the molec-
ular structure 1-(2-benzoic acid)-(1H, 3H) -quinazoline-2,4-dione (BaQD), [37,38].

Conducting at pH values 3.0 and 3.5, turbidity around 5 NTU was observed, which
would be the maximum limit value accepted by the water legislation. In tests per-
formed at pH = 5.0, kinetic results were obtained that lead to similar turbidity. Besides,
the intermediates that contain the oxidized CBZ samples were analyzed, operating at
pH = 3.0 (see Table A2) and pH = 5.0 (see Table A4), in such a way that they allow to
propose the potential degradation mechanisms of CBZ. It is found that, when carrying out
the oxidation of CBZ both at pH = 3.0 and at pH = 5.0 controlled throughout the process,
the four degradation pathways observed when operating at pH between 2.0 and 2.5 are
kept, although with some nuances.

Figure 3b displays the CBZ degradation mechanism proposed for the assay conducted
at a controlled pH = 5.0. In this case, the formation of the epoxide group in the central ben-
zene ring, 10,11 epoxycarbamazepine (10,11-Epoxy CBZ), is detected, which leads to the for-
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mation of the two dihydroxylated isomers in cis positions 10,11-dihydroxycarbamazepine
(cis 10,11-DiOH-CBZ) and trans 10,11-dihydroxycarbamazepine (trans 10,11-DiOH-CBZ).
In turn, both are degraded, generating acridin-9-ol and acridone. On the other hand, the
hydroxylation of the central benzene ring occurs, giving rise to the formation of 10-hydroxy-
carbamazepine (10-OH CBZ), as well as the hydroxylation of the lateral ring generating
2-hydroxy-carbamazepine (2-OH CBZ). Moreover, the presence of (BQD) was tested. Given
that the nature of the CBZ degradation intermediates analyzed does not present relevant
structural differences with respect to the species detected in the previous case, operating at
pH = 2.0, it should be considered that iron species could be the species directly affected by
the change in the applied pH. In the case of conducting at pH = 3.0 and 5.0, iron would
be found mainly in the form of ferric ions. However, when degrading intermediates of
CBZ, the formation of metallic complexes between organic matter and ferric ions does not
seem important. It would be more accurate to consider that the direct cause of turbidity
formation would be the presence of ferric hydroxide in the solution, which would remain
in suspension, and that would be a function of the concentration of iron added to the
system. In this case, the tests were conducted at (Fe) = 10.0 mg/L, and the turbidity of the
water was similar.
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pH = 2.0. (b) Operating at pH = 5.0. Experimental conditions: (CBZ) = 50.0 mg/L; (H2O2) = 15.0 mM; (Fe) = 10.0 mg/L;
(UV) = 150 W; T = 40 ◦C.

When carrying out the treatment operating at pH = 4.0, Figure 2a shows that the
turbidity potentially increases, reaching maximum values around 16 NTU at 120 min
of reaction. However, it is noted that as the oxidation process progresses, the turbidity
decreases, reaching values about 5 NTU in the steady state.

To explain this effect, the oxidized water was analyzed at pH = 4.0 (see Table A3),
where, from the results obtained, the degradation mechanism shown in Figure 2b is
proposed. In a similar way to the rest of the assays, four main degradation pathways
are detected, towards the formation of acridon, in this case, through the trans isomer
10,11-DiOH-CBZ, as well as the hydroxylation pathways through the central and lateral
benzene ring of CBZ, confirming the formation of BQD and its subsequent oxidation-
generating BaQD.

It should be remarked that in all the tests performed during the first 30 min of reaction,
a small turbidity peak occurs, whose maximum increases proportionally with the pH. In
the case of operating at pH = 4.0, a second turbidity peak appears, with a larger area, which
is not observed in the rest of the experiments. This significant increase in turbidity may
be due to the formation of ferric species that remain in suspension during the first two
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hours of the reaction. Afterward, they slowly precipitate until a solution is obtained with
turbidity not exceeding 5 NTU.

These results allow us to consider that the iron species, mainly ferric hydroxide, cause
turbidity changes when varying the operational pH. Therefore, when applying pH = 4.0,
which means that iron is mainly found as a ferric ion, and since the same initial iron catalyst
concentration is used ((Fe) = 10.0 mg/L), the final turbidity of the treated water is similar
to that of the oxidized samples at pH = 3.0–5.0, which fluctuate around 5 NTU.

The effect of hydrogen peroxide dosage on the formation of turbidity during the
oxidation of CBZ was analyzed using a photo-Fenton treatment (see Figure 4a). The tests
were performed varying the concentration of oxidant dosed between 2.0 and 15.0 mM,
keeping steady the dosage of iron, added as a catalyst in the form of ferrous ion, at
10.0 mg/L and pH = 0. Checking turbidity in the water during the oxidation of CBZ shows
three operating ranges that lead to similar turbidity levels. This fact could indicate that the
dose of hydrogen peroxide would affect the selectivity of the oxidation pathways of CBZ,
leading to the formation of degradation intermediates that cause turbidity.
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Figure 4. (a) Effect of hydrogen peroxide concentration ((Oxidant), mM) on turbidity changes in a photo-Fenton system
during the carbamazepine oxidation. (b) Effect of hydrogen peroxide on the solutions turbidity once achieved the steady
state. Experimental conditions: (CBZ) = 50.0 mg/L; pH = 3.0; (Fe) = 10.0 mg/L; (UV) = 150 W; T = 40 ◦C.

When applying oxidant concentrations between (H2O2) = 8.0 and 15.0 mM, a slight
peak of turbidity appears during the first 20 min of the oxidation. It is verified that the
maximum turbidity value of the peak is a function of the oxidant concentration. Therefore,
that, using (H2O2) = 8.0 mM, produces a maximum turbidity of 12.5 NTU. Meanwhile,
(H2O2) = 1.0 mM produces 7.2 NTU and (H2O2) = 15.0 mM creates 5.0 NTU. Once the peak
arises, the turbidity evolves according to the kinetics of parallel trend until it coincides in
similar values. Besides, it happens that in the steady state (see Figure 4b), the water treated
under these conditions presents turbidity around 5 NTU. This result could indicate that the
turbidity-causing intermediates formed during the first 20 min, which are dependent on
the oxidation degree of the CBZ reached by using different doses of oxidant, are degraded
to species of a similar nature.

Experimenting with oxidant concentrations (H2O2) = 5.0 mM, the formation of a
turbidity peak is observed during the first 60 min of CBZ oxidation. In this case, the
pinnacle is of greater area than in the previous interval. Moreover, it is verified that the
turbidity evolves to values near 1.5 NTU in the steady state (see Figure 4b). Performing with
oxidant concentrations (H2O2) = 2.0 mM, the water turbidity undergoes a notable increase
during the first 30 min of oxidation of the CBZ, following a linear ratio of 0.34 NTU/min.
Subsequently, the turbidity increases over time, but more slowly, at a rate of 0.057 NTU/min,
until reaching around 98 NTU in the steady state (see Figure 4b). This result would indicate
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that CBZ degradation occurs through serial reactions that lead to the formation of species
of a different nature, which cause turbidity.

Next, the treated water was analyzed using the oxidant dose (H2O2) = 2.0 mM to
determine the degradative routes of CBZ towards the formation of species causing turbidity
since it creates the highest turbidity in the tests conducted (see Figure 5a). These results
allow us to verify that the four general pathways of CBZ degradation observed in the
study of the effect of pH also occur here. The oxidation proceeds towards the production
of acridones through the formation of the epoxide in the central benzene ring of CBZ,
as well as the creation of the epoxide group in the lateral benzene ring, which leads to
the development of hydroxylated species 2-OH-CBZ. On the other hand, hydroxylation
reactions happen in the central benzene ring of CBZ, with the consequent formation of
OX-CBZ and degradation towards the formation of BQD and BaQD.
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Given the molecular structures of the species detected, it does not seem conceivable
that the formation of intermolecular hydrogen bondings generates stable structures of a
purely organic nature. In this case, it is contemplated that there are ferric species in the
system, since the tests were performed at pH = 3.0, which determines the distribution of
the iron species in the solution. Based on this premise, it is plausible that the high levels of
turbidity generated in the water when using oxidant concentrations (H2O2) =2.0 mM can
be caused by the formation of coordination complexes. They consist of the union of three
molecules containing substituted carboxylic groups (BaQD), which act as ligands towards
an iron atom with oxidation state 3+, whose molecular structure is shown in Figure 5b.

2.3. Effect of Iron Catalyst

The effect of iron dosage, used as a catalyst, was studied, working with concentrations
between (Fe) = 5.0 and 40.0 mg/L (see Figure 6a) and keeping steady the oxidant concentra-
tion and pH. The results indicate that the turbidity kinetics analyzed during the oxidation
of CBZ show a parallel evolution in all the tests, where the turbidity increases linearly with
the iron concentration according to a ratio of 0.616 NTU L/mg Fe (see Equation (1)). These
results demonstrate that iron does not affect the CBZ degradation mechanism. Furthermore,
by operating at a constant pH, the distribution of ferrous and ferrous species in solution is
kept constant. Finally, the concentration of iron species was analyzed, verifying that the
catalyst is mainly found as ferric species (see Figure 6b).

[NTU] = [NTU]0 + 0.6159 [Fe] (r2 = 0.9804) (1)
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Being that:
[NTU]0: turbidity of the aqueous solution of CBZ (=0.2261 NTU);
[NTU]: water turbidity (NTU);
[Fe]: initial iron concentration (mg/L).
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Figure 6. (a) Effect of iron catalyst on turbidity changes in a photo-Fenton system during the carbamazepine oxidation. (b)
Effect of iron concentration on the solutions turbidity once the steady state is achieved. Experimental conditions: (CBZ) =
50.0 mg/L; pH = 3.0; (H2O2) = 15.0 mM; (UV) = 150 W; T = 40 ◦C.

3. Materials and Methods
3.1. Experimental Methods

Samples of carbamazepine aqueous solutions ((CBZ) = 50.0 mg/L, Fagron 99.1%) were
studied in a photocatalytic 1.0 L reactor provided with a UV-150W mercury lamp of medium
pressure (Heraeus, 95% transmission between 300 and 570 nm). Reactions began adding the
iron catalyst as ferrous ion ((Fe), mg/L) operating between (Fe)0 = 5.0–40.0 mg/L (FeSO4 7H2O,
Panreac 99.0%) and the oxidant dosage for each set of experiments, which varied between
(H2O2) = 0–15.0 mM (Panreac, 30% w/v). All the experiments were carried out at around
40 ◦C in order to simulate real operating conditions, considering the heat absorbed by the
water that is in direct contact with the ultraviolet lamp. Assays were performed operating
under different initial pH conditions (pH between 2.0 and 5.0) in order to assess the effect
of this parameter on color formation during oxidation of carbamazepine aqueous solutions.
Acidity was kept constant, adding NaOH and HCl 0.1M.

3.2. Analytical Methods

Turbidity (NTU) was analyzed by a turbidimeter (100Q-Hach) and ferrous ion
(Fe2+, mg/L) by the phenanthroline method at λ = 510 nm (Fortune, 1938) using a UV/Vis
Spectrophotometer 930-Uvikon, Kontron Instruments (Mazowieckie, Poland). Dissolved
oxygen (DO, mg/L) was assessed by a Polarographic Portable Dissolved Oxygen Meter
HI9142, Hanna Instruments, S.L. (Eibar, Spain). Total dissolved solids (TDS, mg/L) were
analyzed by a TDS Metter Digital and redox potential (V) by a conductimeter Basic 20
Crison, Hach (Derio, Spain).

3.3. Liquid Chromatography-Mass Spectrometry to Elucidate the Intermediates of
Carbamazepine Degradation

Samples were stored after receipt under refrigeration. Samples were centrifuged
and subsequently diluted before starting analysis. The analysis was carried out with an
LC/Q-TOF, with ESI+ Agilent Jet Stream ionization source and the following conditions:
column: Kinetex EVO C18 HPLC/UHPLC Core-Shell (100 × 3 mm) 2.6 µm (Phenomenex
company, Tianjin, China). Mobile phase 0.1% formic acid (A): acetonitrile with 0.1% of
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formic acid (B). Gradient: %B: 20; 20; 100; 100; 20 vs. time: 0; 2; 24; 28; 30. Flow: 0.3 mL/min.
Column temperature: 35 ◦C. Injection volume: 5 µL. Ionization: Gas T = 300 ◦C; drying gas
10 L/min; Nebulizer 20 psig; shealt gas T = 350 ◦C; shealt gas flow 11 L/min; frag 125 V.
Vcap 3500 V.

A screening method was developed to allow the elution and ionization of the greater
number of compounds present in the sample. The stabilization of the system, the repro-
ducibility of the signals and the correction of the exact mass were checked before starting
the analysis. The compounds were searched using the deconvolution algorithm “Find
by molecular features” and subsequent filtering of the proposed compounds based on
compounds detected in the blank, background noise and minimum abundance of the
compound. The following chromatograms show the major compounds observed for each
of the samples (Figure 7). Under the proposed conditions, the following chromatograms
were obtained for each of samples at pH=2.0, 3.0, 4.0 and 5.0 (Figures 8–11).
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Experimental conditions: (CBZ) = 50.0 mg/L; (Fe) = 10 mg/L; (H2O2) = 15.0 mM; T = 25 ◦C; (UV) = 150 W.

In order to try to identify the greatest number of compounds, standards of possible
carbamazepine degradation compounds were initially prepared to check their retention
time and mass spectra. The following commercial standards were used: carbamazepine
(CBZ), oxo-carbamazepine (Oxo-CBZ), carbamazepine 10, 12-epoxide (Epoxi-CBZ), 11-
dihidro-10-hidroxicarbamazepine (10-OH CBZ), 9-acridanone, acridin-9-ol, 4-aminophenol,
malonic acid (Figure 12).

Using the method developed for the screening, the following retention times (Tr) and
characteristic ions or mass/charge ratios (m/z) were obtained for each compound (Table 1).
Appendix A summarizes the predominant compounds found, as well as their characteristic
ions (m/z) and the experimental masses calculated for each sample.
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Table 1. Standards analyzed.

Compound Tr, min m/z

4-aminophenol 1.3 110.0600
Malonic acid 1.8 105.0182
10-OH CBZ 5.8 255.1128
Epoxi-CBZ 8.2 253.0972
Oxo-CBZ 9.1 253.0972

9-acridanone 9.9 196.0757
Acridin-9-ol 9.9 196.0757

CBZ 11.2 237.1022

Once the majority of compounds were identified, and in order to determine the
concentration of the degradation products in the samples (identified with the commercial
standards), calibration was completed. The quantification of the samples was carried out
using a calibration at concentrations between 0.001 and 5 µg/mL. The results obtained
from the quantitative analysis are shown in Table 2.

Table 2. Results of quantitative analysis, concentrations in µg/mL.

Compound pH = 2.0 pH = 3.0 pH = 4.0 pH = 5.0

CBZ 1.8 10.8 34.4 17.0
Oxo-CBZ <LQL 0.25 0.21 0.037

Epoxi-CBZ - - - -
10-OH CBZ <LQL 0.065 0.022 0.013

9-acridanone and acridin-9-ol 0.013 0.026 0.004 0.010
4-aminophenol n.d. n.d. n.d. n.d.

Malonic acid n.d. n.d. n.d. n.d.
n.d.: not detected, LQL: lower quantification limit (0.002 µg/mL).

Next is explained the validation of the method, wherein Tables 3–7 provide full
validation process of the analysis of CBZ and its degradation products with the main
validation parameters. The samples were subjected to drastic conditions to acid hydrolysis
(1N HCl), basic hydrolysis (1N NaOH), sunlight and temperature (30 ◦C). Subsequently,
the amount recovered was determined in triplicate after 7 days.

Table 3. Limit of quantification values (LOQ) and limit of detection values (LOD) of CBZ and the
detected degradation intermediates in water.

Compound LOQ
(ng/mL)

LOD
(ng/mL)

CBZ 100 30
Oxo-CBZ 2 0.6

10-OH CBZ 2 0.6
9-acridanone 1 0.3
Acridin-9-ol 1 0.3

137



Catalysts 2021, 11, 894

Table 4. Linearity values of CBZ and the detected degradation intermediates in water.

Compound Range
(µg/mL)

Regression
Equation R2

CBZ 0.1–50 y = 3.580 x + 6.340 0.998
Oxo-CBZ 0.002–0.5 y = 2.933 x + 5.480 0.998

10-OH CBZ 0.002–0.5 y = 2.008 x + 3.146 0.993
9-acridanone 0.001–0.5 y = 5.298 x + 9.636 0.998
Acridin-9-ol 0.001–0.5 y = 5.034 x + 8.996 0.998

Table 5. Specificity values of CBZ and the detected degradation intermediates in water.

Compound Parameter Amount Added
(µg/mL)

Amount Recovered
(µg/mL)

Degradation
(%)

CBZ
Acidic degradation 25.05 24.58 1.87

Alkaline degradation 25.05 24.29 3.04
Solar light 25.05 24.87 0.71

OX-CBZ
Acidic degradation 0.251 0.246 2.03

Alkaline degradation 0.251 0.241 3.87
Solar light 0.251 0.249 0.98

10-OH CBZ
Acidic degradation 0.251 0.247 1.54

Alkaline degradation 0.251 0.240 4.20
Solar light 0.251 0.249 0.85

Acridanone
Acidic degradation 0.2505 0.2464 1.64

Alkaline degradation 0.2505 0.2412 3.72
Solar light 0.2505 0.2480 0.99

Acridin 9-ol
Acidic degradation 0.2505 0.2447 2.31

Alkaline degradation 0.2505 0.2418 3.47
Solar light 0.2505 0.2479 1.02

Table 6. Accuracy values of CBZ and the detected degradation intermediates in water.

Compound Range
(µg/mL)

Recovery
(Mean ± % RSD)

CBZ 0.1–50 100.05 ± 0.023
Oxo-CBZ 0.002–0.5 100.24 ± 0.030

10-OH CBZ 0.002–0.5 100.56 ± 0.011
9-acridanone 0.001–0.5 100.08 ± 0.007
Acridin-9-ol 0.001–0.5 100.91 ± 0.024

Table 7. Precision values of CBZ and the detected degradation intermediates in water.

Compound Concentration
(µg/mL)

Standard Solution Sample Solution
Mean SD % RSDIntraday

Precision
Interday
Precision

Intraday
Precision

Inter-Day
Precision

CBZ 25.05 96.0190 96.9792 98.0188 98.9080 97.4812 98.7352 0.0128
OX-CBZ 0.251 6.2164 6.1542 6.0696 6.0908 6.1328 6.1988 0.0108

10-OH CBZ 0.251 3.6500 3.7595 3.8475 3.7264 3.7459 3.8279 0.0118
Acridanone 0.2505 10.9633 10.6344 10.8027 10.7996 10.8000 10.934 0.0124
Acridin 9-ol 0.2505 10.2570 10.1544 10.0560 10.3688 10.2091 10.3431 0.0131

4. Conclusions

This work checks the effect of the control parameters of photo-Fenton technology
applied to CBZ oxidation. Experimental assays show that during the oxidation of aqueous
solutions containing CBZ, the water turbidity shows great changes as a function of the
operational conditions (pH, hydrogen peroxide and catalyst concentration). The relation-
ship between turbidity and the control parameters of the photo-Fenton reaction would be
caused by the degradation intermediates generated in water as a function of the oxidized
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degree achieved in the treatment. The analysis of treated waters that show the higher
turbidity levels allow establishing a general oxidation mechanism, where the CBZ would
be oxidized through four main degradation routes. First, the formation of the epoxide
(10,11-Epoxy CBZ) leads to the creation of two dihydroxylated isomers (cis and trans
10,11-DiOH-CBZ), which, in turn, degrade, generating acridin-9-ol and acridone. On the
other hand, the creation of the epoxide (2,3-Epoxy CBZ) generates hydroxylated benzene
rings (3-OH CBZ and 2-OH CBZ). Moreover, the attack of the aromatic ring of CBZ would
lead to the production of BQM, where the reaction of BQM with hydroxyl radicals would
direct the generation of BQD. Finally, the aldehyde group of BQD could react with the
hydroxyl radicals, generating BaQD. Moreover, it has to be considered that in this system,
the iron catalyst has the oxidized form Fe3+. Then, the generation of high turbidity would
be explained based on the molecular structure of the degradation intermediates detected,
where it would be possible to propose the formation of coordination complexes with ferric
ions that enhance the turbidity. This would be the case of coordination compounds be-
tween a ferric ion atom with three BaQD molecules that consist of stable supramolecular
structures that reduce the passage of light through the water, causing turbidity.
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Appendix A

Table A1. Results of screening of major compounds. Sample pH = 2.0. Experimental conditions: [CBZ] = 50.0 mg/L;
[Fe] = 10.0 mg/L; [H2O2] = 15.0 mM; T = 25 ◦C; [UV] = 150 W.

Label Tr, min m/z Mass Height Name Score Diff
(DB,ppm) Ions

Comp 1 1.8 224.0718 223.0645 146,262 - - - 3
Comp 2 1.8 163.0511 162.0438 41,946 - - - 2
Comp 3 2.1 147.0557 146.0485 501,215 - - - 2
Comp 4 2.2 180.0811 179.0739 172565 Acridine 99.09 −2.02 2
Comp 5 2.4 271.1054 270.0991 33,111 CIS-d iOH -CBZ 88.39 4.91 8
Comp 6 4.1 271.1092 270.1023 58,811 CIS-diOH-CBZ 94.64 −7.03 7
Comp 7 4.5 267.0781 266.0708 8828 BQD 87.11 −6.51 1
Comp 8 5.4 267.0779 266.0706 8275 BQD 89.7 −5.78 2
Comp 9 5.8 255.1158 254.1093 8104 - - -

Comp 10 6.5 251.0828 250.0755 269,555 T1251 92.29 −5.1 5
Comp 11 6.6 267.0778 266.0706 38,790 BQD 90.62 −5.5 2
Comp 12 7.3 224.0719 223.0639 1553 - - - 3
Comp 13 7.4 253.0989 252.0919 12,234 2-OH-CBZ 73.88 −7.86 2
Comp 14 7.6 253.0983 252.0911 16,164 2-OH-CBZ 80.87 −4.92 2
Comp 15 7.7 283.0727 282.0654 32,599 BaQD 93.23 −4.53 2
Comp 16 8.5 267.0779 266.0706 147,319 BQD 90.13 −5.65 3
Comp 17 8.9 253.0994 252.0928 15,599 3-OH-CBZ 77.71 −11.53 3
Comp 18 9.2 253.1034 252.096 3526 - - - 2

Comp 19 9.9 196.077 195.0697 184,640 Acridone or
acridin-9-ol 96.9 −6.8 10

Comp 20 11.2 259.0863 236.0971 3,433,925 Carbamazepine 94 −9.09 7
Comp 21 12.0 318.2826 317.2753 29,688 - - - 2
Comp 22 15.2 226.0881 225.0808 402,491 - - - 5
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Table A2. Results of screening of major compounds. Sample pH = 3.0. Experimental conditions: [CBZ] = 50.0 mg/L;
[Fe] = 10.0 mg/L; [H2O2] = 15.0 mM; T = 25 ◦C; [UV] = 150W. The compounds indicated in grey are the possible species
identified by the database.

Label Tr, min m/z Mass Height Name Score Diff
(DB,ppm) Ions

Comp 1 1.8 224.0716 223.0644 632,743 - - - 3
Comp 2 2.1 147.0563 146.0491 436,509 - - - 3
Comp 3 2.2 180.0818 179.0745 1,149,862 Acridine 92.86 −5.76 3
Comp 4 2.4 271.1095 270.1017 147,566 TRANS-diOH-CBZ 86.39 −4.87 3
Comp 5 3.5 271.109 270.102 12,320 - - - 2
Comp 6 4.1 253.099 270.1023 169,843 TRANS-diOH-CBZ 93.57 −6.99 3
Comp 7 4.5 267.0774 266.0701 56,646 BQD 95.11 −3.92 2
Comp 8 5.3 267.0777 266.0704 45,947 BQD 91.98 −5.07 2
Comp 9 5.7 237.1033 254.1065 131,805 10-OH-CBZ 83.69 −4.02 2

Comp 10 6.5 251.0834 250.0761 544,371 T1251 84 −7.51 5
Comp 11 6.6 267.0776 266.0704 55,876 BQD 93.04 −4.7 2
Comp 12 7.1 269.0934 268.0861 141,392 - - - 4
Comp 13 7.3 224.0718 223.0644 52,554 - - - 3
Comp 14 7.4 253.0988 252.0916 256,182 2-OH-CBZ 95.43 −6.61 8
Comp 15 7.6 253.0989 252.0916 357,248 2-OH-CBZ 94.24 −6.77 5
Comp 16 7.7 283.0735 282.0662 9024 BaQD 82.12 −7.58 2
Comp 17 7.9 267.0784 266.0709 19,667 BQD 85.55 −6.92 3
Comp 18 8.2 253.0985 252.0914 17,230 EP-CBZ 73.45 −6.07 2
Comp 19 8.6 267.0795 266.0722 8216 - - - 2
Comp 20 8.8 253.0994 252.0921 330,535 2-OH-CBZ 90.52 −8.92 4
Comp 21 9.2 253.0988 252.0916 204,534 Oxcarbamazepine 94.32 −6.72 5

Comp 22 10.0 196.0772 195.0699 280,810 Acridone or
acridin-9-ol 96.78 −7.92 6

Comp 23 11.2 237.1047 236.0974 10,672,680 Carbamazepine 88.67 −10.08 15
Comp 24 11.7 224.0733 223.066 276,891 - - - 5
Comp 25 11.9 473.1992 472.1919 639,344 - - - 6
Comp 26 15.2 226.0889 225.0816 1,183,745 - - - 5

Table A3. Results of screening of major compounds. Sample pH = 4.0. Experimental conditions: [CBZ] = 50.0 mg/L;
[Fe] = 10.0 mg/L; [H2O2] = 15.0 mM; T = 25 ◦C; [UV] = 150W. The compounds indicated in grey are the possible species
identified by the database.

Label Tr, min m/z Mass Height Name Score Diff
(DB,ppm) Ions

Comp 1 1.8 224.0722 223.0649 755,262 - - - 3
Comp 2 2.1 147.0566 146.0493 372,649 - - - 3
Comp 3 2.2 180.0822 179.0749 1,818,336 Acridine 87.37 −7.78 3
Comp 4 2.4 271.109 270.1018 67,258 TRANS-diOH-CBZ 80.63 −5.01 2
Comp 5 3.5 271.1091 270.1017 178,694 TRANS-diOH-CBZ 96.59 −4.95 3
Comp 6 4.2 253.0988 270.1021 236,040 TRANS-diOH-CBZ 94.47 −6.47 3
Comp 7 4.5 267.0778 266.0705 26,250 BQD 90.8 −5.44 2
Comp 8 5.3 267.078 266.0707 9285 BQD 88.48 −6.13 1
Comp 9 5.7 255.1141 254.1069 31,349 10-OH-CBZ 80.45 −5.52 3

Comp 10 6.5 251.0825 250.0753 119,415 T1251 94.04 −4.46 3
Comp 11 6.6 267.0779 266.0706 13,942 BQD 89.97 −5.7 2
Comp 12 7.1 269.0935 268.0861 166,675 - - - 5
Comp 13 7.4 224.0716 223.0643 44,729 - - - 2
Comp 14 7.3 253.0985 252.0912 385,655 3-OH CBZ 96.47 −5.18 5
Comp 15 7.6 253.099 252.0917 514,816 3-OH CBZ 93.53 −7.24 8
Comp 16 7.9 267.0781 266.0708 12,768 BDQ 87.89 −6.29 2
Comp 17 8.2 253.099 252.0918 70,044 EP-CBZ 93.04 −7.69 3
Comp 18 8.8 253.0996 252.0923 1,397,381 3-OH-CBZ 89.34 −9.65 11
Comp 19 9.1 253.0989 252.0916 149,274 Oxcarbamazepine 78.9 −6.89 4

Comp 20 9.9 196.0767 195.0696 109,794 Acridone or
acridin-9-ol 97.14 −5.92 4

Comp 21 11.2 237.105 236.0973 15,089,995 Carbamazepine 83.8 −9.81 9
Comp 22 11.7 224.0723 223.0653 95,064 - - - 2
Comp 23 11.9 473.1994 472.192 688,405 - - - 8
Comp 24 13.5 210.0931 209.0859 635,867 - - - 3
Comp 25 15.2 226.0889 225.0817 1,793,645 - - - 8

140



Catalysts 2021, 11, 894

Table A4. Results of screening of major compounds. Sample pH = 5.0. Experimental conditions: [CBZ] = 50.0 mg/L;
[Fe] = 10.0 mg/L; [H2O2] = 15.0 mM; T = 25 ◦C; [UV] = 150W. The compounds indicated in grey are the possible species
identified by the database.

Label Tr, min m/z Mass Height Name Score Diff
(DB,ppm) Ions

Comp 1 1.8 224.0718 223.0645 520,658 - - - 3
Comp 2 2.1 147.0568 146.0496 588,299 - - - 3
Comp 3 2.2 180.0822 179.0749 693,527 Acridine 87.18 −7.84 3
Comp 4 2.4 271.1092 270.1019 141,194 TRANS-diOH-CBZ 80.16 −5.49 2
Comp 5 3.5 271.1091 270.1019 432,132 CIS-diOH-CBZ 96.29 −5.38 7
Comp 6 4.1 271.1091 270.1018 409,566 CIS-diOH-CBZ 96.85 −5.13 9
Comp 7 4.5 267.0778 266.0705 114,157 BQD 91.47 −5.23 2
Comp 8 5.3 267.0779 266.0706 13,734 BQD 89.84 −5.73 1
Comp 9 5.7 255.114 254.1069 56,313 10-OH-CBZ 96.03 −5.69 10

Comp 10 6.4 251.0827 250.0755 398,550 T1251 92.37 −5.07 6
Comp 11 6.5 267.0782 266.0709 10,804 BQD 86.14 −6.77 2
Comp 12 7.1 269.0935 268.0862 148,854 - - - 8
Comp 13 7.3 224.0721 223.0648 51,741 - - - 4
Comp 14 7.3 253.0989 252.0916 473,737 2-OH-CBZ 95.34 −6.62 6
Comp 15 7.5 253.0995 252.0922 802,934 2-OH-CBZ 91.73 −9.17 10
Comp 16 7.9 267.0775 266.0701 34,402 BQD 95.57 −3.73 4
Comp 17 8.2 253.0985 252.0915 81,586 EP-CBZ 97.33 −6.51 8
Comp 18 8.8 253.0996 252.0924 1,722,757 2-OH-CBZ 90.91 −9.73 11
Comp 19 9.1 253.0983 252.0911 37,573 Oxcarbamazepine 80.73 -4.9 2

Comp 20 10.0 196.0773 195.07 158,961 Acridone or
acridin-9-ol 95.31 −8.41 6

Comp 21 11.2 237.1048 236.0973 11,711,134 Carbamazepine 89.16 −9.9 15
Comp 22 11.7 224.0731 223.0663 207,462 - - - 5
Comp 23 12.0 473.1987 472.1915 239,021 - - - 7
Comp 24 15.2 226.0886 225.0814 2,443,394 - - - 11
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Abstract: The need to mitigate the environmental footprints of refineries in a sustainable and
economical way is widely accepted, yet there appears to be a lack of a unilateral pragmatic approach
towards CO oxidation to CO2 among the refining community. In this work we share CO promoter
design strategies that can afford a tangible and immediate CO conversion efficiency increase without
a need for additional precious metal loading. The key focus is on the support material architecture
that is essential to boost the CO conversion and reduce the NOx generation in the FCC unit. It was
demonstrated that the suppression of Pt sintering as well as the enhancement of the oxygen mobility
on the catalyst surface can afford an ~40% lower cost of Pt and ~20% lower usage rate compared to
current industry-standard designs.

Keywords: Pt-based promoter; CO oxidation; environmental catalysis; refinery compliance; fluid
catalytic cracking; FCC

1. Introduction

The ever-more stringent environmental regulations on air pollution, especially that
caused by the oil refining industry, are drawing more efforts by refineries to combat these
harmful emissions [1]. Some examples of the emissions of concern are CO, NOx, HCN,
and SOx, to name a few—all of which can cause substantial harm to the environment, and
human and animal health.

In this work, we focus on the CO and NOx emissions as these are common and critical
concerns during FCC catalyst regeneration as part of oil cracking. Moreover, the mitigation
of such pollutants is now part of most oil refiners’ commitment to sustainability [2]. The re-
generator and related catalyst logistics are schematically presented in Figure 1. Specifically,
incomplete coke combustion in the FCC unit regenerator may lead to CO and O2 break-
through into the dilute phase [3,4]. The resulting combustion of CO in the dilute phase,
referred to as afterburn, can produce high temperatures, which can damage regenerator
internal hardware, and, therefore, cause an FCC unit outage [5]. While seemingly minor,
such a sequence of events would cause a major disruption in a refinery operation and
would also lead to substantial financial loss. Even without an outage, concerns around
afterburn would lead refiners to run their FCC units at suboptimal conditions, hindering
them from reaching full potential of their process and catalyst.
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Figure 1. The FCC unit regenerator as well as the associated catalyst logistic streams are schemati-
cally shown.

To mitigate CO emissions, refineries typically use CO promoters that catalyze CO
oxidation to CO2 in the dense bed. An additional benefit for CO promoters is improved air
utilization. A CO promoter can typically be introduced as part of the FCC catalyst formula-
tion or as a standalone additive. The CO promoter is usually based on highly dispersed
supported platinum or palladium that can catalyze the oxidation reaction. The choice
of metal is driven by a combination of regulatory certification, current emissions as well
as budget for a given FCC unit operation. Typical CO promoter addition rates are 2–5
pounds of additive per short ton fresh FCC catalyst, which often corresponds to ~1–3 ppm
platinum group metal (PGM) level in the circulating catalyst inventory [6].

Over the past years there have been numerous contributions to the field of CO ox-
idation chemistry. These include extensive and fundamental studies using advanced
techniques, many summarized in recent review articles [7,8]. In this contribution, however,
we focus predominantly on the CO promoter designs relevant to the refining industry with
a focus on actual real-life industrial performance rather than fundamental mechanistic
insights as to the nature of the occurring chemistry. Pt has been selected as the PGM of
choice for this set of experiments. We aim to share the conceptual approach to pragmatic
Pt-based CO promoter design as well as the underlying considerations and concepts that
are economically viable and can find applications in actual FCC units worldwide.

2. Experimental
2.1. Material Synthesis

A series of reference and experimental catalysts was prepared, the full list is provided
in Table 1. In all cases, γ-Al2O3 microspheres with a typical D50 of 80 µm and a total surface
area (TSA) of 90 m2/g were used as the alumina support. Commercially available cerium
nitrate and strontium nitrate, industrial grade in all cases, were used as precursors to form
the doping package for the alumina support. An aqueous solution of Pt-nitrate, with a
typical Pt content of 10 wt % was used as the PGM source. Both dopants as well as PGM
were deposited via incipient wetness impregnation to afford even metal distribution on
the support.
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Table 1. The sample composition as well as measured CO conversion and NOx generation values for the catalysts discussed
in this contribution are reported.

Promoter CeO2 (wt %) SrO (wt %) Al2O3 (wt %) Pt (ppm) CO Conversion
(%) 1

NOx Generation
(%) 1

Reference-1 0 0 99.97 300 47.6 ± 2.4 127.3 ± 6.4

Reference-2 0 0 99.95 500 43.8 ± 2.2 128 ± 6.4

Reference-3 0 0 99.92 800 47.6 ± 2.4 129 ± 6.5

Catalyst A 3 0 96.97 300 54.4 ± 2.7 117.4 ± 5.9

Catalyst B 6 0 93.97 300 57.5 ± 2.9 115.8 ± 5.8

Catalyst C 10 0 89.97 300 62.1 ± 3.1 112.3 ± 5.6

Catalyst D 18 0 81.97 300 64.2 ± 3.2 113.9 ± 5.7

Catalyst E 10 2.6 87.37 300 64.1 ± 3.2 104.7 ± 5.2

Catalyst F 10 4.7 85.27 300 67.0 ± 3.4 93.0 ± 4.7
1 Test: 99% spent FCC catalyst + 1% fresh promoter, plug flow reactor operating at 1 L/min flow rate with a feed of 2 vol.% O2 in N2 at
700 ◦C. Values determined by comparing to a promoter-free base case experiment. The method used to calculate CO conversion and NOx
generation is reported in the next chapter. The accuracy of the reported CO and NOx emissions values was determined by performing a
statically relevant number of repetitions. For the chosen reactor setup and under the specific experimental conditions reported in this study,
an average variation of ±5% was determined.

Reference catalysts 1–3 were prepared by impregnating the alumina support with
the aqueous platinum nitrate solution such that the desired final metal concentration was
achieved. Experimental Catalysts A–D were prepared by first impregnating the alumina
support with cerium-nitrate such that the desired final CeO2 concentration was achieved.
The support was then calcined at 550 ◦C for 2 h. Subsequently, the desired amount of
the Pt nitrate solution was impregnated onto the ceria/alumina support. Catalysts E-F
were prepared by first impregnating the alumina support with an aqueous mixture of
cerium- and strontium-nitrates such that the desired final CeO2 and SrO concentrations
were achieved. The support was then calcined at 550 ◦C for 2 h. Subsequently, the desired
amount of the Pt nitrate solution was impregnated onto the ceria/strontia/alumina support.
For all presented catalysts, upon Pt deposition, all samples were calcined at 550 ◦C for 2 h.

2.2. Catalyst Characterization

All catalysts were characterized after synthesis. The surface area measurements
were performed using Micromeritics TriStar models 3030/3020. The surface area in all
cases was quite similar with the Pt/Al2O3 samples having a typical TSA of 90 m2/g,
Pt/CeO2/Al2O3 as well as the Pt/SrO/CeO2/Al2O3 catalysts having a typical TSA of
80–85 m2/g. The catalyst composition was determined using the Inductively Coupled
Plasma (ICP) test on a Thermo iCAP 7400. The compositions of each presented catalyst are
summarized in Table 1.

2.3. Catalyst Testing

Catalysts were tested as-is, also referred to as “fresh” state, as well as after a simulated
aging, referred to as “aged”. The aging conditions as well as details of the experimental
setup are reported in the description of the specific experiment in the results section. The ab-
solute conversion levels were measured at the Chemical Process and Energy Resources
Institute (CPERI) located in Thessaloniki, Greece. A spent FCC catalyst was used for the
base case tests, while for the evaluation studies mixtures of 1 wt % of the additive and 99
wt % of the spent catalyst were loaded on the reactor. All presented data is reported as
the difference compared to the promoter-free base emission. Prior to testing, all catalytic
materials were sieved to 63–106 µm. The accuracy of the reported CO and NOx emissions
values was determined by performing a statically relevant number of repetitions. For the
chosen reactor setup and under the specific experimental conditions reported in this study,
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an average variation of ±5% was determined. The reaction conditions for the chosen test
protocol are reported in Table 2.

Table 2. The CO promoter testing parameters are reported.

Reactor Type Fluid Bed

Reactor loading 10 gr

Catalyst mixture 99 wt % spent FCC catalyst + 1 wt % CO promoter

Inlet gas flow rate 1 L/min

Inlet gas composition 2 vol.% O2 in N2

Reactor bed temperature 700 ◦C

The CO conversion (%) as well as NOx generation (%) values were calculated using
the formula reported in Equation (1).

CO or NOx (%) = 100 × (CO or NOx)Base Case − (CO or NOx)Promoter
(CO or NOx)Base Case

(1)

Equation (1). The formula used to determine the CO conversion (%) as well as NOx
generation (%) values is reported.

3. Results and Discussion
3.1. Promoter Pt-Loading

The impact of Pt-loading on the activity of a typical CO promoter is demonstrated
using the example of the reference catalysts 1–3 (Pt/Al2O3) with different Pt-loadings
(see Table 1). Overall, there appears to be essentially no difference between the three
chosen Pt-loadings when the overall catalyst design is identical. At first, this result may be
somewhat surprising as this observation would suggest that a large fraction of the precious
metal is apparently not contributing to the catalytic activity. However, the observation
may relate to the chosen synthetic pathway and the resulting relative size of the Pt-clusters
on the support surface. From prior reports on spectroscopic studies of precious metal
catalysts [9,10], in a 1 nm Pt particle the ratio of surface Pt to Pt forming the core of the
particle is ~1:1. With growing particle size, the average Pt coordination number will grow
and, as a result, in a 20 nm Pt particle the surface Pt atoms account for approximately
5% of the total metal forming the said particle. Considering the particle size for a typical
industrial catalyst, such as those presented here, increasing Pt loading on the support
further leads to ever-diminishing returns as the available Pt surface area is essentially
unchanged as the diameter of the Pt clusters is increased. Therefore, while some refineries
may choose to increase the precious metal levels to combat growing CO emissions, the
benefit of such an approach is limited and inherently inefficient.

An example of this is demonstrated using reference catalysts 1–3, which differ only
in the amount of Pt deposited onto the support. From Figure 2, within the experimental
uncertainty, the efficiency for CO conversion as well as NOx generation in the fresh state
is similar in all cases. The key difference is in the actual cost to the refiner ($/mT) of Pt
used, which ranges from ~8700 $/mT to ~23000 $/mT (at 900 $/oz t Pt market price, a
reasonable average value in the 2016–2020 timeframe) [11]. Note that the financial impact
increases with the growing (USD ~1200/oz t) Pt market price, as has been experienced in
late 2020 and early 2021 [11].
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Figure 2. The CO conversion and NOx generation observed for reference catalysts with varying Pt
loadings are reported. The respective value of Pt ($/mT) at a 2016–2020 average market price of 900
$/oz t Pt [11] is also reported for reference.

Therefore, while a refinery may be under the impression that superior performance
is obtained through a higher amount of metal, the actual value proposition diminishes
substantially with increasing Pt loading. That is, on a relative basis, when the support
material is identical in all cases, the oxidation of a CO molecule to CO2 is ~2.6-times more
cost-effective with reference-1 than with reference-3, when the value of the Pt is considered.
These considerations, of course, are true when the total concentration of the CO promoter
component in an FCC blend is constant and only the PGM amount allocated on this
component is increased. An alternative scenario would be for a refinery to increase the total
Pt content by increasing the amount of CO promoter in the blend. For example, instead
of using 0.25 wt % CO promoter with 1000 ppm Pt, the FCC blend could be formulated
using 0.5 wt % CO promoter with 500 ppm Pt. In this case, the benefit of increasing the
total Pt in the FCC unit is more pronounced, and in certain cases may lead to the desired
improvement of the apparent CO conversion. However, such an approach will typically
also lead to a significant NOx emission increase, a much undesired side-effect that in certain
areas with very tight emissions regulations, e.g., California, would not be a viable solution.
Beyond the NOx concern, most of the precious metal in such an FCC blend would still
remain inactive since it forms the core of the PGM-particles. Overall, such an approach
could be considered a better of the two poor solutions. Indeed, there are many other,
cost-efficient, means to consider before the Pt content is increased, as we will discuss in
subsequent paragraphs.

We note at this point that the support used for the catalyst adds further, in some cases
significant, costs to the overall Pt promoter design. As Pt loading has limited benefit, we
hence focus on the maximization of Pt utilization through support tuning, which is a far
more efficient and cost-effective way to reduce CO emissions when the total refinery spend
on environmental compliance is considered.

3.2. Promoter Doping

To demonstrate the potential of catalyst support modification towards improved
activity, we explore the impact of support doping. In this work, the impact of catalyst
doping with ceria is demonstrated using the 300 ppm Pt reference-1 as well as a series of
catalysts A–D composed of 300 ppm Pt supported on alumina with different levels of CeO2
(see Table 1 for details). The reference CO promoter achieves a 47.6% conversion of CO
to CO2 under chosen experimental conditions. This will be used as baseline for further
assessment of the impact of ceria as an improvement of the CO conversion is observed
with increasing amounts of ceria. These results are summarized in Figure 3.
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Figure 3. The CeO2-induced CO conversion as well as the ratio of NOx generation to CO con-
version are reported as a function of promoter CeO2 content. The lines are intended for trend
visualization purposes only. Catalysts were tested by mixing 99% spent FCC catalyst and 1% fresh
promoter using a plug flow reactor operating at 1 L/min flow rate with a feed of 2 vol.% O2 in N2

at 700 ◦C. The emissions values determined by comparing to a promoter-free base case experiment.
The method used to calculate CO conversion and NOx generation is reported in the experimental
section. The color-coding is reported in the plot.

We observe a nearly linear CO conversion improvement between 0% and ~10% CeO2
doping of the CO promoter. Beyond ~10%, the impact of ceria is greatly diminished with
only minor improvement in ever-increasing CeO2 loading. There are at least two possible
reasons why the addition of ceria is beneficial to the promoter performance when measured
in fresh state. First, ceria itself is known as an oxidation catalyst [12,13] that can convert
CO to CO2 at elevated temperatures, either by itself or as a mixture with further oxides,
e.g., CuO [14]. Second, the chosen aging and testing conditions may be quite favorable for
the doped CO promoter. The testing temperature of 700 ◦C, when the thermal stability
of ceria is considered, is quite mild and does not affect the ability of ceria to serve as
an oxygen storage component (OSC) [15]. The addition of OSC, whether in the form of
ceria/zirconia or ceria by itself, to PGM is a well-known concept in the field of mobile
emissions control [16] and has been shown to allow for optimized surface O2 concentration
on the PGM surface, thus maximizing the metal efficacy for CO oxidation [17].

The diminishing benefit of increasing ceria content above ~10% is explained by several
factors: (1) kinetic limitation of the reaction under chosen testing conditions and (2) the way
the discussed promoters were prepared. As an example, the degree of the OSC capacity
utilization is expected to decrease with increasing CeO2 content due to mass transfer
limitations and the inaccessibility of a portion of ceria in the CeO2-particle core.

Another important observation for the presented sample set is that the addition of
ceria leads to a decrease in NOx generation by as much as ~10% (Table 1). This feature is
important as some refineries, especially those with a high Nelson complexity index (NCI),
prefer to view the CO promoter performance as a ratio of CO conversion benefit balanced
by the NOx penalty. That is, one can assess promoter efficiency based on how much NOx is
generated per molecule CO that is oxidized. The ratio of NOx generation to CO conversion
for the studied sample-set is reported in Figure 3. Interestingly, while for every 1% of CO
conversion the reference, ceria-free, promoter generates ~2.7% additional NOx emission,
the addition of 10% ceria allows one to decrease the NOx generation to ~1.8% per 1% CO
conversion. Therefore, the addition of ceria has not only allowed boosting the absolute CO
conversion levels, but also to decrease the relative NOx emissions by as much as ~33%, a
very significant value for most oil refineries. Again, it should be noted that, similar to CO
conversion, the NOx benefit becomes marginal beyond ~10% CeO2 content.

While there is a multitude of factors affecting the NOx generation, there are at least
two that we propose relevant to explain the observations in this work. Suggested causes
are surmised and are the focus of an ongoing research project outside the frame of the
current contribution. First, the addition of ceria is suggested to affect the rates of CO

150



Catalysts 2021, 11, 707

and NO oxidation shifting the balance in favor of CO. Second, under chosen reaction
conditions ceria can contribute to the apparently lower NOx emissions by trapping a
portion of the NO2, a product of NO oxidation, in the form of ceria-nitrate. Examples
of NOx-traps using PGM/ceria components have been previously reported in the field
of mobile emissions control [18,19]. Such a mechanism is suggested favorable for a CO
promoter geared towards applications in the oil refining industry. As an example, the
promoter can trap a portion of the generated NOx in the regenerator. Subsequently, as the
promoter circulates through the FCC unit, cerium nitrate can be regenerated in the riser to
ceria while releasing NOx, which in turn can be converted to ammonia and thus removed
at the top of the riser column. The regenerated ceria is then ready for the subsequent
regenerator cycle. It is worth noting that while the effect is likely significant to help
boost CO conversion, the typical amounts of promoter in the FCC catalyst blends (often
around 1 wt %) are generally insufficient to dramatically shift the refinery NOx emission.
Therefore, the proposed NOx emissions reduction is generally considered less efficient than
the installation of a stationary NOx-scrubber that operates via selective catalytic reduction
(SCR) of NOx with ammonia [20].

3.3. NOx Emission Suppression

To supplement the NOx observations discussed in the previous chapter, a series of
experiments were performed using formulations that in addition to ceria also incorporated
further NOx-trapping components, similar to those typically reported for Lean NOx Trap
(LNT) diesel applications in mobile emissions control [21]. Two additional samples, catalyst
E (catalyst C doped with 2.6% SrO) and catalyst F (catalyst C doped with 4.7% SrO), see
Table 1, were prepared and compared in their CO conversion as well as NOx generation
activity to catalyst C, which is one of more active promoter designs discussed in present
work. The CO conversion and NOx generation values for these catalysts are reported in
Table 1. Sr, specifically in the form of SrO, has been widely proposed to manage NOx
emissions in the past and is hence a suitable example of such chemistry [22,23]. Further
comparison of the impact of SrO on overall activity is shown in Figure 4.

Figure 4. The dopant-assisted CO conversion as well as the ratio of NOx generation to CO conversion
are reported as a function of promoter SrO content. The color-coding is reported in the plot alongside
with fitted curves exemplifying the discussed trends. Catalysts were tested by mixing 99% spent FCC
catalyst and 1% fresh promoter using a plug flow reactor operating at 1 L/min flow rate with a feed
of 2 vol.% O2 in N2 at 700 ◦C. The emissions values determined by comparing to a promoter-free
base case experiment. The method used to calculate CO conversion and NOx generation is reported
in the experimental section.

It should be noted that the addition of SrO to catalyst C leads to a near-linear improve-
ment (Figure 4) in both CO conversion increase and NOx generation reduction, which
suggests these reactions are closely coupled. The observation is explained by the ability of
SrO to trap NO2 in the form of strontium nitrate, which can then be decomposed in the
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riser to yield ammonia and the regenerated SrO, much like the mechanism described for
CeO2 in the previous chapter. The key difference here is that SrO, due to its nature, cannot
contribute to CO oxidation. In turn, this means that while SrO selectively stores NO2, a
larger amount of the ceria remains available to oxidize CO rather than be “deactivated” by
NO2 adsorption. This operation is very similar to that of a typical LNT design for diesel
emissions system applications, where the NOx-trapping function is partially decoupled
from CO and hydrocarbon oxidation to maximize catalytic efficiency [24].

With the potential NOx emissions suppression in mind, it is not obvious that the
addition of a dedicated NOx-trapping component is the most practical approach towards
NOx management in a refinery since the necessary amount of such SrO-based trap would
need to comprise a substantial amount, e.g., 10–20%, of the FCC formulation, which is not
a viable approach towards NOx mitigation in most existing FCC units.

3.4. Impact of Aging

Two catalysts are chosen for further testing to assess the impact of promoter aging
on performance under conditions typical of an FCC unit. Specifically, two designs are
compared here, these are reference-2, a 500 ppm Pt containing promoter that is similar to
those designs often used in commercial applications, and catalyst C, 300 ppm Pt and 10%
CeO2 containing promoter design that has shown optimal NOx/CO ratio, as discussed in
previous chapter. Additional information on these two catalysts is provided in Table 1.
It is important to note that while at first glance the comparison may not seem direct or
fair, we focus on a real-life type of application, where a refinery would consider one or
two catalysts at most when selecting the CO promoter for their application. Ultimately,
what is most critical, is the highest efficiency per unit catalyst, i.e., lb or kg, rather than
specific elemental composition, as this approach allows for a minimization of the monthly
CO promoter spend at the refinery.

There are two types of aging tests that were developed for this workstream. First, a
steam-aging, which is used to simulate the regenerator portion of the FCC operation cycle.
Here, we chose a 12 h aging duration with a Tmax = 787 ◦C using a sealed steam reactor that
is filled with a 90% H2O-steam/10% N2 mixture. Second, Lean/Rich (L/R) aging, which is
more typical for a mobile emissions control testing setup, e.g., for a very lean diesel engine,
that mimics the full FCC unit operation cycle. This aging is also 12 h in duration, reaches
a Tmax = 780 ◦C and is performed using a flow-through reactor that cycles with 10 min
Air, followed by 10 min N2, followed by 10 min H2, followed by 10 min N2, while at a
constant 10% H2O-steam in every step. Due to powder bed penetration difference between
air and H2, the 10 min H2 reduction is equivalent to ~1 min reduction using hydrocarbons.
This point is important as it simulates the relative time a CO promoter spends in the FCC
unit, i.e., ~90% of the lifetime in the regenerator and ~10% lifetime in the riser, where the
promoter can be regenerated. The comparison of the said two samples in fresh as well as
aged form is shown in Figure 5.
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Figure 5. The activity of reference-2 and catalyst C in fresh as well as aged form for CO conversion and NOx generation
are reported. The color-coding as well as the actual measured values are reported in the plots. Catalysts were tested by
mixing 99% spent FCC catalyst and 1% fresh promoter using a plug flow reactor operating at 1 L/min flow rate with a feed
of 2 vol.% O2 in N2 at 700 ◦C. The emissions values determined by comparing to a promoter-free base case experiment.
The method used to calculate CO conversion and NOx generation is reported in the experimental section.

The superiority of catalyst C to the reference-2, regardless of the lower Pt content in
the experimental sample was expected based on fresh testing. However, the extent of the
aging on the said catalysts was not obvious prior to testing. For CO conversion, the CO
activity of the reference-2 design is decreased by 25–50% depending on the aging type,
with steam aging being particularly harmful.

At this point we believe it is necessary to provide a side note on the nature of Pt aging
as often observed in mobile emissions control, e.g., for diesel-type emissions mitigation
systems. Pt is quite mobile in the oxide form and stable in metallic form when it comes
to sintering or Ostwald ripening [25,26]. What this translates to is an elevated degree of
mobility on the surface that ultimately leads to a higher extent of agglomeration upon
aging in the absence of reductants. Therefore, while both aging protocols in this work
had a nominal duration of 12 h, the actual time Pt was subject to oxidation was different,
with more favorable conditions in the L/R aging case. Since Pt was offered the occasional
regeneration step, that in turn has led to an apparent higher degree of CO activity after the
12 h L/R aging cycle compared to steam aging. The key learning here is that the promoter
aging protocol must be chosen such to best suit the actual refinery operation. In turn, this
approach not only allows the correct promoter dosing and durability estimate, but also a
fair comparison of competing catalyst technologies (e.g., as part of catalyst vendor bids).

With the above in mind, the remarkable stability of catalyst C after both aging protocols
deserves a further explanation as the performance appears to improve slightly with aging.
There are two key reasons for this observation. First, the CeO2 that is present in catalyst C
will exhibit some CO activity on its own, as discussed previously. The aging conditions
chosen in this work are generally below temperatures that are considered harmful to
ceria, i.e., cause structural collapse and stop oxygen mobility [27]. Therefore, the CeO2-
contribution to CO oxidation is essentially unaffected. Second, likely even more prominent,
ceria when introduced to the promoter design in an appropriate manner, can serve as
an anchoring point for Pt as the affinity of Pt to CeO2 is known to exceed that of Pt to
Al2O3 [28]. Therefore, as the aging begins, Pt that may be randomly distributed on the
surface of the promoter particle, is quickly anchored on the surface of ceria domains. This
in turn means that Pt is given little opportunity to find further Pt particles and sinter
into larger Pt clusters on the promoter surface. The large number of small anchored Pt
particles offers a significantly larger apparent Pt surface area that is available for the CO
oxidation reaction. Additionally, ceria can stabilize Pt at atomic dispersion which is active
for CO oxidation but not for dehydrogenation chemistry [29,30]. Finally, while it is not
possible to completely exclude some degree of Pt encapsulation with ceria, the relatively
mild aging temperatures [31], as compared to some of the most aggressive environmental
catalysis type aging conditions [32], lead us to surmise that the anchoring of Pt with ceria
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has a significant net-benefit effect over a simpler Pt/Al2O3 type design under operation
conditions typical of a refinery FCC unit.

As for NOx generation, the same general observations and explanations as those
discussed for CO conversion are still valid. The decrease of the Pt surface area due to
sintering leads to diminishing NOx emissions. For Catalyst C, the NOx generation is much
more stable, regardless of aging, which serves as an indication of the excellent stability
and durability of this promoter design. The latter observation is critical when it comes
to real-life applications: refiners are interested in a stable mode of operation with little
to no fluctuation of the emissions performance. A promoter such as reference-2 would
need to be continuously dosed, either via loader or as part of additional FCC catalyst to
maintain average CO conversion activity. In contrast, a design such as catalyst C will allow
the refinery to reduce the overall tonnage of the promoter needed monthly. Specifically, for
the case exemplified here, one could use ~20% less CO promoter on a weight basis when
switching from reference-2 to catalyst C without a sacrifice in CO activity. At the same time,
the NOx emissions would be reduced by ~10–15%. Most importantly, not only would the
price per unit promoter ($/kg) be reduced by 40% based on the Pt-loading related value,
but the overall cost of CO promotion would be reduced as a function of lower monthly
consumption. Furthermore, the improved durability of the promoter would reduce the
risk of non-compliance and the amount of effort, especially in regard to monitoring as well
as the actual staffing necessary to maintain promoter levels in the unit, thus simplifying
the day-to-day operations for the refinery.

4. Conclusions

We have demonstrated that the best strategy to mitigate CO emissions from an FCC
unit is to focus on the underlying chemistry rather than PGM dosing. Pt can be effectively
anchored on the support by a choice of an appropriate doping package that can suppress
Pt sintering. The resulting synergy between the largely retained Pt surface area and the
intrinsic activity of the support allows for a substantial increase in promoter efficiency
without increasing the Pt content. For instance, CeO2 is shown to greatly affect CO
conversion as well as to have a positive effect on apparent NOx emission, while at the
same time allowing prolonged promoter durability. SrO can be employed to tune the NOx
emissions for refineries operating close to the allowed emissions limit. In turn, the correct
choice of more advanced CO promoter systems allows streamlined operations and lower
dosage into the FCC unit, which directly contributes to the refinery bottom line.
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Abstract: In this work, the Fenton technology was applied to decolorize methylene blue (MB) and
to inactivate Escherichia coli K12, used as recalcitrant compound and bacteria models respectively,
in order to provide an approach into single and combinative effects of the main process variables
influencing the Fenton technology. First, Box–Behnken design (BBD) was applied to evaluate and
optimize the individual and interactive effects of three process parameters, namely Fe2+ concentration
(6.0 × 10−4, 8.0 × 10−4 and 1.0 × 10−3 mol/L), molar ratio between H2O2 and Fe2+ (1:1, 2:1 and 3:1) and
pH (3.0, 4.0 and 5.0) for Fenton technology. The responses studied in these models were the degree of
MB decolorization (D%

MB), rate constant of MB decolorization (kapp
MB) and E. coli K12 inactivation

in uLog units (IuLog
EC). According to the results of analysis of variances all of the proposed models

were adequate with a high regression coefficient (R2 from 0.9911 to 0.9994). BBD results suggest that
[H2O2]/[Fe2+] values had a significant effect only on D%

MB response, [Fe2+] had a significant effect on
all the responses, whereas pH had a significant effect on D%

MB and IuLog
EC. The optimum conditions

obtained from response surface methodology for D%
MB ([H2O2]/[Fe2+] = 2.9, [Fe2+] = 1.0 × 10−3 mol/L

and pH = 3.2), kapp
MB ([H2O2]/[Fe2+] = 1.7, [Fe2+] = 1.0 × 10−3 mol/L and PH = 3.7) and IuLog

EC

([H2O2]/[Fe2+] = 2.9, [Fe2+] = 7.6 × 10−4 mol/L and pH= 3.2) were in good agreement with the values
predicted by the model.

Keywords: recalcitrant compounds; E. coli K12; methylene blue; optimization; Pareto chart;
perturbation graph

1. Introduction

Some of the effluents produced by industries such as textiles, dyes, tanneries, cosmetics and pulp
are colored [1]. In the pulp industry, effluents are colored due to the presence of lignin byproducts and
other phenolic compounds formed [2]. These compounds are considered dangerous and recalcitrant
because of their low biodegradability and resistant to chemical degradation [1,3]. Besides, recalcitrant
compounds with biological activity contained in treated effluent discharges are generating a loss of
biodiversity in ecosystems. Even more, some of these compounds with benzyl and phenolic structures
are considered endocrine disruptors [4–7]. In addition to the presence of recalcitrant compounds,
the bacteria in the effluents of the pulp industry must also be seriously considered. The presence
of bacteria in effluents discharged to water bodies are generating humans and animals diseases.
In this sense, Escherichia coli and other bacteria have been identified in pulp industry effluent [8].
The presence of these bacteria in the effluents of the pulp industry raises an important concern regarding
the current technologies (biological treatment) and regulations that govern the discharge of these
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effluents [9]. The inactivation of a wide range of pathogens in the cellulose industry effluent is effective
by chlorination at a relatively low cost [10,11]. However, despite its effectiveness there is a problem to
consider: the formation of organochlorine compounds [12]. Tawabini, et al. [13] states that chlorine
has a high reactivity that affects the formation of these byproducts (chlorinated organic compounds)
when reacting with organic matter. These byproducts are characterized by high toxicity and mutagenic
capacity for the environment.

The low effectiveness of conventional water treatments in the destruction of recalcitrant
contaminants and the formation of hazardous byproducts has encouraged the search for treatments
with a higher oxidative capacity avoiding the formation of harmful byproducts. In this sense, it has
been proposed the use of the so-called advanced oxidation processes (AOP) for the elimination of
recalcitrant compounds and disinfection of effluents [3,14,15]. Nevertheless, there are differences
between bacterial inactivation and decolorization of recalcitrant organic compounds by AOP [16].
Bacteria with the ability to self-repair and grow again after damage are much more complex than
recalcitrant compounds [17].

A common point of the vast majority of AOP is the formation of hydroxyl radicals (·OH).
Furthermore, ·OH is considered one of the species with the greatest oxidizing power. For example,
chlorinated compounds used in conventional effluent treatments such as Cl2 and ClO2 have standard
reduction potentials of 1.36 and 1.27 V/SHE respectively, while ·OH has a standard potential of
2.8 V/SHE [18].

Among the AOP, the Fenton technologies has focused a lot of attention for many years [19].
This process involves the reaction of H2O2 as an oxidant agent with Fe2+ ions as a metal catalyst to
produce the degradation agent of ·OH as illustrated in Equation (1). Fe3+ produced by the Fenton
reaction can also oxidize H2O2 to produce perhydroxyl radicals (HO2·; Equation (2)), named the
Fenton-like reaction. The ·OH and HO2· produced in Fenton and Fenton-like reactions can participate
in parallel reactions to produce singlet oxygen (1O2; Equations (3) and (4)).

Fe2+ + H2O2 → Fe3+ + OH− + ·OH (1)

Fe3+ + H2O2 → Fe2+ + HO2· + H+ (2)

HO2· + HO2· → H2O2 +
1O2 (3)

HO2· + ·OH → H2O + 1O2 (4)

Andreozzi, et al. [20] highlight the reactivity of ·OH, since this species has adequate properties
to attack organic compounds, in addition to reacting 106–1012 times faster than other oxidants.
Additionally, the cellular damage produced by ·OH in the disinfection processes takes place on different
macromolecules present in the bacterial membrane causing its inactivation [21].

Many of the parameters that can affect any type of chemical reaction could affect the Fenton
reaction, among which the effects of pH and reagent concentration stand out. The pH is one of the
most important parameters in the Fenton reaction. However, it is possible to find that the optimum
pH varies. One of the reasons why it is possible to find this variety at the optimum pH of the Fenton
reaction may be associated with the speciation of Fe2+ and Fe3+ [22], changes in redox potentials of the
main oxidizing species produced [23], or changes in the type of oxidizing species produced depending
on the pH [24–26].

Without the presence of Fe2+ in the Fenton system there is no formation of ·OH, so the presence of
Fe2+ is essential. However, it has been studied that too high Fe2+ concentrations can cause the Fenton
reaction oxidizing capacity to decrease (Equation (5)) [27].

·OH + Fe2+ → Fe3+ + OH− (5)
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The H2O2 concentration, like Fe2+, is also essential in Fenton systems [28]. However, an excess of
H2O2 could act as a scavenger of ·OH [27,28] according to the Equation (6).

·OH + H2O2 → HO2· + H2O (6)

Accordingly, to minimize Fe2+ and H2O2 acting as scavengers, but maximizing the production of
oxidizing species from these reagents, it is very important to know the optimal [H2O2]/[Fe2+] [29].

Therefore, the aim of this work is to evaluate the decolorization of a model recalcitrant compound
(methylene blue) and the inactivation of a model bacteria (E. coli K12 strain) by Fenton technology
considering the operational parameters such as pH, Fe2+ concentration ([Fe2+]) and the molar ratio
between H2O2 and Fe2+ ([H2O2]/[Fe2+]), and to reveal the single and combinative effects of the these
variables influencing on degree of methylene blue (MB) decolorization (D%

MB), rate constant of MB
decolorization (kapp

MB) and E. coli K12 inactivation in uLog units (IuLog
EC).

2. Results and Discussion

2.1. Models and Regression Analysis

Table 1 lists the factors and levels in the experimental design using the following variable: pH,
Fe2+ concentration ([Fe2+], mol/L) and molar concentration ratio of Fe2+ and H2O2 ([H2O2]/[Fe2+]). Also,
the experimental degree of MB decolorization (D%

MB), the apparent rate constant of MB decolorization
(kapp

MB) and the inactivation of E. coli K12 bacteria in logarithmic units (IuLog
EC) are presented.

Table 1. Actual values and coded levels (in parentheses) of the variables in the Box–Behnken design
and experimental values for each response.

Variables Responses (Experimental Results)

# [H2O2]/[Fe2+] [Fe2+] (mol/L) pH D%
MB (%) kapp

MB (min−1) IuLog
EC (uLog)

1 1:1 (−1) 6.0 × 10−4 (−1) 4.0 (0) 72.8 1.02 0.41
2 3:1 (+1) 6.0 × 10−4 (−1) 4.0 (0) 89.3 1.41 0.84
3 1:1 (−1) 1.0 × 10−3 (+1) 4.0 (0) 81.6 1.94 0.78
4 3:1 (+1) 1.0 × 10−3 (+1) 4.0 (0) 92.9 1.43 0.23
5 1:1 (−1) 8.0 × 10−4 (0) 3.0 (−1) 82.4 1.22 0.33
6 1:1 (−1) 8.0 × 10−4 (0) 5.0 (+1) 96.1 1.63 0.15
7 3:1 (+1) 8.0 × 10−4 (0) 3.0 (−1) 75.8 1.32 0.53
8 3:1 (+1) 8.0 × 10−4 (0) 5.0 (+1) 90.5 1.42 0.34
9 2:1 (0) 6.0 × 10−4 (−1) 3.0 (−1) 89.1 1.20 0.16
10 2:1 (0) 1.0 × 10−3 (+1) 3.0 (−1) 96.7 1.89 0.18
11 2:1 (0) 6.0 × 10−4 (−1) 5.0 (+1) 85.2 1.69 0.15
12 2:1 (0) 1.0 × 10−3 (+1) 5.0 (+1) 89.2 1.78 0.61
13 2:1 (0) 8.0 × 10−4 (0) 4.0 (0) 88.5 1.79 0.15
14 2:1 (0) 8.0 × 10−4 (0) 4.0 (0) 88.0 1.96 0.079
15 2:1 (0) 8.0 × 10−4 (0) 4.0 (0) 88.3 1.82 0.36

Using Design Expert software (version 10), experimental data in Table 1 were analyzed by a
second-order linear polynomial regression model (Equation (7)).

η = γ0+ γ1A + γ2B + γ3C + γ12AB + γ13AC + γ23BC + γ11A2+ γ22B2+ γ33C2 (7)

in which η is the dependent factor (response), γ0 is the intercept; A ([H2O2]/[Fe2+]), B ([Fe2+]) and C
(pH) are the independent variables; γ1, γ2 and γ3 are the coefficients of the linear part of the predicted
model; γ12, γ13 and γ23 are the interaction coefficients and γ11, γ22 and γ33 are the quadratic coefficients.
Interaction and quadratic coefficients refer to the effects of the interaction among independent variables.
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Analysis of variances (ANOVAs) and significant test results for the quadratic regression equations
are shown in Table 2.

Table 2. ANOVA of the regression model for the prediction of degree of methylene blue (MB)
decolorization, rate constant of MB decolorization and E. coli K12 inactivation.

Source Sum of Squares Df Mean Square F-Value p-Value Observations

Degree of MB decolorization (D%
MB)

Model 627.24 9 69.69 975.81 <0.0001 significant
A-[H2O2]/[Fe2+] 397.41 1 397.41 5564.29 <0.0001 -

B-[Fe2+] 72.17 1 72.17 1010.43 <0.0001 -
C-pH 69.91 1 69.91 978.81 <0.0001 -

AB 6.64 1 6.64 92.99 0.0002 -
AC 0.22 1 0.22 3.14 0.1365 -
BC 3.52 1 3.52 49.26 0.0009 -
A2 58.93 1 58.93 825.15 <0.0001 -
B2 0.055 1 0.055 0.76 0.4223 -
C2 13.62 1 13.62 190.72 <0.0001 -

Residual 0.36 5 0.071 - - -
Lack of Fit 0.21 3 0.069 0.92 0.5584 not significant
Pure Error 0.15 2 0.075 - - -
Cor Total 627.60 14 - - - -

Rate constant of MB decolorization (kapp
MB)

Model 1.17 9 0.13 6.47 0.0267 significant
A-[H2O2]/[Fe2+] 0.019 1 0.019 0.94 0.3768 -

B-[Fe2+] 0.37 1 0.37 18.64 0.0076 -
C-pH 8.98 × 10−3 1 8.98 × 10−3 0.45 0.5328 -

AB 0.20 1 0.20 10.09 0.0246 -
AC 0.024 1 0.024 1.18 0.3275 -
BC 0.089 1 0.089 4.45 0.0887 -
A2 0.40 1 0.40 19.76 0.0067 -
B2 0.025 1 0.025 1.25 0.3141 -
C2 0.069 1 0.069 3.43 0.1232 -

Residual 0.10 5 0.020 - - -
Lack of Fit 0.083 3 0.028 3.27 0.2430 not significant
Pure Error 0.017 2 8.48 × 10−3 - - -
Cor Total 1.27 14 - - - -

E. coli K12 inactivation in uLog units (IuLog
EC)

Model 0.80 9 0.089 62.10 0.0001 significant
A-[H2O2]/[Fe2+] 2.03 × 10−3 1 2.03 × 10−3 1.42 0.2870 -

B-[Fe2+] 0.082 1 0.082 57.42 0.0006 -
C-pH 0.17 1 0.17 119.79 0.0001 -

AB 0.29 1 0.29 205.03 <0.0001 -
AC 3.57 × 10−3 1 3.57 × 10−3 2.50 0.1745 -
BC 0.056 1 0.056 39.45 0.0015 -
A2 0.011 1 0.011 7.53 0.0406 -
B2 0.16 1 0.16 114.39 0.0001 -
C2 0.033 1 0.033 23.33 0.0048 -

Residual 7.14 × 10−3 5 1.43 × 10−3 - - -
Lack of Fit 6.78 × 10−3 3 2.26 × 10−3 12.54 0.0747 not significant
Pure Error 3.60 × 10−4 2 1.80 × 10−4 - - -
Cor Total 0.81 14 - - - -

Df: degrees of freedom. Parameter “A” represents the [H2O2]/[Fe2+], “B” represents the [Fe2+] and “C” represent
the pH. AC, AC, BC, A2, B2 and C2 represent the interactions of A, B and C parameters on the responses.

Table 2 listed the results of variance analysis for the MB decolorization and E. coli K12 removal
using the Fenton process. The values of the sum of squares demonstrate the contribution of independent
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variables on responses [30]. The mean squares, which are the sums of squares divided by the degree
of freedom. Adequacy of the model parameters in the present study for response variables (D%

MB,
kapp

MB and IuLog
EC) was determined by the Fisher value (F-value), obtained by dividing the mean

squares of each effect by the mean squares of error [31]. The probability critical level (p-value) of
0.05 was considered to reflect the statistical significance of the parameters of the proposed model.
The F-values > 0.001 (975.81, 6.47 and 62.10) and p-values < 0.05 obtained for D%

MB, kapp
MB and

IuLog
EC responses confirming the qualification of the model to predict the decolorization of MB (D%

MB

and kapp
MB) and the inactivation of E. coli K12 (IuLog

EC) by the Fenton reaction. In addition, the validity
of the model is confirmed by the p-value of the lack of fit with values greater than the lowest limit of fit
as recommended (>0.05) [32]. As a result, the models developed in this work for predicting the D%

MB,
kapp

MB and IuLog
EC by the Fenton process were considered adequate. These models can be described

as shown in Table 3 with coded three factors.

Table 3. Statistical results of the proposed models in terms of the coded factors.

Response Proposed Quadratic Model R2 Radj
2

D%
MB 88.3 + 7.05A + 3.00B − 2.96C − 1.29AB + 0.24AC − 0.94BC − 4.00A2 − 0.12B2 + 1.92C2 0.9994 0.9984

kapp
MB 1.86+ 0.048A+ 0.22B+ 0.034C − 0.22AB − 0.077AC − 0.15BC − 0.33A2 − 0.082B2 − 0.14C2 0.9210 0.7787

IuLog
EC 0.20 − 0.061A+ 0.030B+ 0.10C − 0.24AB − 0.003AC+ 0.11BC+ 0.22A2 + 0.15B2 − 0.075C2 0.9911 0.9752

The ANOVA results of three parameters (D%
MB, kapp

MB and IuLog
EC) showed that the significant

(p < 0.05) response surface models with high R2 value (0.9210–0.9994) were obtained as shown in
Table 3, ensuring a satisfactory adjustment of the quadratic models to the experimental data. The Radj

2

values (0.7787–0.9984) obtained suggests that the three proposed models had an adequate predictive
capacity. Even more, plots comparing the experimental and predicted values for D%

MB, kapp
MB

and IuLog
EC indicated a good agreement between experimental and predicted data from the model

(Figure 1). Therefore, this finding indicates high correlation and adequacy of the proposed model to
predict performance of the Fenton process (D%

MB, kapp
MB and IuLog

EC).

2.2. Effect of Variables on MB Decolorization (D%
MB)

Figure 2a showed the standardized effects of the components and their contribution to the D%
MB

in a Pareto chart. The sign of standardized effects in Pareto chart, + (favorable effect) or − (unfavorable
effect), along the length of the bars provided the physical meaning of model terms. In this Pareto chart,
we saw that A, B, C, AB, BC, AA and CC crossed the reference line (p = 0.05). It is evident that the
most important model term was A ([H2O2]/[Fe2+]), followed by linear terms B and C ([Fe2+] and pH
respectively), quadratic terms corresponding to AA, etc. Thus, e.g., it can be concluded that larger A
value, i.e., higher [H2O2]/[Fe2+] values, would result in an increase in the D%

MB.
The perturbation plots (Figure 2b) illustrates the effect of all parameters on the D%

MB. The positive
effect means that if the effect factor level increases then the response value increases. On the other
side, the negative effect means that if the effect factor level increases then the response value decreases.
In other words, steep slope or curvature in a factor shows that the response is sensitive to that variable,
while a relatively flat line indicates a low sensitivity of response to change with that particular variable.
It was observed that the [H2O2]/[Fe2+] (A) and [Fe2+] values (B) had significant positive effects on
D%

MB, while the initial pH (C) had a negative effect on this response. Gulkaya, Surucu and Dilek [29]
demonstrated that [H2O2/Fe2+] is a critical parameter for improving the Fenton technology as a
treatment of a carpet dyeing wastewater. Otherwise, Babuponnusami and Muthukumar [33] and
Chen, et al. [34] demonstrated the positive effect of [Fe2+] on the degradation of phenol and Acridine
Orange by Fenton technologies. In both publications it was established that an increase in the [Fe2+]
values leads to an increase in the percentage of degradation of phenol and Acridine Orange by the
Fenton reaction, in line with what has been demonstrated in the present investigation. Regards to pH
in a large part of the experiments carried out by Fenton technologies exhibit an optimal pH close to
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3 [24,33,34]. In these research, at pH less or greater than 3 the efficiency of Fenton technology decreases,
as observed in this publication.Catalysts 2020, 10, x FOR PEER REVIEW 6 of 16 
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Figure 2. (a) Pareto chart showing the standardized effects of variables (first order, quadratic and
interaction terms) on D%

MB (vertical line represents the 95% confidence interval), and (b) Perturbation
graphs for D%

MB (A-[H2O2]/[Fe2+], B-[Fe2+], C-pH).

The 3D surface and contour plots in Figure S1 show the individual effects of the process variables
and their interactions on the D%

MB. Optimum conditions determination of different variables is
the main objective of the response surface methodology (RSM) study, which can affect the D%

MB.
By considering the predicted response, [H2O2]/[Fe2+] = 2.9, [Fe2+] = 1.0 × 10−3 mol/L and pH = 3.2 of
Fenton process were the optimum condition for D%

MB (94.57%).

2.3. Effect of Variables on the MB Decolorization Rate Constant (kapp
MB)

Figure 3a shows the standardized effects of the components and their contribution to the kapp
MB

in a Pareto chart. In this Pareto chart, we saw that B, AA and AB crossed the reference line (p = 0.05).
It is evident that the most important model terms are AA and B, followed by interaction term AB
([H2O2]/[Fe2+] and [Fe2+] interaction). Thus, e.g., the AA term implies that kapp

MB were not influenced
by [H2O2]/[Fe2+] in a linear level, but strongly influenced by this parameter in a quadratic level,
i.e., a slight variation in [H2O2]/[Fe2+] will result in an increase in the kapp

MB.
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Figure 3. (a) Pareto chart showing the standardized effects of variables (first order, quadratic and
interaction terms) on kapp

MB (vertical line represents the 95% confidence interval), and (b) Perturbation
graphs for kapp

MB (A-[H2O2]/[Fe2+], B-[Fe2+], C-pH).
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Figure 3b shows the perturbation plot of the effect of the parameters on the kapp
MB. It was

observed that the [Fe2+] values (B) had a significant positive effect on kapp
MB, while the [H2O2]/[Fe2+]

(B) and pH (C) had an insignificant effect on the response. It has also been reported the main role of
[Fe2+] on the rate constants of discoloration of other dyes. For example, Tunç, et al. [35] indicated that
the rate constant of acid orange 8 decolorization increased almost 10 times (0.0027–0.0267 min−1) if
[Fe2+] values change from 5.0 × 10−6 to 2.5 × 10−5 mol/L. In the same publication the rate constant of
acid red 44 decolorization increased almost 4 times (0.0085–0.0331 min−1) if [Fe2+] values incremented
from 2.5 × 10−6 to 2.5 × 10−5 mol/L. Melgoza, et al. [36] reported also that the decolorization rate
constant of MB increased 2.5 times (0.0014–0.0035 min−1) if [Fe2+] values change from 1.0 × 10−3 to
2.0 × 10−3 mol/L.

Figure S2 show the individual effects of the process variables and their interactions on the kapp
MB

in the 3D surface and contour plots. By considering the predicted response, [H2O2]/[Fe2+] = 1.7,
[Fe2+] = 1.0 × 10−3 mol/L and pH = 3.7 of the Fenton process were the optimum condition providing
kapp

MB (2.08 min−1).

2.4. Effect of Variables on E. coli K12 Removal (IuLog
EC)

Figure 4a showed the standardized effects of the components and their contribution to the IuLog
EC

in a Pareto chart. In this Pareto chart, we saw that B, C, AA, BB, CC, AB and BC crossed the reference
line (p = 0.05). It is evident that the most important model terms was AB, followed by linear term C
(pH) and quadratic term BB ([Fe2+]2). Thus, e.g., it can be concluded that smaller C value, i.e., lower
pH values, would result in an increase in the IuLog

EC.
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Figure 4. (a) Pareto chart showing the standardized effects of variables (first order, quadratic and
interaction terms) on IuLog

EC (vertical line represents the 95% confidence interval), and (b) Perturbation
graphs for IuLog

EC (A-[H2O2]/[Fe2+], B-[Fe2+], C-pH).

The perturbation plots (Figure 4b) illustrates the effect of all parameters on the IuLog
EC. It was

observed that the [Fe2+] (B) and pH (A) values had a significant negative effects on IuLog
EC, while the

[H2O2]/[Fe2+] (C) values did not have a statistically significant effect on this response. Asad, et al. [37]
also reported that the inactivation of E. coli was mostly affected by Fenton technologies if the [Fe2+]
was low. This is evident when considering Equation (5), since at high [Fe2+] values the activity of the
·OH formed could be inhibited.

On the other hand, it is known that the ·OH production by Fenton technology is benefited at
acidic pH close to 3. Some examples of Fenton technologies applied to the inactivation of a few bacteria
are presented in Table 4. Although the experiments do not have the same conditions of [H2O2]/[Fe2+]
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and reaction time, it is possible to identify that at lower pH values and at lower values of [Fe2+] the
bacterial elimination efficiencies tend to increase.

Table 4. Examples of Fenton technologies applied to the bacteria inactivation.

[Fe2+] (mol/L) [H2O2]/[Fe2+] pH Time (min) Bacteria Reduction (uLog) Ref.

7.8 × 10−4 62.2 3.0 300 E. coli 2.12 Blanco, et al. [38]
7.2 × 10−5 20.4 3.5 100 E. faecalis 1.0 Ortega-Gómez, et al. [39]
1.0 × 10−3 20 7.0 25 E. coli 0.108 Ahmad and Iranzo [40]
5.0 × 10−3 10 8.5 1440 E. coli 0.36 Cengiz, et al. [41]

Figure S3 show the individual effects of the process variables and their interactions on the IuLog
EC

in the 3D surface and contour plots. By considering the predicted response, [H2O2]/[Fe2+] = 2.9,
[Fe2+] = 7.6 × 10−4 mol/L and pH = 3.2 of the Fenton process were the optimum condition providing
IuLog

EC (0.89 uLog).

2.5. Analysis of Optimization and Model Validation

The optimal conditions obtained for MB decolorization and E. coli K12 inactivation are different for
each of the responses studied. These results indicate that although some authors have suggested that it
is possible to analyze the bacteria inactivation of AOP by extrapolating from dye decolorization [42],
these processes have differences. The results in the present study (Table 1) show that if for example
experiments #1 ([H2O2]/[Fe2+] = 1:1, [Fe2+] = 6.0× 10−4 mol/L and pH = 4.0) and #10 ([H2O2]/[Fe2+] = 2:1,
[Fe2+] = 1.0 × 10−3 mol/L and pH = 3.0) are compared, the MB decolorization reaches 72.8% and 96.7%
respectively, while in the same experiments the E. coli K12 inactivation reaches 61.3% (0.412 uLog) and
33.4% (0.176 uLog), i.e., when the MB decolorization is high the E. coli K12 inactivation tends to be
low, and vice versa. Similar compartments can be observed when comparing (Table 1), for example,
experiments #3 ([H2O2]/[Fe2+] = 1:1, [Fe2+] = 1.0× 10−3 mol/L and pH = 4.0) and #14 ([H2O2]/[Fe2+] = 2:1,
[Fe2+] = 8.0 × 10−4 mol/L and pH = 4.0). These observations support what has been observed in other
studies on the complexity involved in the bacteria inactivation compared to the recalcitrant compounds
elimination [43].

To validate the model obtained by the Box–Behnken optimization technique, experiments were
carried out with the suggested optimum values of independent variables. Table 5 shows the optimal
conditions predicted by the models, the predicted response value and the response value obtained
experimentally (Table 5).

Table 5. Results of validation experiments under optimized conditions.

Conditions [H2O2]/[Fe2+] [Fe2+] (mol/L) pH Experimental Value Predicted Value Error

D%
MB 2.9 1.0 × 10−3 3.2 94.57 97.12 −2.55

kapp
MB 1.7 1.0 × 10−3 3.7 2.08 2.02 0.06

IuLog
EC 2.9 7.6 × 10−4 3.2 0.89 0.92 −0.03

The result obtained from experiments for all response parameters was in agreement with the
model prediction. Low errors showed the model and parameters could accurately reflect on the three
responses analyzed.

2.6. Effect of [H2O2]/[Fe2+] on Responses

The increasing of [H2O2]/[Fe2+] value (studied at molar ratio 1:1, 2:1 and 3:1) showed a significant
positive effect only on the values of D%

MB. Gulkaya, Surucu and Dilek [29] studied the treatment of
wastewater from carpet dyes by Fenton technologies, also finding that [H2O2]/[Fe2+] plays a crucial role
in the removal of dyes. Considering the above, it is possible to indicate that it is necessary to maintain
a considerable concentration of H2O2, to ensure that the ·OH production is maintained for a longer
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time, obtaining a high efficiency in the discoloration of MB. However, the values of [H2O2]/[Fe2+] do
not seem to significantly affect the kapp

MB and IuLog
EC values.

2.7. Effect of [Fe2+] on Responses

Statistical analyses identified [Fe2+] as an important factor for the three types of responses studied
(D%

MB, kapp
MB and IuLog

EC). For both the D%
MB analysis and for kapp

MB the increasing of [Fe2+]
value (studied at 6.0 × 10−4, 8.0 × 10−4 and 1.0 × 10−3 mol/L) exhibited a significant positive effect
on these responses, while for the IuLog

EC analysis this parameter showed a significant negative effect.
In Equation (1) it is observed that the formation of ·OH due to the oxidation of Fe2+ to Fe3+ in the
presence of H2O2 will increase with a higher concentration of Fe2+. A single ·OH attack on the MB
structure leads to its decolorization (D%

MB and kapp
MB), which seems to agree with the importance

of [Fe2+] found in the present research. However, if the ·OH also had a preponderant role in the
inactivation of E. coli K12, then the [Fe2+] values should not have a significant negative effect on
the IuLog

EC response. Some authors [44–47] suggest that although ·OH oxidize most simple organic
compounds (such as recalcitrant compounds), the inactivation of a bacterium (such as E. coli K12) is not
directly affected by the production of these radicals. These researchers indicate that the formation of
singlet oxygen (1O2) is responsible for the inactivation of bacteria. Consequently, the IuLog

EC decreases
with increasing values of [Fe2+], since excess Fe2+ could react with the ·OH formed (Equation (5)),
decreasing the possibility that the ·OH react to form 1O2 (Equations (3) and (4)).

2.8. Effect of pH on Responses

The pH value (studied at pH 3.0, 4.0 and 5.0) showed a significant effect on the D%
MB and IuLog

EC

responses but did not show a significant effect on the kapp
MB response. The Fenton reaction (Fe2+ and

H2O2), with a rate constant 76 L·mol−1s−1 [48], form ·OH quickly, consume Fe2+ and produce Fe3+.
The Fenton-like reaction (Fe3+ and H2O2) has a much slower rate constant (0.01 L·mol−1s−1) than the
Fenton reaction [48] and it only produces O2·−, a much less reactive radical than ·OH. Additionally
it has been established that the species of Fe(II) that prevails in the working pH range (3.0–5.0) is
Fe2+ [49], while in the same pH range the speciation of Fe(III) demonstrates the formation of Fe(OH)2+

and Fe(OH)2
+ species, species that are less reactive than Fe3+ [22]. Based on this information, it is

expected that the rate of ·OH formation from the Fenton reaction, at least in the first minutes of reaction
that directly influence the determination of kapp

MB, will not be greatly altered when changing system
pH between 3.0 and 5.0. However, D%

MB and IuLog
EC, which are obtained in a final time of 15 min,

will be influenced by both the Fenton reaction and the subsequent Fenton-like reaction. Considering
this, the participation of the Fenton-like reaction implies that the pH and its effect on Fe(III) speciation
have a greater influence on the D%

MB and IuLog
EC responses, as observed in this investigation.

3. Materials and Methods

3.1. Chemicals and Materials

Iron sulfate heptahydrate (FeSO4·7H2O), hydrogen peroxide (H2O2, 30%), sodium hydroxide
(NaOH), hydrochloric acid (HCl), Luria Bertani (LB) medium and methylene blue (C16H18N3SCl·3H2O)
were purchased from Merck S.A. (Santiago, Chile).

3.2. Fenton Experiments

Methylene blue, a dye that does not generate toxic byproducts when reacting with ·OH [50–52],
was used as a model of recalcitrant compound, while E. coli K12, a non-pathogenic E. coli [53], was used
as a model of bacteria. Experiments were performed in 20 mL glass reactors containing the MB
solution (5.0 × 10−5 mol/L) or E. coli K12 (106 CFU), kept under magnetic stirring at room temperature
(25 ◦C) [43,44]. First, FeSO4·7H2O solution was added to each sample according to the experimental
design. The pH of each sample was adjusted by using NaOH (0.25 mol/L) or HCl (0.10 mol/L)
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solutions. Reactions were started by adding an aliquot of H2O2 solution. After the experimental time
elapsed (15 min), for E. coli K12 analysis, 0.2 mL of each sample was collected for its enumeration.
The decolorization of MB was studied by determining its kinetic constants of color decay and the degree
of decolorization. After 2 min of maintaining the reaction under constant agitation, samples (3.0 mL)
were withdrawn, and immediately injected into a cuvette for analysis at time intervals of 3, 6, 9, 12 and
15 min. The analyses in samples were performed spectrophotometrically by UV–Vis spectrophotometry
(Shimadzu UV-1800, Shimadzu Inc., Kyoto, Japan) at 668 nm using quartz cells with path lengths of 1 cm.
A calibration curve was constructed (5.30 × 10−7–1.30 × 10−5 mol/L; R2 = 0.999). Fitting decolorization
kinetics and the rate constant was obtained by Sigma Plot 11.0 software (Systat Software, Inc., San Jose,
CA, USA).

3.3. Detection and Enumeration of E. coli K12

Strain samples were stored in cryo-vials containing 20% glycerol at −20 ◦C. To prepare the bacterial
pellet for the experiments, one colony was picked from the precultures and loop-inoculated into a 50 mL
sterile PE eppendorf flask containing the Luria Bertani (LB) medium. The flask was then incubated
aerobically at 37 ◦C and 150 rpm in a shaker incubator (Gerhardt THO500, Gerhardt GmbH & Co.,
Königswinter, Germany) until the stationary physiological phase was reached. After 24 h, cells were
centrifuged (SIGMA 2-16P, Sigma Laborzentrifugen GmbH, Steinheim, Germany) and diluted until
optical density 0.5 a.u. (i.e., 106 CFU/mL) at 600 nm [43,44]. Component of LB medium included
sodium chloride (10 g), tryptone (10 g) and yeast extract (5 g) in 1 L of deionized water; this solution
was then sterilized by autoclaving for 20 min at 121 ◦C. The bacterial pellet was resuspended and
washed three times with a saline solution (NaCl/KCl). The final pellet was resuspended in saline
solution. This procedure resulted in a cell density of approximately 109 colony forming units (CFU)
per milliliter. The pH of the solution was adjusted to 7.0 and the solution was then sterilized by
autoclaving for 30 min at 121 ◦C. The bacterial solution was diluted in reactors to the required cell
density corresponding to 106 CFU/mL [43,44].

CFU were performed by plating on plates (PCA method). Of the samples 0.2 mL was withdrawn.
Samples were diluted (10% v/v) and 0.1 mL poured on plates. Plates were aerobic incubated for
24 h at 37 ◦C (Heraeus B6, Kendro, Langenselbold, Germany) and the CFU were counted manually.
All experiments were performed in triplicates. The enumeration of colonies was expressed as CFU
(colony forming units) per 100 mL of sample. These concentrations were transformed to log10 and the
removal of bacteria, uLog = log(Nt/N0), was calculated from the initial bacteria concentration (N0) and
the remaining bacteria population at “t” time (Nt).

3.4. Experimental Design

To determine the optimal experimental conditions for the decolorization of MB and the inactivation
of E. coli K12 by Fenton technology, a Box–Behnken design was performed. pH, Fe2+ concentration
([Fe2+], mol/L) and molar concentration ratio of Fe2+ and H2O2 ([H2O2]/[Fe2+]) were selected as
independent variables in the experimental design (Table 6).

Table 6. Independent variables and levels used in the Box–Behnken design for Fenton technology.

Variable
Coded Factor Level

Coded −1 0 1

[H2O2]/[Fe2+] (A) X1 1:1 2:1 3:1
[Fe2+] (mol/L) (B) X2 6.0 × 10−4 8.0 × 10−4 1.0 × 10−3

pH (C) X3 3.0 4.0 5.0

Three replicates were performed at the central point, with 15 runs performed for each study.
The chosen levels of the independent variables were based on literature reports [54]. The experimental

167



Catalysts 2020, 10, 1483

responses were the degree of MB decolorization (D%
MB), the apparent kinetic constant of MB

decolorization (kapp
MB), and removal of bacteria in uLog units (IuLog

EC) for variables showed in
Table 6.

A second-order linear polynomial regression model (Equation (7)) was obtained to analyze
the data. Data were statistically evaluated and an analysis of variance (ANOVA) was applied at
with a confidence level of 95% using software Design Expert version 10 (Stat-Ease Inc., Minneapolis,
MN, USA). Responses of the experimental tests were compared to the estimated values, and the fit
of model was assessed. Experimental tests, performed under optimal conditions, were performed to
achieve maximal D%

MB, kapp
MB and IuLog

EC.

4. Conclusions

The present study provided a comprehensive description regarding the application of the Fenton
technology as a process for MB decolorization and E. coli K12 inactivation in aqueous solutions at
different [H2O2]/[Fe2+] values (1.0, 2.0 and 3.0), [Fe2+] values (6.0× 10−4, 8.0× 10−4 and 1.0× 10−3 mol/L)
and pH values (3.0, 4.0 and 5.0) up to 15 min of reaction. It was found that the Box–Behnken model
could effectively predict and optimize the performance of Fenton technology for MB decolorization
and E. coli K12 inactivation.

The maximum D%
MB of 94.57% was predicted at [H2O2]/[Fe2+] = 2.9, [Fe2+] = 1.0 × 10−3 mol/L

and pH = 3.2; for kapp
MB the maximum of 2.08 min−1 was predicted at [H2O2]/[Fe2+] = 1.7,

[Fe2+] = 1.0 × 10−3 mol/L and pH = 3.7 and the maximum IuLog
EC of 0.89 uLog was predicted

at [H2O2]/[Fe2+] = 2.9, [Fe2+] = 7.6 × 10−4 mol/L and pH = 3.2. This analysis revealed good agreement
between experimental results and the RSM predictions, further illustrating that RSM is a suitable
approach to optimize the MB decolorization and E. coli K12 inactivation.

The Pareto and perturbation analysis of the model terms showed that all parameters analyzed
have different effects on the responses. The [H2O2]/[Fe2+] values show a significant positive effect only
on D%

MB. The pH values show a significant negative effect on D%
MB and IuLog

EC, which could involve
the main role of speciation of Fe(II) and Fe(III) species in the total process of MB decolorization and
E. coli K12 inactivation by Fenton technology. The positive and negative significant effect of the [Fe2+]
values on the MB decolorization (D%

MB and kapp
MB) and E. coli K12 inactivation (IuLog

EC) respectively,
suggest that different oxidizing species are involved in these processes.

Thus, considering that bacteria are larger than dye molecules, the complex self-repair mechanisms
of bacteria and the different external structures of bacteria compared to the dyes structure, the E. coli
inactivation proved to be less effective than MB decolorization by Fenton processes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/12/1483/s1,
Figure S1: Three-dimensional response surface plots (a, c and e) and their corresponding contour plots (b, d
and f) representing de modeled D%

MB as a function of: [H2O2]/[Fe2+] and [Fe2+] (a, b), pH and [H2O2]/[Fe2+]
(c, d), [Fe2+] and pH (e, f) at central point values of other parameters, Figure S2: Three-dimensional response
surface plots (a, c and e) and their corresponding contour plots (b, d and f) representing de modeled kapp

MB as a
function of: [H2O2]/[Fe2+] and [Fe2+] (a, b), pH and [H2O2]/[Fe2+] (c, d), [Fe2+] and pH (e, f) at central point values
of other parameters, Figure S3: Three-dimensional response surface plots (a, c and e) and their corresponding
contour plots (b, d and f) representing de modeled Iulog

EC as a function of: [H2O2]/[Fe2+] and [Fe2+] (a, b), pH and
[H2O2]/[Fe2+] (c, d), [Fe2+] and pH (e, f) at central point values of other parameters.
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Abstract: Organic pollutants such as dyes, antibiotics, analgesics, herbicides, pesticides, and stimulants
become major sources of water pollution. Several treatments such as absorptions, coagulation, filtration,
and oxidations were introduced and experimentally carried out to overcome these problems. Nowadays,
an advanced technique by photocatalytic degradation attracts the attention of most researchers due to its
interesting and promising mechanism that allows spontaneous and non-spontaneous reactions as they
utilized light energy to initiate the reaction. However, only a few numbers of photocatalysts reported
were able to completely degrade organic pollutants. In the past decade, the number of preparation
techniques of photocatalyst such as doping, morphology manipulation, metal loading, and coupling
heterojunction were studied and tested. Thus, in this paper, we reviewed details on the fundamentals,
common photocatalyst preparation for coupling heterojunction, morphological effect, and photocatalyst’s
characterization techniques. The important variables such as catalyst dosage, pH, and initial concentration
of sample pollution, irradiation time by light, temperature system, durability, and stability of the catalyst
that potentially affect the efficiency of the process were also discussed. Overall, this paper offers an
in-depth perspective of photocatalytic degradation of sample pollutions and its future direction.

Keywords: photocatalysis; organic wastewater; preparation method; degradation; characterizations;
hybridization
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1. Introduction

Nowadays, about 300 to 400 million tons of untreated organic pollutants are produced annually,
which leads to water pollution problems, especially near industrial areas [1]. To overcome this issue,
the majority of countries introduced strict regulations to control environmental pollution. Moreover, it
attracts scientists’ attention to intensively study the best technology in this scope of research with the
hope to control environmental pollution and improve the wellbeing of the environment.

One of the attractive solutions to degrade organic pollutants is by using photocatalysts. This is
because of its promising, effective, and efficient degradation activity of pollutants, which occur
by allowing both spontaneous and non-spontaneous reactions to optimize the whole process.
Photocatalysis was introduced in 1972 by Fujishima and Honda in their research on the electrochemical
photolysis of water at a semiconductor electrode and published in Nature [2]. The process is defined as
a chronological succession of advanced oxidation processes (AOPs), which improve their drawbacks
such as high cost, incomplete mineralization, and require high hydroxyl radical [3]. The photocatalysis
process requires light energy to activate the photocatalyst, hence this shows interest because the
reaction can be controlled using the light or photon sources.

Currently, the most studied photocatalysts are titanium dioxide (TiO2) [4–6] and zinc oxide
(ZnO) [7–9]. However, they suffer from the recombination of the electrons (e−) and holes (h+), which
are considered as the major drawback to these materials. Improving the efficiency and stability of
photocatalyst become the target goal among researchers.

In this review, we focused on the hybridization type, preparation technique, effect of parameters,
and current challenges of photocatalysis sciences in organic wastewater treatment. As has been
mentioned before, the recombination of the electrons (e−) and holes (h+) are common problems for the
photocatalyst. Hence, the hybridization technique was proposed by several researchers to overcome
this problem. Examples of such techniques are doping, coupling heterojunction, and supporting
materials. Further mechanisms and explanations on the effect of hybridization type on the performance
of catalysts are discussed in this review.

Several techniques were also proposed by researchers to synthesize photocatalyst, however,
there is no single study that reviewed the performance of each method and quality of produced
photocatalyst. In this paper, there are two types of green and simple techniques identified that could
affectively affect the performance of the photocatalyst such as physical- and chemical-based techniques.
Moreover, this paper also discussed extensively the effect of operating parameters involved during the
photocatalysis process. For example, the effect of catalyst amount, pH of pollutant, irradiation intensity,
the temperature of pollutant, initial concentration, and effect of size and shape of photocatalyst toward
the rate of degradation of organic pollutants.

2. Photocatalysis

Catalysis is the study involving synthesis, modification, and mechanism of a substance that can
increase or accelerate the rate of a chemical reaction due to the participation of a substance called a
catalyst, which remains unchanged at the end of the reaction. The reaction will occur faster with the
catalyst because they require less activation energy than that of a normal reaction. The activation
energy (Ea) is threshold energy, which must be overcome for a reaction to occur as illustrated in Figure 1.
Despite the normal reaction pathway, the presence of the catalyst opens up an alternative approach
with lower activation energy, thus, the rate of reaction will increase. Nevertheless, the result and the
overall thermodynamics are the same [10].

Nowadays, photocatalysis shows high potential in reclaiming the environmental practice and
green technology. It drives researchers to enhance this technology by looking forward to the best type
of photocatalyst and the reactors. Currently, it has been applied in many applications such as coating
technology [11,12], environmental pollution [13,14], and air pollution treatment [15,16].
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Figure 1. Effect of catalyst on energy diagram profile.

Theoretically, photocatalysis requires light to activate the photocatalyst to initiate the reaction.
According to Ohtani [17], the difference between photocatalytic and catalytic reaction depends on the
preferential crystal facets of the photocatalyst. Therefore, the intensity of irradiated light will affect the
kinetics of the reaction, to produce electron–hole pairs, which makes the reaction happens, whereas the
catalytic reaction depends on the active sites for the reaction to occur [18–20]. In catalysis, the density
of active sites concurrent with the reaction kinetic [21,22] as illustrated in Figure 2. Generally, the
catalytic reaction is limited to spontaneous reaction only, in which the Gibbs free energy is more than
zero. However, photocatalyst allows both spontaneous and non-spontaneous reactions, which relied
on the photo-absorption ability of the material that can provide energy source and turn it into chemical
energy [17].

Figure 2. The illustration of catalytic and photocatalytic reaction processes.
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As illustrated in Figure 3, the activity of photocatalyst (i.e., semiconductor) depends on the ability
to create e− and h+ pairs to generate free radicals, which are needed to initiate the reaction. An electron
from the valence band (VB) will be excited to the conductive band (CB) by absorption of the light
energy equally or more than its band gap, which is an energy difference between VB and CB in
the semiconductor.

Figure 3. The basic mechanism of photocatalysis [23].

Theoretically, the reaction starts when enough photons (hv) from the light source hit the e− on
VB. The e− excites the CB, leaving the h+ on VB. Both e− and h+ will migrate to the surface of the
photocatalyst. Simultaneously on the surface, h+ will oxidize the water to form hydroxyl radicals (OH·)
that initiate the chain reaction to oxidize the organic pollutants. While e− will donate to the electron
acceptor such as oxygen (O2) extending the formation of superoxide or metal ion that is reduced to its
lower valence state and deposited on the photocatalyst surface [23]. Both oxidation and reduction
processes produce a degraded product of organic pollutant that is more environmentally friendly.

Table 1 shows recent publications on the catalytic study of the photocatalyst in the degradation
of (i) dyes like methyl orange and methylene blue, (ii) antibiotics such as doxycycline, levofloxacin,
tetracycline hydrochloride, and tetracycline, (iii) analgesics such as acetaminophen, (iv) herbicides
such as atrazine, (v) pesticides such as naphthalene, and (vi) stimulants such as caffeine—all of which
could benefit from further research and applications. According to Gogate and Pandit [24] and Low et
al. [25], organic contaminants from industries were found to be the major source of water pollution.
Globally, around 15 g pharmaceutical products were consumed per capita and 3 to 10 times higher in
developed countries [26]. The remaining untreated refractory organic contaminants could stimulate
microbial growth, leading to oxygen depletion and disturb the entire water bodies’ ecosystem [27].
Numerous research reported in this area is scientifically important. For example, Cheshme et al. [28]
and Vaiano et al. [4] in their research, succeeded in completely degrading the methyl orange within
50 min and paracetamol sample in 120 min using Cu doped ZnO/Al2O3 and TiO2-graphite composite
photocatalyst, respectively.
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3. Types of Hybridization Photocatalyst

The single semiconductor was used as a photocatalyst, facing the problem of recombination of
e− and h+ due to limited diffusion length and large band gap [44]. In the past decade, researchers
put effort into hybridizing the photocatalyst to enhance the light absorption in the range of visible
sunlight. Therefore, several types of hybridization of photocatalysts such as doping, metal loading,
and coupling heterojunction have been explored to solve the problem.

3.1. Metal-Doped Photocatalyst

Doping is a method used to add other substance that has energy levels almost the same as the
valence band or conducting band edge of the main semiconductor, that enables it to enhance the
concentration of charge carriers either by donating or accepting electrons. However, the opposite
effect has been observed, which could promote e− and h+ recombination [45]. Thus, morphology
manipulation is important to produce nano-sized photocatalyst to reduce travel distance from the e− to
the surface hence creating h+ in the bulk phase [46]. Nevertheless, it also has a side effect, which leads
to an increase in the bandgap due to the particle-in-box model [46]. According to Ge et al. [47], metal
loading requires a balanced amount of loading to favor the effective reaction to occur effectively. When
an excess of metal is loaded, it will cover the active site on the surface, yet it decreases the separation
capacity: it may also act as the center of recombination.

Theoretically, the introduction of metal dopant on photocatalyst could improve both adsorption
and photocatalytic degradation efficiencies. As been reported by Cao et al. [48] in Table 2, the addition
of 1 wt.% to 8 wt.% of Co Zr6O4(OH4)BDC12 in photocatalyst improved the adsorption and degradation
process from 9.9% to 78.5%. This is because of the photocatalyst’s crystallinity level, which improves
the light adsorption and increases the efficiency of charge separation. Fundamentally, the introduced
dopant or metal on photocatalyst has introduced a sub-energy level below the conductive band.
Moreover, it acts as a trapping site for excitation and delay of the recombination of the excited electron
as shown in Figure 4.

Table 2. Effect of different loading of dopant on the adsorption and photocatalytic degradation.

Catalysts Quantity of Dopant Morphological Characterization

Adsorption
Capacity

(wt.% Dopant:
% Adsorption)

Photocatalytic
Degradation

(wt.% Dopant: %
Degradation)

Ref.

Cu-doped ZnO/Al2O3

Minimum dopant loading Undoped ZnO/Al2O3 observed as
spherical morphology -

0.0 wt.%: 6.4%
2.5 wt.%: 39.5%

5.0 wt.%: ~93.0%

[28]

Optimum dopant loading

After doping, the surface became
lamellar morphology and XRD peaks

relative intensity showed slightly
decreased

- 7.5 wt.%: 100%

Maximum dopant loading - - 10.0 wt.%: ~93.0%

Mg-doped ZnO-Al2O3

Minimum dopant loading Crystallite size 21 nm;
Observable porosity on surface 0.0 wt.%: 7.0% 0.0 wt.%: 89.2%

[43]Optimum dopant loading Crystallite size 8 nm;
The surface increase in grain size 1.0 wt.%: 11.1% 1.0 wt.%: 98.9%

Maximum dopant loading Crystallite size ≤ 35 nm 3.0 wt.%: 6.7%
5.0 wt.%: 1.2%

3.0 wt.%: <98.9%
5.0 wt.%: <98.9%

Co-doped
Zr6O4(OH4)BDC12

Minimum dopant loading
Agglomerated cubic morphology

with diameter of 230 nm; surface area
was 584 m2g−1

0.0 wt.%: 9.9% 0.0 wt.%: <78.5%

[48]
Optimum dopant loading

Dispersive and uniform cubic with
diameter of 170 nm; increase surface

area to 815 m2g−1
1.0 wt.%: 68.1% 1.0 wt.%: 78.5%

Maximum dopant loading The higher amount of Co doped, the
higher surface area observed

2.0 wt.%: 61.3%
4.0 wt.%: 58.6%
8.0 wt.%: 55.4%

2.0 wt.%: <78.5%
4.0 wt.%: <78.5%
8.0 wt.%: <78.5%

Ag-doped ZnS

Minimum dopant loading Average diameter was 3.0–5.0 nm;
surface area was 78 m2g−1 - No dopant: 79.7%

[49]
Optimum dopant loading Average diameter was 3.0–5.3 nm;

increase surface area to 89 m2g−1 - With dopant: 92.8%

Maximum dopant loading - - -
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Figure 4. Example of doping as an electron trapping site of photocatalyst [50].

Furthermore, the synergy between dopant and photocatalyst is also an important criterion that
must be observed. Based on the reported studies presented in Table 2, where Mg-doped ZnO-Al2O3

without or with minimum metal dopant showing low photocatalytic degradation. Further addition of
dopant to the optimum level (1 wt.%) improves the photocatalysis degradation up to 98.9%. However,
the addition of dopant (3–5 wt.%) exceeded the optimum level causes the decrease of the photocatalysis
degradation lower than 98.9%. The decrease of the photocatalytic degradation might be due to several
factors: (1) the addition of excess dopant, increases the crystallinity of catalyst, which hinder their
active site on the surface [43] and (2) the excess of dopant tends to act as the center of recombination,
which accelerates the recombination between e− and h+ [28].

3.2. Coupling Heterojunction Photocatalyst

A coupling heterojunction is a combination of semiconductor to other semiconductor(s). It creates
variation towards interfacial interactions between the semiconductors, which resulted in a new unique
photocatalyst. Based on the band alignment, the heterojunctions are categorized into three types as
shown in Figure 5a.

In semiconductor/semiconductor heterojunction, the e− and h+ flow towards less negative potential
and less positive potential, respectively. Type I shows the CB in the first semiconductor (SC-1), which
is more negative than the second semiconductor (SC-2) while VB is more positive. Therefore, both
e− and h+ are accumulated in SC-2 and make them potentially recombine and reduce photocatalytic
degradation. Subsequently, the type II band alignment is the most preferred because e− in CB of SC-1
will flow to SC-2, while h+ in SC-2 will flow to SC-1 and both will transfer to the surface to undergo
redox reaction. On the other hand, type III shows no heterojunction because SC-1 and SC-2 will work
as a single semiconductor. In each semiconductor, the e− tends to recombine to its own h+ [51].

Meanwhile, Figure 5b–d show the binary, ternary, and quaternary coupling heterojunctions.
The same concept was applied as in Figure 5a, which depends on the level of band gaps for the coupled
metals which determine the types of band alignment.
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Figure 5. Illustrated (a) type of band alignment between two semiconductors in a heterojunction [51],
(b) binary [52], (c) ternary [53], and (d) quaternary coupling heterojunctions [54].
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3.3. Supported Material Photocatalyst

Currently, the trend in the development of active catalyst’s support has attracted much attention
due to its ability to disperse the active site on the catalyst surface. The support could also enhance the
process due to its responsibility to provide a high surface area for depositing the primary photocatalyst
test solutions [55,56]. The support’s material can be inert or active during the photocatalytic process,
which could act as a co-catalyst or secondary catalyst [57]. It is a requisite to overcome the difficulty
in separating the catalyst usually in the form of powder, microcrystalline, and nanocrystalline after
mixing with an aqueous sample and make it a milky dispersion [58]. To minimize the inconvenient,
researchers discovered that the support material such as polymer membrane [59,60], silica [61,62],
metal oxide [63,64], graphene [65,66], zeolite [67], carbon nanotube (CNT) [68], ceramics [69] and
aluminum oxide [70] play key roles in maximizing the efficiency of the catalyst.

Several reported research papers studied the efficiency of metal oxides like the catalyst’s support.
For example, titanium dioxide [71,72], zinc oxide [73,74], silicon dioxide [75,76], and aluminum
oxide [77,78]. However, most of the introduced supports suffer from having a low surface area and
a lack of physical and chemical stabilities. Besides, some of these oxides offer good support; these
include aluminum oxide, which offers very high surface area, high thermal conductivity, as well as
promising chemical and physical stabilities based on the previous research by Shi et al. [78], Larimi
and Khorasheh [77], and Sun et al. [79].

The chemical illustration of support materials of graphene, carbon nanotube, and aluminum
oxide are presented in Figure 6. From this Figure, it is observed that the support material is one of the
most important materials used to increase the absorption of the sample molecules, which allow the
dispersion of photocatalyst on their exposed surface. Hence, it is potentially increasing the performance
of the degradation process.

Figure 6. Cont.
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Figure 6. Example of recent studies on supported material photocatalyst such as (a) graphene [65],
(b) carbon nanotube [68], and (c) aluminum oxide [70].

4. Preparation Techniques of Photocatalyst

In the past few years, various approaches of catalyst preparation techniques such as hydrothermal,
electrospinning, impregnation, co-precipitation, solid-state, sonication, microemulsion, thermal
evaporation, and sol-gel have been introduced, as shown in Table 3. These methods can be divided
into solid-based and solution-based methods.

Table 3. Published preparation methods for photocatalysts.

Type of Method Method Photocatalyst Reference

Solid-based method

Sonication
Cu-doped ZnO/Al2O3 [28]

Ce(MoO4)2 [80]
SnO/g-C3N4 [81]

Solid-state
Mg doped ZnO-Al2O3 [43]

ZnO [82]
CuO/Al2O3/TiO2 [83]

Thermal evaporation
SnO2 [84]
ZnO [85]
ZnO [86]

Solution-based method

Hydrothermal
Sepiolite-TiO2 [38]

CdS [29]
CdTe/TiO2 [32]

Electrospinning
ZnO [42]

polycaprolactone/TiO2 [37]
Ag/LaFeO3 [87]

Impregnation
Mg-ZnO/Al2O3 [43]

Cu-BiOCl [41]
Se-ZnS [88]

Precipitation
TiO2-graphite [30]

γ-Al2O3 [89]
ZnWO4 [90]

Co-precipitation

g-C3N4/Al2O3/ZnO [39]
Mg doped ZnO-Al2O3 [43]

ZnFe2O4 [34]
Cu-doped ZnO/Al2O3 [28]

ZnO [91]

Microemulsion
Fe2O3 [92]
ZnO [93]

Si doped TiO2 [94]

Sol-gel
Nd2Mo3O9 [36]

TiO2 [94]
Bi2Mo3O12 [95]
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4.1. Preparation of Photocatalyst by Physical Techniques

The preparation of photocatalyst using the physical technique is commonly based on the machine,
force, energy, and pressure to mix or to modify the structure of the materials such as the sonication [28],
solid-state [43], and thermal evaporation [85]. These methods offer several benefits such as simple
technical aspects and a high yield of purity compared to chemical-based techniques. However, the
composition, shape, and size of the catalyst are difficult to control [96].

A Sonication bath is one of the instruments that can be used to synthesize the photocatalyst using
sound energy. The ultrasonic probe delivers the ultrasonic waves that come from different power
capacities, pressure, and structural form as shown in Figure 7. According to Warner et al. [97] and
Taylor [98], different products will be obtained with different frequency, amplitude, power supply, and
processing time. It was also reported that this product has a high potential to produce a pure product
with high yield and minimal waste from the process.

Figure 7. Illustration of sonication effect on the shape and size of the catalyst [99].

According to Sobhani-Nasab et al. [80], the nanosheet of Ce(MoO4)2 photocatalyst as shown
in Figure 8a has been successfully synthesized by the initial reactant of Ce(NO3)3·6H2O and
(NH4)6Mo7O24·4H2O solution with the addition of glucose as surfactant using sonication. The surfactant
played a key role in modeling the photocatalyst into a nanosheet. The research reported that the
product was of high purity based on the X-ray diffraction (XRD) and energy dispersive spectrometer
(EDS) analysis results. However, it was found that the increase of ultrasonic power could increase the
nanosheet size of the catalyst. Therefore, the power needs to be analyzed so that to be maintained on
the nano size scale. Similarly, Liang et al. [81], reported that ultrasonic power was used in the bonding
of g-C3N4 and SnO. At a lower amount of g-C3N4, the observed morphology was in the form of a
nanosheet as shown in Figure 8b; however, at a higher amount of g-C3N4, the morphology became
irregular due to excess g-C3N4, which inhibited the formation of nanosheet and reduced the specific
surface area of the photocatalysts.
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Figure 8. SEM images of (a) nanosheet Ce(MoO4)2 [80] and (b) g-C3N4/SnO photocatalyst [81].

Meanwhile, the solid-state is a facile additive-free method that is promising in synthesizing
the product in a large quantity [100]. This simple technique is normally employed for commercial
production in the industry. The temperature is usually applied until the unwanted substances
decompose and produce the product [82]. Without contact with any additive, the product produces a
high yield with high purity. Despite that, the promising benefit of this method is that it is a simple
and easy technique to operate. Figure 9 shows the illustration of the solid-state technique for the
preparation of the photocatalyst.

Figure 9. The solid-state technique for the preparation of ZnO.

Elhalil et al. [43] in their report, found that the solid-state method produced an Mg doped
ZnO-Al2O3 photocatalyst when the calcination process was able to remove the carbonate group based
on their FTIR result, thus, coupling the semiconductors. Their findings also showed that there are
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no impurities involved during the process, which was confirmed by the Joint Committee on Powder
Diffraction Standards (JCPDS) data of XRD analysis. The porosity of the photocatalyst is presented
in Figure 10a. Similarly, according to Rokesh et al. [82], the ZnO produced using the solid-state
method was found to be of high purity as well as high crystallinity as proved by XRD data and energy
dispersive x-ray (EDX) spectrum. The calcination process made the structure of microcrystal folding as
shown in Figure 10b, thereby producing the rough surface and large quantity of surface defect. It also
indicated the high surface area of the ZnO. Consequently, this method is strongly convinced to be good
considering it is simplicity and ability to produce products with high purity and crystallinity.
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4.2. Preparation of Photocatalyst by Chemical Techiques

The solution-based method is the most common technique used for the preparation of
photocatalysts because it offers numerous advantages such as being environmentally friendly, having
affordable reagents, and requires incredibly low energy input. From the previous study, the efficiency of
the produced photocatalyst can be controlled by manipulating the operating parameters. The variables
involved during the process design could result in different compositions, shapes, and sizes, which
potentially affects the performance of photocatalyst. Therefore, this method is preferable compared to
a solid-based method. The common examples of these methods are sol-gel [36], co-precipitation [34],
electrospinning [37], and hydrothermal [29], see Table 3.

4.2.1. Electrospinning Technique

Electrospinning is the process that requires the precursors in the form of solution or suspension,
in order to be transferred into the syringe pump, so that the spinning tip will eject the sample drop
by drop. The droplets are aided by the electrical field, which will be charged. The surface tension
will subsequently be overtaken by electrostatic repulsion. The droplet repulse and elongate until it is
deposited on a collector plate or drum [51]. The synthesized product by this technique is usually in
nanofibers form. Figure 11 shows an illustration of the electrospinning technique.
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Figure 11. Visual of the formation of nanofibers by high voltage and spinneret injection of the
solution [101].

According to Sekar et al. [102], the product obtained was smooth and has a uniform surface of
nanofibers as shown in Figure 12a. Therefore, additional calcination was compulsorily needed to
increase the surface area and its porosity. Meanwhile, Li et al. [87] reported that the electrospinning
method creates a lack of uniformity of product diameter due to the interference of the inner needle.
Hence, the best viscosity of precursor is necessary to avoid wrinkled nanofibers as shown in Figure 12b.

Figure 12. SEM images of (a) Fe-ZnO/PVA nanofibers [102]; (b) the wrinkled Ag/LaFeO3 nanofibers [87].

4.2.2. Sol-Gel Technique

There are few steps involved in the sol-gel technique, which include hydrolysis, condensation, and
the drying process [8]. Generally, a metal precursor undergoes a rapid hydrolysis process to form the
metal hydroxide. Rapid condensation is then applied to produce the gel followed by a drying process
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to solidify the gel [103]. Figure 13 shows the illustrations of the sol-gel technique in the preparation
ZnO [104].

Figure 13. Illustration of ZnO photocatalyst preparation using a sol-gel technique.

Research conducted by Li et al. [95] reported that high purity of Bi2Mo3O12 photocatalyst was
produced in the Nano foam shaped using a sol-gel technique. Figure 14a presents the uniform and
compacted size nanoparticles. The nanoparticles provide a large surface area in the catalyst, which is
beneficial for catalytic activity. Meanwhile, Vinoth et al. [36] claimed that they obtained high purity
crystal of Nd2Mo3O9 without any redundant impurities. In addition, the flower-like photocatalyst
shown in Figure 14b below contains a fairly uniform distribution of Nd, Mo, and O elements. Thus,
the sol-gel method is believed to produce high purity and uniformly size photocatalyst. Moreover, the
steps involved are quite simple and support sustainable green technology.

Figure 14. SEM images of (a) Bi2Mo3O12 photocatalyst [95] (b) uniformly size and shape of Nd2Mo3O9 [36].

187



Catalysts 2020, 10, 1260

4.2.3. Co-Precipitation Technique

The co-precipitation method is used to design different morphologies of photocatalysts based on
the operating parameters. Both anionic and cationic solutions are mixed and stirred together to form a
uniform mixture. The nucleation occurs in the formed mixture when one ion is replaced by another ion,
forming the crystal lattice. The growing process will continue until the precipitation agent is added
to agglomerate and formed the stable colloid suspension or precipitant. The obtained product from
this method can be control either by solution concentration, pH, washing medium, and calcination
temperature [96]. Figure 15 shows the illustration of the co-precipitation technique of Fe3O4 [105].

Figure 15. Illustration of the preparation of Fe3O4 by the co-precipitation technique.

As reported by Pan et al. [91], the ZnO photocatalyst obtained has a flower-like shape as shown in
Figure 16a. They control the morphology of the catalyst by manipulating the concentration of Zn2+

and OH−. Therefore, the concentration of aqueous ZnCl2 and NaOH is increased to obtain a high
reactant concentration. In line with Cao et al. [34], the porous hollow cube shape of ZnFe2O4 shown in
Figure 16b was controlled by the synthesis of Prussian Blue precursor. During nucleation and growth,
polyvinylpyrrolidone (PVP) was added as a capping agent, to produce the cube shape. In this process,
calcination is needed to decompose PVP and cyanide ligands, while gas was also diffused to produce
the small voids.
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Figure 16. SEM images of (a) flower-like ZnO [91] (b) the cubic shaped of porous hollow ZnFe2O4 [34].

5. Degradation of Various Source of Pollutants

Generally, the sources of organic pollutants in water originally comes from domestic sewage,
municipal sewage, and industrial wastewater, which commonly contained organic and inorganic
types of pollutants that partially biodegrade. Moreover, even at low concentrations, it tends to poison
aquatic organisms [106]. Therefore, chemical degradation process such as photocatalysis is required to
remove the organic pollutant into more environmentally friendly substances. The pollutants that were
reportedly studied were dye-based, antibiotic-based, and other-based pollutants such as herbicides
and toxic substances.

Truong et al. [5], reported having used graphene@Fe-Ti binary oxide composites under the
exposure of 350 W Xenon sunlight simulated lamp to degrade 10 mg/L methylene blue dye solution.
About 6 mg photocatalyst was used and successfully degraded by about 100% for 20 min. According
to Cheshme et al. [28], the Cu doped ZnO/Al2O3 under visible light of 400 W and a high-pressure
mercury-vapor lamp with a wavelength of 546.8 nm, could degrade 100% of methyl orange (15 ppm)
within 50 min with 0.6 g/L photocatalyst.

Based on Cao et al. [34], in their work, they successfully degraded about 84.08% of 500 ppm
tetracycline hydrochloride using ZnFe2O4 photocatalyst within 50 min. 300 W Xenon lamp was used
to supply the light to 100 mL solution with a 40 mg/L photocatalyst dosage. In keeping with Osotsi et
al. [35], ZnWO4−x photocatalyst was used to degrade 20 ppm of tetracycline solution. About 2 g/L
photocatalyst dosage was used under the exposure of 300 W of a ultra violet (UV) lamp. Therefore,
91% of degradation was achieved within 80 min.

As reported by Sekar et al. [102], 40 ppm of naphthalene was successfully degraded under a 16 W
UV lamp using Fe-ZnO/PVA photocatalyst. About 96% of naphthalene solution was also degraded in
4 h with 0.06 g/L of Fe-ZnO/PVA. Moreover, Moyet et al. [41], used 0.1 g/L of Cu-BiOCl photocatalyst
under the exposure of mercury UV lamp with 254 nm wavelength, degrading 10 ppm of atrazine
solution in 30 min. Other examples are shown in Table 4.
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6. Effect of Parameters on the Efficiency of Photocatalytic Degradation Process

Several variables can affect the performance of the photocatalysis process. The variables include
catalyst dosage, pH, irradiation time, temperature, and initial concentration. These variables might be
affecting the photodegradation of pollutants. Therefore, an analysis with a series of experiments is
needed to get the optimum operational parameters for the process.

6.1. Photocatalyst Dosage

Catalyst dosage has a major impact on the photocatalysis process as described by many researchers.
According to Cheshme et al. [28], the dosage range of 0.005 to 0.04 g of Al2O3/ZnO:Cu photocatalyst was
used for the degradation of 15 mg/L of methyl orange. However, the increment in photodegradation of
methyl orange solution occurs with the addition of only 0.005 to 0.03 g of catalyst dosage. However,
the addition of 0.04 g of catalyst exceeded the optimum amount of the amount of catalyst used and
the abundance of catalysts will only reduce its performance. Therefore, the optimum photocatalyst
loading was found to be 0.03 g. According to Elhalil et al. [43], about 0.1 to 0.3 g/L showed an increment
in degradation efficiency of 20 mg/L caffeine from 69.42% to 98.9%. As the amount of photocatalyst
increased to more than 0.3 g/L, the photocatalytic degradation showed a slight decrease. This was due
to the excess amount of photocatalyst, which scattered the light and reduced its penetration into the
solution. Therefore, their optimum photocatalyst dosage was found to be 0.3 g with 98.9% caffeine
solution degradation.

6.2. pH of Wastewater Sample

The pH plays a major role in photocatalytic degradation. This is because it has an important role
to play on the surface charge of the material in the aqueous media, especially in adsorption studies.
If the surface charge of the material is opposing the adsorption due to the fact of having the same
charge as the adsorbate, which needs to be modified and find the pH conditions that show the best
adsorption. Therefore, there is a need to find out the pH at which the surface charge of the material is
zero in the aqueous media or the pHpzc (pH point of zero charge) of the adsorbent material [117,118].

Elhalil et al. [43], discovered the optimum pH value of 9.5 for Mg-ZnO-Al2O3 photocatalyst
to degrade 20 mg/L caffeine solution. The dramatically decreased was found with a pH of 3.5.
The researchers reported that the pH solution affects the surface charge and ionization of caffeine
molecules, as a result, it enhanced hydroxyl radical formation. Compared to a pH of 3.5, many factors
contribute simultaneously such as non-favorable adsorption, dissolution, and decomposition of the
photocatalyst. However, Subash et al. [119], reported that the optimum pH of 9 was recorded for the
higher adsorption efficiency for photodegradation of Acid Black 1 dye solution recording up to 90.1%
using ZnO photocatalyst. At acidic pH level, the removal efficiency was less due to the dissolution of
the photocatalyst. Therefore, the solution of pH must be tested as the photocatalyst surface charge is
inverse to the solution charge.

6.3. Irradiation Intensity

Irradiation of light intensity affects the photocatalysis process via the production of more
hydroxyl radicals as intensity increase [120]. Tekin and Saygi [121] reported that at a higher intensity
(132 W/m2), 25 mg/L of acid black 1 dye solution was degraded completely for 40 min reactions.
Compared to low intensity (44 W/m2), which has only an 80% degradation rate. Bhatia et al. [122]
also reported the degradation of atenolol solution (25 mg/L) with 1.5 g/L TiO2-graphene photocatalyst
under 1000 mW/cm2, the degradation almost completed in 60 min compared to under irradiation of
250 mW/cm2, the solution degraded to 20 mg/L only. An increase in the irradiation light intensity can
produce more photons to interact with a photocatalyst, thus, releasing more hydroxyl radicals and
superoxide ions. However, the effective cost should be calculated to determine the best light source
intensity and high efficiency of photodegradation of pollutants.
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6.4. Temperature of Wastewater Sample

Usually, the elevation of temperature will increase the photodegradation within a certain range.
It is agreeable to Tambat et al. [123] findings, which reported that at room temperature and high
temperature (60 ◦C), the methyl orange solutions were completely degraded using CeO2 photocatalyst.
In contrary to low temperature (20 ◦C), the solution was not degraded completely. Moreover, according
to Ateş et al. [124], the degradation of methyl orange solution using Al2O3-NP/SnO2 photocatalyst
increased from 60.90% to 93.95% as the temperature increased from 10 to 55 ◦C. However, beyond that,
the rate of reaction temperature could give a negative effect when electron–hole recombine and cause a
decrease in degradation reaction rate [121]. Thus, it is crucial to control the temperature in the range of
reaction temperature.

6.5. Initial Concentration of Wastewater Sample

It is important to specify the optimum initial concentration of solution in the photocatalytic
process due to the synergistic effect between photocatalyst, the formation of the oxidizing agent, and
the pollutant. Subash et al. [119] reported a decrease in removal efficiency when they increased the
Acid Black 1 dye concentration. The report claimed that the path length of the photons from the
light source decreases, thus, it did not fully penetrate the solution. On the contrary, Elhalil et al. [43]
increased the initial concentration of caffeine solution, which lead to an increase in the degradation rate.
This was due to the higher ability of collision between hydroxyl radicals and that of caffeine molecules.
Therefore, the initial concentration is one of the variables that can influence the photocatalysis.

6.6. Stability and Durability of Photocatalyst

The stability and durability of the photocatalyst are important to ensure the efficiency and the
quality of the synthesized catalyst. Based on the previous studies, the morphological characteristics
affect the stability and durability of the photocatalyst. The reduction of performance of the photocatalyst
is known as the deactivation process. This phenomenon is also depending on the type of reactions,
solvents, and the mechanical process. Most of the photocatalyst deactivation is discovered after several
cycles of the reaction process. Several factors lead to the deactivation of the photocatalyst. These include
(1) loss of photocatalyst mass especially during the washing/purification process, for example, the
research reported by Taddesse et al. [125], where the Rod-like ZnO stacking on Cu2O/Ag3PO4, which
has lost some quantity during filtration; (2) leaching of dopants is also a common phenomenon that
normally happens during the reaction due to photo-etching as experienced by Zhang et al. [126],
when the synthesized ZnO catalyst undergo photodecomposition after three cycles in degradation
of Rhodamine B; (3) residual pollutant and/or organic intermediates that adsorbed on the surface
of photocatalyst. This normally occurs for the nanosized-photocatalyst with high porosity surface.
For example, the nanocomposite of WO3-ZnO has uniform surface morphology with a concomitant
irregular distribution with an average thickness of 27 nm, which showed a gradual decrease in
degradation until the fifth cycle. The researchers discovered that the methylene blue of organic
intermediates adsorbed on the photocatalyst surface even on every cycle [127,128]. In summary, the
strength, durability, and stability of the catalyst towards a harsh environment need to be analyzed
and carefully studied. This is to ensure that the prepared catalyst has high reusability and recycle the
ability to minimize the cost of the process.

7. Future Direction

Currently, several photocatalysts were developed and introduced, especially for water treatment
technologies. This is due to their inexpensive cost, efficiency, and being environmentally friendly.
However, every technique introduced in the reported papers in past decades have their own advantages
and weaknesses in terms of catalyst stability, efficiency, cost production, structure, and performance of
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the catalyst. In this review, the recent reported common techniques used to prepare the catalyst to
provide a better understanding to the readers and researchers were analyzed.

For example, the most common technique used was co-precipitation, which is easy to control
the morphology of the catalyst. However, this technique involves several problems such as being
easy to be contaminated and complex purification process. Tremendous attention has been put on the
improvement of the discussed techniques. The factors that need to focus to improve the techniques
such as (1) bandgap of the semi-conductors; (2) type of carrier transport; (3) crystallinity of the materials;
(4) surface area; (5) stability of photocatalyst, which could be controlled using the proper technique of
preparation. All these factors potentially affect the electron–hole recombination, synergic between
pollutant and photocatalyst, purities of the materials, availability of active sites, and reusability of the
photocatalyst, respectively. These factors are the clear paths of directions for the next researchers who
studied the sciences behind photocatalysis technology.

The hurdles, limitations, challenges, and research gap in this evolution of studies become an
opportunity for researchers to explore and find a clear direction for them. Figure 17 shows the key
factors of different types of hybridization of photocatalyst, which might be the main guide or reference
for other researchers to study the effect of phase structure towards the catalytic activity.

Figure 17. Different types of hybridization photocatalyst and the key factor to focus.

This review offers a comprehensive summary and novel insight into photocatalysis: These insights
include (i) hybridization of photocatalyst; (ii) preparation techniques; (iii) degradation of various
sources; (iv) effects of parameter towards photocatalysis reaction, thus aiming the future study to design
and develop improved photocatalysts that are functional and hence facilitating the photocatalysis
process for industrial scale. Figure 18 shows the importance of optimum reaction parameters during
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photodegradation processes. This is crucial to ensure the maximum capacity and performance of the
catalyst–reactant relationship.

Figure 18. Important remarks: Parameter effects on photocatalytic degradation efficiency.

8. Summary

Photocatalyst shows promising techniques to degrade organic pollutants to environmentally
friendly substances by allowing both spontaneous and non-spontaneous reactions. From the previous
studies, the single semiconductor normally facing the recombination problem of electron–hole pairs.
The hybridization photocatalyst was proposed to overcome the problems. However, it has slight
weaknesses such as promoting the center of recombination, absence of interfacial interaction, and
imposing lower photocatalytic degradation. Consequently, the proper preparation and hybridization
techniques are important to ensure the maximum potential of the catalyst, which was discussed
in this review. Adequate methods were proposed by researchers to synthesize the photocatalyst,
however, to the best of our knowledge, no study compares the methods and quality of photocatalyst
production. Therefore, this manuscript provides detailed observation, comparison, and conclusion on
the previously reported papers working on photocatalysis, especially for organic wastewater treatment
in recent years. Moreover, clear direction to overcome the challenges to the researchers and society
from the basis of key factors and parameters were highlighted and discussed.
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