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efficient energy resources area to obtain sufficient energy from the hydrogen fuel cell.
The hydrogen fuel cell is considered as an option because it releases water as a by-
product during combustion and possesses high energy density per mass of 120.7kJ/kg
compared to other fuels, with three times more energy content than gasoline.
However, hydrogen production is predominantly from fossil-based feedstock via steam
reforming over nickel-based catalysts. Because of the carbon footprint and fossil
resource depletion, attention is being shifted to non-fossil based feedstock to reduce
greenhouse gas emission and enhance energy efficiency. During steam reforming of
hydrocarbon, catalysts help to activate and rupture the C-C and C-H bonds. This paper
discusses the recent development of solid catalysts, the preparation method, catalytic
activity, selectivity and reusability, level of conversion of the reactants, yield, and
purity of hydrogen. The structural modifications of the catalysts are also discussed
based on actual metal particle size, the oxidation state of the based metal, spatial
distribution of the metal on the reducible oxide support, and microstructure of the
catalyst. This study concluded that a better catalyst system would improve the
efficiency of hydrogen yield due to the displacement of the thermodynamic
equilibrium of the product.

Keywords:
Fossil fuels; hydrogen; fuel cell; steam
reforming; catalyst; deactivation Copyright © 2020 PENERBIT AKADEMIA BARU - All rights reserved

* Corresponding author.
E-mail address: imhade.okokpujie @covenantuniversity.edu.ng; isnab2006@yahoo.com

https://doi.org/10.37934/arfmts.73.1.69108

69


mailto:imhade.okokpujie@covenantuniversity.edu.ng
mailto:isnab2006@yahoo.com

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 73, Issue 1 (2020) 69-108

1. Introduction

High energy demand, climate change, and global warming are the touching challenges facing the
world at the moment [1-2]. Therefore, the need for sustainable energy usage as an alternative to
fossil fuels for industrial and domestic activities has become evident and urgent. The non-fossil fuel
to be considered as a substitute to the conventional fuel must be clean, replenish-able, and
sustainable energy supply source [3-4]. Sustainable energy intakes such as solar, wind, geothermal,
and biomass have gained attention as carbon neutral about environmental impacts compared with
fossil fuels [5]. Also, the rapid depletion of conventional fuel has necessitated the introduction of bio-
hydrogen into the energy mix, especially for fuel cell application. Fuel cells could be driven by
chemical via electrodes or metabolism of organic wastes (i.e. wastewater and plant extract) using
microorganism to generate electricity [6]. According to Yahya et al., [7] Plant microbial fuel cell is one
of the emerging approaches to generate green electricity via metabolic of plant rhizodeposits using
bacteria. However, electricity generation by this approach is still at the laboratory scale and before it
can be commercialized, there is a need to increase proton transport. Also, the reduction of oxygen
transport to decline the internal resistance of microbial fuel cell via the application of a mixed culture
of aerobic bacteria. It is due to this downturn that makes chemical fuel cell readily available and
widely in use. Fuel cell transforms the inherent chemical energy in hydrogen fuel into electric power
via electrochemical reactions. Hydrogen has been confirmed as a potential energy carrier for
development of sustainable energy systems. It serves as a feedstock in a fuel cell to generate
electricity at high efficiencies (85%) with low environmental impact, as water is the only product of
the reaction [8][9]. Hydrogen is a candidate for clean energy source when combined with polymer
electrolyte membrane fuel cell (PEMFC) technology, and has the potential to play a very vital role in
power generation system in the future for both mobile and stationary applications [10-11]. Hydrogen
has high efficiency of conversion via reformer to usable power, low generation of pollutants, and high
energy density. It has a high energy yield (122kJ/g), which is 2.75 times greater than hydrocarbon
fuels [12].

The possibility of the future hydrogen (Hz) economy lies in the development of efficient, large-
scale and sustainable H; production systems because 95% of the hydrogen produced as of today
comes from non-renewable resources [13]. Hydrogen production is classified into physiochemical,
electrochemical, and biological processes. The existing physicochemical methods (such as steam
reforming of hydrocarbons and coal gasification) are neither sustainable nor environmental benign
because conventional fuels are used as substrate. Presently, hydrogen is being produced globally
with fossil fuel-based technologies like natural gas steam reforming (49% of worldwide Hz supply),
29% from light oil (naphtha), 18% from coal gasification, 3.9% by water electrolysis, and 0.1% via
other sources [14]. In an attempt to amend the effect of carbon (IV) oxide emission via the usage of
harmful carbon fuels, a combination of renewable energy and biofuels could be harnessed to achieve
the target. Ulhiza et al., [15] carried a review on the process of using dark fermentative bacteria in
the production of biohydrogen through waste from the starch. The authors concluded that among
the biological processes of hydrogen production, dark fermentation of organic waste (i.e. starch-
containing waste) using fermentative bacteria shows the simpler mechanism in terms of preparation,
and gives better yield when compared to photo-biological processes [15]. However, the bottleneck
in its commercialization is lack of efficient pre-treatment technique of the organic waste on a large
scale. The cost-effective and more straightforward mechanism of reducing the greenhouse gases
emission is through the catalytic conversion of biofuels through reforming. Biofuel produced from
biomass (non-food agricultural resources), which is relatively cheap and readily available feedstock,
helps in balancing the carbon cycle through the photosynthesis process. Dilute bio-ethanol is a typical
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feed for ethanol steam reforming, which is produced by serial of methods of pretreatment of
lignocellulosic materials, hydrolysis, and fermentation [16-17]. Among the renewable resources for
hydrogen production, ethanol has gained attention because of its relatively high hydrogen content,
easily generated in large quantity from abundant biomass resources, free from sulphur-containing
compounds, readily available, eco-friendly, as well as better safety in terms of storage and handling
[18-19].

The steam reforming (SR), partial oxidation (POX), and auto-thermal reforming (AR) are effective
methods for harnessing hydrogen from bio-ethanol. Among the reforming methods, steam reforming
is one of the most widely studied routes of producing hydrogen because of its high efficiency, low
operational, production costs, and it guarantees high hydrogen yield. However, steam reforming of
ethanol (SRE) generates a high hydrogen/carbon (l1) oxide ratio. Still, it has the disadvantage of being
high endothermic and catalyst inactiveness due to carbon formation and sintering of active metals.
Meanwhile, partial oxidation reduces the problem of energy consumption since it is exothermic; its
disadvantage is a low hydrogen/carbon (ll) oxide ratio formation [20]. However, in auto-thermal
reforming, the oxygen separation unit is expensive to run, and the catalyst is prone to deactivation
easily as a result of oxygen inclusion, which favours sintering, without negating the tendency for coke
formation [21]. As such, steam reforming of ethanol possesses the highest potential to be
commercialized soon. However, the success story of steam reforming lies in the stability and
activeness of catalysts employed. The development of active and efficient catalysts is essential for
the possibility of large scale hydrogen production through ethanol steam reforming. So many
catalysts have been investigated, majorly based on noble metals such as Ir, Rh, Pt, Ru, and Pd and
non-noble metals such as Ni, Co, and Cu [22-23]. Noble metals exhibit high catalytic activity and
stability when used in steam reforming reactions. Still, despite their excellent catalytic performance,
it is not a wise choice because of economic reasons and their scarcity [24]. Nickel, copper, and cobalt
are mostly used as catalysts in the ethanol steam reforming process because of their excellent
catalytic activity and low cost [25]. Nickel is prioritized due to its high activity for C-C bond and O-H
bond breaking and its influence on the formation of molecular hydrogen. However, coke formation
and sintering of metal particles deactivate the industrial nickel catalysts, due to the endothermic
nature of steam reforming and the high tendency of catalyst poison from either by-product influence
or due to impurities associated with the feed. These defects can be reduced by modifying the catalyst
with support, due to their chemical effect, apart from their interaction with the active phase.

The interactions between base metal and support give rise to surface effects, which could be
geometric of electronic influence. The results have an essential stake in the catalytic activity since
most reactions are dependent on the surface atoms. Also, supports with sufficient surface area and
small pores usually exhibit additional mass transfer limitation issues of the reactants [26-27]. At
higher temperatures, some supported catalysts are still prone to coke deposition and base metal
sintering problem. Similarly, transport of small molecules is governed by gaseous diffusion, which
leads to low hydrogen selectivity, while other gases will permeate simultaneously [28]. The alleviate
the setback and advance the catalytic efficiency of the supported catalysts, and there is a need to
improve properties of the support, use of a better formulation for active metal loading, and method
of enzymes preparation [29]. Several types of research have been conducted on the possibility of
improving the catalytic performance of either single-metal based catalysts or multiple component
catalysts. With the importance of catalysts in the reaction mechanism of steam reforming, this article
reviews current researches on the catalyst preparation and methods. Also, consider experimented
catalyst compositions, influence of active metals (noble and non-noble metals) on catalytic activity,
catalytic support materials, catalyst modification techniques. Factors that determine catalytic
performance, metal-catalytic support interaction, catalyst decay, the highlight of different catalyst
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decay mechanisms, and kinetics. And deactivation prevention during steam reforming of
hydrocarbon resources for hydrogen production as the ultimate goal in catalysis. Research is to
develop novel active and selective catalysts for a heterogeneous catalyst for targeted test reaction.
This article will serve a useful purpose in terms of the selection of preferred activities and support
material for catalyst preparation and method, usage conditions, and catalyst decay preventive
mechanisms.

2. Hydrogen as An Energy Carrier

Hydrogen is among the most promising fuels as a potential energy source, being replenish-able
and eco-friendly. It evolves a tremendous amount of energy per unit weight in combustion and is
easily convertible to electricity by fuel cells [30]. Hydrogen is used for energy services, especially in
the transport sector, and for power generation using hydrogen gas turbines [31].

2.1 Hydrogen Production Through Reforming of Ethanol

Hydrogen is produced through the reforming of light hydrocarbons such as natural gas, methanol,
ethanol, and glycerol. Ethanol is preferable as a substrate for reforming due to its relatively high
hydrogen content, oxygenated nature, readily available, eco-friendly, as well as better safety in terms
of storage and handling. Also, ethanol can be produced from readily available biomass. The
conventional reforming methods of producing hydrogen from ethanol are ethanol steam reforming,
partial oxidation reforming of ethanol, and auto-thermal reforming of ethanol. Ethanol steam
reforming is simply under thermodynamics indices and tends high yield of hydrogen.

2.1.1 Partial oxidation reforming of ethanol

It is the incomplete combustion of ethanol with a limited supply of oxygen gas at a temperature
range of 200-300°C, with the inclusion of catalysts to yield carbon (II) oxide and hydrogen. Oxygen is
very active in partially oxidizing ethanol for hydrogen production, as depicted in Eq. (1), which
requires less energy input for reaction takes off. It was reported that 51% ethanol conversion and
97% H; selectivity had been successively obtained through this process at a temperature as low as
370°C over Pt/ZrO; [32].

C2H50H(i)+§02 —— 3H;+2CO  AH, 54g¢ = 56k}/mol (1)

2.1.2 Auto-thermal reforming of ethanol

In auto-thermal reforming of ethanol, ethanol is mixed with steam and pure oxygen and air at the
top of the reactor. In the same combustion chamber, the heat generated from partial oxidation
reactions is utilized for endothermic steam reforming reactions. The steam reforming and shift
conversion reactions occur as the reactant gases pass through the fixed bed (loaded with changing
catalyst) to form a relative gas mixture of hydrogen, carbon (ll) oxide, and carbon(IV) oxide [33].

2.1.3 Ethanol steam reforming (ESR)
The prevalent method of producing abundant hydrogen gas is the steam reforming of ethanol,

which is the endothermic conversion of ethanol (C;HsOH) and steam at 200 to 800 °C. Furthermore,
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the pressures of 1 to 3 bar, in the presence of a metal-based catalyst (nickel), to produce hydrogen
and carbon (Il) oxide (CO). Subsequently, CO produced (about 12%) is converted to carbon (IV) oxide
(CO;) and hydrogen (Hz) via the water-gas shift reaction (WGS) [34-35].

Ethanol steam reforming reaction with adequate steam supply:
CHsOH +3H,0 — 6H2+2C0O2  AH, 598k = 173kl/mol (2)
Ethanol steam reforming reaction with inadequate steam supply:
CHsOH+H,0 — 4H,+2CO AH, 295k =256kJ/mol (3)
CO+H20H2+CO2  AH = -41kJ/mol (4)

Steam reforming of ethanol involves the cleavage of C-C bond, the reaction mechanism for steam
reforming of ethanol is more complicated, and many side reactions may occur [30]. Steam reforming
of light alcohols like ethanol and methanol is a priority area to realize hydrogen economy in the
future. Steam reforming is operated at low pressure because it involves volume expansion. In
contrast, the exothermic shift reaction is conducted at low temperature, without considerable effect
on pressure changes. WGS is a revocable reaction that, at lower temperatures, shifts the equilibrium
to the right favouring the formation of the hydrogen and carbon (IV) oxide.

Moreover, at higher temperatures, the reaction kinetics is quicker and reaction toward to lower
conversion of carbon (Il) oxide [35]. Change in molar totals does not affect WGS reaction, and as such,
the effect of pressure on the response is minimal. However, hydrogen production at equilibrium is
favoured at low temperature and high moisture content, via an exothermic reaction. Liguras et al.,
[36] reported that at higher temperatures (873-1073K), conversion of ethanol as well as selectivity
of carbon (l) oxide, carbon (IV) oxide, and hydrogen, gets increased.

2.2 The possible Reaction Pathways Associated with Steam Reforming of Ethanol

During the reforming of ethanol, undesired products are formed because of simultaneous
reactions by breaking of the C-O bonds of the oxygenated organic, developing alcohols or organic
acids. The reaction mechanisms associated with the ethanol steam reforming process are
complicated, based on the catalyst preparation, forms, and shape. Based on the operating conditions
and the choice of catalyst, ethanol reforming reactions are usually associated with undesired product
formation (such as acetaldehyde, methane, ethylene, carbon monoxide). Due to the several reaction
pathways occurring, as shown in Figure 1 [37]. Ethanol conversion could be possible in the form of
dehydrogenation to acetaldehyde, dehydration to ethylene, or decomposition to methane and
carbon dioxide. Boudouard reaction, ethylene polymerization, and methane decomposition are
responsible for the coke formation on the catalyst surface (as presented in Egs. (5)-(7), which is
detrimental to the efficiency of ethanol steam reformer [38-39].

CoHs —> Coke  (Polymerisation) (5)
CHy — C+2H; (Methane cracking) (6)
2CO0 — (CO;+C (Boudouard reaction) (7)
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In this regard, for proper conversion of the bio-resources (ethanol) to obtain the desired product
at considerate energy and low carbon footprint, there is a need for the development of durable, high
activity and selective catalysts.
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Fig. 1. Reaction mechanism tendency for ethanol steam reforming
2.3 Heterogeneous Catalyst

A heterogeneous catalyst consists of constituents like support, promoter, and active catalytic
ingredients of metal or metal oxides/solid acids. Pure metals could be applied as heterogeneous
catalysts or sprinkled as small grains on the surface of supporting material. As catalysis is a surface
reaction, it is essential to have adequate knowledge of local surface chemistry of the catalyst, being
a basis of its catalytic activity. Heterogeneous catalysis is based on chemisorption phenomena
because the reaction takes place at temperatures above the critical temperatures of the reactants
involved since physical adsorption cannot occur under these conditions. Heterogeneous catalysis
demands catalyst supports with high hydrothermal, mechanical stability, and high specific area
because the active component requires high accessibility since diffusion has an essential function in
the reaction rate. The catalytic performance depends on intrinsic (i.e., thermodynamics and kinetics)
and extrinsic (hydrodynamics and transport phenomena) processes [40-42].

2.3.1 Based metal for heterogeneous catalyst

Out of several enzymes tested so far for ethanol reforming, transition metals mainly, nickel and
cobalt (Ni and Co) perform excellently in the cleavage of C-C, C-H, and C-O. In contrast, noble metals
(Pt, Pd, Rh) have been widely used for water-gas shift reaction because of their high activity and low
tendency to coke formation [43]. Nickel offers excellent corrosion resistance, toughness, strength at
high and low temperatures, and a range of distinctive magnetic and electronic properties. Nickel is
comparable to Pd and Pt in terms of electronic properties; as such, its usage can serve as a substitute
in reaction, which the duo can help. Ni can be partially oxidized when used on the surface of the
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catalyst due to its relatively low reduction potential, and in turn, enhance its catalytic performance
[44].

Similarly, it has been reported that bimetallic catalysts lead to high catalytic effectiveness in the
ethanol steam reforming reaction. However, the doping with second metal plays a vital role in
improving reducibility, discouraging sintering, and hindering deactivation due to coke formation.
Among the studied metal-metal used are Ni-Co, Rh-Co, Cu-Ni, Pt-Ni, Pt-Co, and Rh-Pt [45] [46].
Because of the affordability and easy accessibility of nickel, it is widely considered as the base metal
for catalyst synthesis to facilitate ethanol steam reforming process [46]. Thyssen et al., [47] reported
that Ni catalysts favour the C-C cleavage of the alcohols, leading to CH4, CO, and H; development.
Still, these catalysts are also known to maintenance the deposition of carbon, which may damage the
performance of the enzyme.

2.3.2 Support/promoter for heterogeneous catalyst

Irrespective of active metal or promoter selected for the supported catalysts, support with a high
surface area is a vital factor that can enhance the catalytic performance. The type of backing used on
active metal also influences the catalytic activity of the modified catalyst in terms of surface area,
porous structure, mechanical strength, and chemical interaction between the metal and support.
Based on surface chemical properties of the support, it can be classified in four major groups:
essential supports (MgO, Ca0O, Ba0), acidic supports (y-Al>0s3, SiO2, Al,03/SiO3, zeolites), neutral
supports (MgAl,04, MgCr204 ZrCrQOs, ZnAl;04), and amphoteric supports (a-Al20z, TiO2, CeO, Zr0,).
The widely reported supports for steam reforming are y-Al,03, MgO, MgAl,04, SiO,, ZrO,, and TiOx.
These supports possess good porosity, which paves the way for better contact between reactants
and catalyst. Using porous support with an adequate pore texture eliminates diffusional limitations
that often encountered during fluid-solid catalyst interaction [48-50]. When active metal particles
are dispersed on oxide-grounded supports, their catalytic performances are seriously improved
compared to those of pure metal particles. Using micro-sized metal particles, it grows into larger
crystallites upon high-temperature annealing, resulting in a fabulous significant loss of their catalytic
activities [51]. The level of dispersion of active metal on support and the resistance of as-synthesised
catalyst to sintering is dependent on the quality of the support. It equally alters the reactivity and
coke resistance of the base metal particles and could participate in the reaction at times. Abad-
Elwahad et al., [52] and Eterigho et al., [53] confirm that during the addition of catalyst with oxide
support material (i.e. alumina), the physiochemical attributes like thermal resistance and oxidation
state of solid catalysts would be re-structured by the amalgamation process.

2.3.2.1 Influence of support on the heterogeneous catalyst performance

Support materials influence the effect on the structure and physicochemical characteristics of the
supported catalyst. Hamzah and Yarmo [54] studied the effect of bentonite, titanium oxide (TiO2),
aluminium (Ill) oxide (Al,03) and silicon (IV) oxide (SiO2) (as support) for the catalyst for
hydrogenolysis of glycerol. It was found that the bentonite supported Ru-bentonite supported
catalyst has an outstanding glycerol conversion of 62.8% compared to other used supports. This is
attributed to the average particle size of Ru/bentonite, being the smallest among the catalyst studied,
as confirmed by TEM, and the excellent dispersion of Ru particle on the bentonite support compared
to other supports, as approved by FESEM. Also, bentonite is essential to support, while TiO,, Al,O3,
and SiO; are acidic support. This is the basis for its high activity that enables glycerol conversion
reached 62.8% and selectivity to 1,2-propanediol (80.1%) compared to other catalysts which are
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supported with TiO,, Al,Os, and SiO; respectively. Ali et al., [55] investigated the influence of support
on the catalytic performance of the nano-Au catalysts for complete propane oxidation. The reactions
were carried out in a reactor with PID micro-activity reference temperature ranges from 30 to 450°C
at 24000h1GHSV using 0.5g of the catalyst. CeO, ZrO,, and the Ce0-ZrO; are the supports used to
synthesize Aunaucia-Ce, Aunaucia-Zr, and Aunaucia-Ce-Zr, respectively. At 400°C of catalytic tests of the
catalysts, Au-CeO; supported catalyst oxidized the propane by 40%; over ZrO,-Au supported catalyst,
the propane was converted by less than 5%, and Au helped with the Ce0;-ZrO; nearly oxidized the
propane by 10%. The excellent catalytic performance of Aunaucis-Ce is associated with its surface
area, crystallinity, phase structure, and redox attribute of the support used.

Zhang et al., [56] researched the effect of selected supports (TiO2, Al,03, and CeO;) on Ag-based
catalysts synthesised by the impregnation approach and used for the catalytic oxidation of
formaldehyde (HCHO) at low temperature. Ag/TiO; catalyst proved excellent catalytic activity for
100% conversion of 110ppm HCHO at near 95°C. The characterization results revealed that Ag/TiO;
catalyst possessed the smallest Ag particle size and highest Ag dispersion.

Ogo et al., [57] researched the influence of various hydroxyapatite supports for ethanol steam
reforming. The synthesized hydroxyapatite-supported Co catalysts are Co/Ca,y(P0,)s(OH),,
Co/Sro(P0O,)s(0OH),, Co/Caz(V0,)s(OH), and Co/Sr;o(VO,)s(OH), . It was discovered that
Co/Sr;,(P0O,)s(OH), Catalyst yielded the highest conversion and hydrogen yield compared to other
prepared incentives. The high catalytic activity of Co/Sr;,(P0,)¢(OH), the catalyst for steam
reforming is mainly because of its essential nature compared with other synthetic enzymes. In terms
of coke depression ability, Co/St;,(P0,)s(0OH), the catalyst was tested for product selectivities via
ethanol steam reforming and showed lower ethylene selectivity, being the major coke precursor.
Subsequently, the coke formation on Co/Sr;,(P0,)s(OH), the catalyst was quantified to be 12mg
g —cat™! after 185min of reaction, which is far less than the reported carbon deposition on
conventional Co/a — Al,05 catalyst (420 mg g — cat™1). The catalyst’s ability to suppress coke
formation is due to its electronic state, as confirmed using X-ray absorption fine structure (XAFS). As
such, Co/Sr;,(P0,)¢(OH), catalyst is the right candidate for coke formation suppression.

Olivares et al., [58] studied the influence of the addition of ether Na or K on support in terms of
ethylene formation (a coke formation precursor) by changes in the surface acidity of the catalyst. The
prevention of carbon deposition is possible through a designated Ni particle size; Ni particles less
than 10nm (critical size) with high dispersion on support could reduce the carbon deposition or the
pressure increase in the catalyst horizon (bed). Bergamaschi and Carvallo [59] investigated the
catalytic performance of zirconia and alumina supported Cu/Ni catalyst microspheres synthesized by
hydrolysis approach for hydrogen production via ethanol steam reforming. The Cu/Ni/ZrO; and
Cu/Ni/Al,03 were prepared with different compositions and tested for catalytic performances. It was
discovered that Cu/Ni supported on zirconia give higher selectivity in favour of hydrogen. Several
results gathered over zirconia and alumina supported catalysts with an equal Cu/Ni content show
that proper interaction of Cu/ Ni and helps plays a vital stake in the reaction. Basic oxide like zirconia
has been reported to serve as an inhibitor to ethylene formation. In summary, the influence of
support on the performance of a synthesized catalyst depends on the average particle size of the
support, its fundamental nature, and its level of interaction and dispersion on the base metal.

2.3.2.2 The Influence of promoter on the heterogeneous catalyst performance
Abbasi et al., [60] investigated the influence of lanthanum, being a promoter on Fe-Co/SiO>

catalyst for Fischer-Tropsch synthesis. Fe-Co/SiO; and La- Fe-Co/SiO; catalysts were prepared by wet
impregnation approach, characterized and tested in a quartz reactor for their catalytic activities. It
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was discovered that lanthanum loading partially decreases the reduction temperature of the as-
prepared catalysts. The minimization of reduction temperature lowers the partial oxidation, and in
turn, catalyst sintering. Also, the inclusion of lanthanum gave better performance property to the
catalyst in terms of Ci1-C4 and CZ production by minimizing the CO> selectivity and operating
temperature of the process.

Zamani et al., [61] studied the effect of calcium (as a promoter) on nanostructured iron catalyst
morphology, activity, and product selectivity in Fischer-Tropsch synthesis. Nanostructured iron
catalysts were prepared by a macro-emulsion method. The test reactions were carried out in a fixed
bed stainless steel reactor. The composition of the resultant nanosized iron catalysts concerning the
atomic ratio was 100Fe/4Cu, 100Fe/4Cu/2Ca, and 100Fe/4Cu/4Ca, respectively. It was discovered
that the inclusion of Ca promoter increases the iron derived catalyst activity, and the 100Fe/ 4Cu/2Ca
showed the best performance between the prepared catalysts. Dan et al., [62] investigated the
influence of Au/Ag/Cu promoted on Ni-alumina supported catalyst for steam reforming of ethanol.
The catalysts synthesized were Ni-Ag/Al, Ni-Au/Al, and Ni-Cu/Al concerning nickel content of 6w%,
6.8wt%, and 6.1wt%, respectively, while Ni/Al catalyst serves as reference catalyst. From the TPR
profile, it showed that the inclusion of the noble metals (Ag, Au) to Ni/Al has the effect of bringing
down the principal peak reduction from 735 °C for Ni/Al to 534°C for Ni-Ag/Al and 557°C for Ni-Au/Al.
The adding of copper to Ni/Al has a comparable effect by reducing the temperature of the central
reduction peak to 672°C from 735°C.

In summary, the addition of the three metals (as promoters) to Ni/Al.O3 decreases the ability of
NiOx mingling with the support increasing, thus the reducibility of catalyst precursor. Souza et al,,
[63] worked on the structural modification and performance of Ni-Al hydrotalcite-type catalysts,
promoted with Mg, Zn, Mo, and Co for steam reforming of ethanol. XRD results showed that partly
replacement of Ni by Zn, Mo, or Co results in a decrease in the crystallinity, which leads to smaller
crystallites formation. The H,-TPR profiles revealed that the existence of broad reduction peaks at
temperatures between 600 and 800°C for all the samples indicate a near impossible reduction of NiO
to Ni°. Using the test reaction for the catalytic test showed that the dehydration and
dehydrogenation of ethanol occur at lower temperatures, while higher temperatures induced the
formation of synthesis gas.

2.3.2.3 The influence of the precursor on the heterogeneous catalyst performance

The selection of precursor lies on parameters like the support attributes and the preconditions
for the targeted metal particle size. Regarding the effect of the Au precursors on the activity, three
different Au precursors, HAuCl4.3H,0, AuBrs3, and Aul, were used to develop catalysts with CeO;
support. At 520°C, Aunaucis-Ce catalyst possessed the highest catalytic performance (nearly 100%
conversion), Auau-Ce converted the propane by 60% while Auaus-Ce achieved 50% conversion of
propane. Au dispersion of catalyst synthesized from HAuCls.3H,0 on the support could be attributed
to the high solubility constant of HAuCl4.3H,O (as a precursor) [64]. Dey et al., [65] studied the
influence of the choice of precursors in preparing CuMnOy catalysts for enhancing CO oxidation.
CuMnOy catalyst was prepared by the co-precipitation approach with various types of precursors.
The precursors precipitated by KMnOs solution were {Mn(AC)+ Cu(NOs)2}, {Mn(AC)+ Cu(AC).},
{Mn(NOs3)2+ Cu(NO3),} and {Mn(NOs)+ Cu(AC),} respectively. After catalyst tests, it was discovered
that the catalyst synthesised by {Mn(AC),+ Cu(NOs).}as a precursor showed the best catalytic
performance towards CO, because of their high oxygen mobility.

Aiube et al., [66] investigated the influence of cerium precursors in the preparation of Ce-MCM-
41 and the capacity for liquid-phase oxidation of benzyl alcohol. Ce-MCM-Cl and Ce-MCM-NQO3 were
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respectively synthesized from CeCls.7H,0 and Ce(NOs)s3.6H,0 as precursors. The catalytic
performance of the catalysts was verified in the liquid-phase oxidation of benzyl alcohol (BZOH) with
tert-butyl hydroperoxide (TBHP) to produce benzaldehyde (BZD). It was found out that Ce-MCM-CI
obtained better BZOH transformations and benzaldehyde yields, while Ce-MCM-NOs; showed
improved BZD selectivity. Jedrzejewski and Lendzion-Bielum [67] investigated the effect of oxides of
calcium, aluminium, and lithium (as precursors) on iron catalysts synthesized by a fusion method. It
was discovered that catalyst precursors had a magnetite structure—lithium oxide yielding the solid
solution in magnetite facilitated phase reduction. Catalysts promoted with lithium oxide showed high
activity, with an increased degree of modification. Structural promoters like calcium and aluminium
oxides, guarding iron against sintering, were released during the magnetite phase reduction.
Furthermore, formed a three-dimensional (3-D) structure; it implies they built bridges between iron
crystallites.

2.3.2.4 The Influence of the preparation method on the heterogeneous catalyst performance

Preparation method determines the structural attributes and catalytic activity of the catalyst. The
redox properties and reactivity of as-synthesised catalysts depend on the modifications of the surface
area, particle size, dispersion of the active component, and strength of the interaction between the
active metal and the support. Zhang et al., [68] investigated the catalytic performance of Ag-Fe;03
catalysts prepared by wet impregnation, hydrothermal method, and conventional impregnation
method, respectively. The synthesized catalysts were tested for CO oxidation in a continuous flow
fixed bed reactor system. The synthesized catalysts were respectively named Ag-MIL, Ag-Fe;03 and
Ag-PB, based on the constituent based metal, support, and method of preparation. It was discovered
that Ag-MIL prepared by impregnation method has the best structure and catalytic performance
among the catalysts, due to its Ag® species and large specific surface area.

Jhung et al., [69] investigated the effect of preparation methods on the catalytic activity and
metal diffusion of Pt/C and Pd/C catalysts for hydrogenation reactions of cyclohexane and
acetophenone. The Pt/C and Pd/C catalysts are prepared from conservative chloride forerunners by
adsorption and precipitation-deposition methods. The performance tests were carried out using a
stainless bar reactor with a stirrer at 30°C. The characterization results show that the Pt/C and Pd/C
catalysts gotten from the adsorption method revealed better hydrogenation activity compared with
the commercial catalysts and catalysts prepared by the precipitation-disposition approach. The
enhanced performance is associated with the decrease in metal crystallite sizes of Pt or Pd formed
on the agitated carbon support upon the adsorption of the precursors.

Lian et al., [70] investigated the influence of preparation methods on the performance of
VOy/Ce0; catalysts for proper selective catalytic reduction of NOx with NHs. VO,/CeO> catalysts were
prepared by homogenous precipitation method, rotary evaporation impregnation, incipient wetness
impregnation, and the sol-gel method, respectively. Selective catalytic reduction activity tests were
performed in a fixed-bed quartz flow reactor at atmospheric pressure. VO,/CeO; prepared by simple
homogenous precipitation showed higher catalytic activity and better H,0 and SO; resistance than
catalyst prepared by other approaches. It attributed to the minimal content of CeO; crystallinity on
the surface, better dispersion of vanadium species, and higher surface concentration of vanadium
species, with the inclusion of more acid sites. Guo et al., [71] researched on the effects of
impregnation methods (co-impregnation and sequential impregnation), and mode of drying (air and
vacuum) on the structural and catalytic behaviour of MCM-41- Ni-W supported catalysts. The
catalysts were used for hydrodenitrogenation (HDN) of quinolone between 300-400°C. The results
proved that the catalysts synthesised by sequential impregnation and vacuum dried synthesised
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catalysts were better than the air-dried incentives. This deduction is based on the level of dispersion,
active phases formation, and the level of acidic sites formation on the catalysts.

2.3.2.5 Influence of choice of solvent on the heterogeneous catalyst performance

Solvent properties like polarity, hydrogen-bond donating ability (periodicity), and hydrogen-bond
accepting ability (basicity) are part of detecting factors for the performance of a catalyst. It is essential
to select a suitable solvent or to verify the influence of solution in catalyst synthesis 72]. Wang et al.,
[73] investigated the solvent effects on the preparation of Pd-based catalysts prepared by a facile
solvothermal method. Pd/XC-72 catalysts were prepared as Pd/XC-72(EA) using ethanol, Pd/XC-
72(EG) using ethylene glycol, and Pd/XC-72(Gl) using glycerine as several solvents. After testing the
catalysts for solvent-free selective oxidation of benzyl alcohol, it was discovered that Pd/XC-72(Gl)
had the excellent metallic dispersion and micropore size of 4.9nm. This was attributed to its unique
catalytic performance for solvent-free selective oxidation of benzyl alcohol.

Zou et al., [74] investigated the influence of the solvent used to synthesize Co-B alloy on its
catalytic attributes like specific surface area, morphology, composition, crystallinity, and reducibility
of the alloy particles. The solvents employed for the catalyst synthesis were acetone, methanol,
water, and acetonitrile, respectively. The hydrogen generation assessed the catalytic performances
of various Co-B catalysts during the hydrolysis of NaBHa (1.5%) at 298K. The Co-B in acetone showed
outstanding catalytic performance, designated by a hydrogen formation rate of 5733 mL.mint.g?
during the hydrolysis though acetonitrile had the highest surface area of the alloy particles. The most
inferior catalytic performance for the hydrolysis of NaBHa due to the oxidation of the particles in the
air [75].

2.3.2.6 Influence of calcination temperature on the heterogeneous catalyst performance

Nayebzadeh et al., [76] investigated the influence of calcination temperature on the catalytic
performance of prepared SrO/S-ZrO, by solvent-free method for esterification of oleic acid. The
calcination temperatures employed for the preparation of SrO/S-ZrO; catalysts were 400, 500, 600,
700, and 900°C, respectively. With characterization and catalysts testing, the catalyst Sr-promoted
sulphated zirconia at 500°C exhibits the highest activity and part of the tetragonal phases of zirconia.
It converted 91.13% of oleic acid to fatty acids methyl esters (FAME) in the esterification reaction.
Amadine et al., [77] studied the influence of calcination temperature on the structure and catalytic
activity of copper-ceria mixed oxide catalysts in phenol hydroxylation. The CuO/CeO; supported
catalysts were synthesised by the surfactant-template approach and calcined at temperatures
between 400-800°C for 12h under flowing air. The catalytic phenol hydroxylation reaction was
carried out in thermo-stated. The reactor designed with a magnetic stirrer and a reflux condenser,
the catalyst calcined at 800°C had the outstanding phenol conversion, exhibited excellent catalytic
stability, and selectivity for hydroquinone and catechol. That was attributed to the better electronic
exchange between the two redox pairs Cu*/Cu?* and Ce3*/Ce**, and the lattice oxygen induced by Cu-
O-Ce solid solution in CuO-CeO; supported catalyst.

Sistani et al., [78] investigated the influence of calcination temperature on the structure and
activity of mesoporous CaO/TiO,-ZrO; catalyst synthesized by sol-gel technique for esterification
reaction. The synthesized catalysts were calcined at various temperatures in the range of 100-500°C
for 4h at ambient air. The activities of the synthesized enzymes were carried out in 100cm?3 stainless
steel reactor provided with thermocouple (Type K) and manometer at 150°C for 4h with a constant
stirring speed of 600 rpm. It was discovered that the sample calcined at 400°C showed the unusual
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catalytic activity that converted 86.2% of oleic acid to ester, due to its uniform particles with uniform
size. The stability tests on the catalyst indicated that the nanocatalyst could maintain its performance
for at least five runs.

It is increasing the calcination temperature results in an increase in the average particle size of a
catalyst. Also, grain boundaries expand, and the attendant increase in particle size is due to an
increase in the calcination temperature [79]. As established, the introduction of zirconia in cerium-
based materials through high-temperature calcination can improve the thermal resistance and
dispersion of the active component on the support, which by extension, improve the performance of
the catalysts [80]. The calcination temperature is severally reported that it has a significant influence
on the crystallite size, surface area, degree of dispersion, and catalytic activity of catalysts.

2.3.2.7 Influence of drying temperature on the heterogeneous catalyst performance

Guo et al.,, [81] studied the influence of drying conditions on the preparation of the catalyst, and
they deduced that it had a significant impact on the based metal species, which is vital in catalyst
synthesis. Vacuum condition is discovered to be useful for maintaining the order structure of the
catalysts. Albretsen et al., [82] investigated the influence of drying temperature on iron Fischer-
Tropsch catalysts synthesised by solvent deficient precipitation. In the preparation of enzyme, all the
precursors except one were first dried in the preheated oven at 60°C for 16h, followed by a 6h final
dry at 80, 100, 115, 139°C at a ramp rate of 3°C/min in 100-200cm3/min of flowing air. In contrast,
the isolated catalyst was dried for 8h at 150°C as the final drying temperature. The terminology used
for the enzymes was based on their final drying temperature, and the catalyst prepared without pre-
dry was designated with suffix NP, meaning not pre-dry.

Fischer-Tropsch synthesis rate data were gotten during test reaction in a fixed-bed reactor at
defined conditions, after due catalyst characterization. It was discovered that catalysts synthesized
by the solvent deficient precipitation technique and dried at 130°C have better pore volume, surface
area, the extent of reduction. Therefore, Fischer-Tropsch rate and more inadequate methane
selectivity compared to other catalysts prepared at lower or higher temperatures. This is ascribed to
the significant Fe® availability in the catalyst dried at 130°C.

2.3.2.8 Influence of metal loading on the heterogeneous catalyst performance

Metal loading has a vital influence on the particle size and dispersion of the catalyst on the
support, which invariably has effects on the catalyst’s performance and selectivity. Saud et al., [83]
reported the impact of low metal charging palladium mixed-oxides catalyst for the preparation of
glycerol carbonate using sol-gel and impregnation, respectively. The palladium was respectively
loaded with SnO; and ZnO to synthesize Pd-SnO; and Pd-ZnO for the catalytic reaction. The catalytic
performances conducted in a reactor at a temperature of 150°C under atmospheric pressure after
the initial conditioning of the reactor. It was discovered that PdZnO has higher catalytic activity over
PdSnO; due to its basicity property. Also, the selectivity and yield results obtained from the palladium
zinc oxide catalyst synthesised by sol-gel are better compared to the catalyst manufactured through
the impregnation technique. This is attributed to the amount of Pd present in each catalyst and the
attribute of ZnO. Thus, the catalytic performance comparison is made based on turn over frequency
(TOF) on a mole of Pd metal. Hassan and Hameed [84] investigated the Fenton-like decolourization
of an Azo dye, Acid Red 1(AR1) by Fe-ball clay (Fe-BC) catalyst, with emphasis on the effect of initial
iron ions loading on ball clay. The catalyst dosage, initial concentration of reactants, reaction
temperature and initial solution pH on the decolourization of AR1 were also investigated. The
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heterogeneous Fenton oxidation results depicted that the increase in iron-ion loading on the BC leads
to the rise in decolourisation rate, and 99% decolourization was achieved for 1.0wt% within 180 min.
Increasing the base metal loading results in blockage of pore and agglomeration of the metal
particles, and these combined effects result in a metal reduction in the BET surface area and total
pore volume.

2.3.2.9 Influence of pH on the heterogeneous catalyst performance

The dissociation of hydrogen peroxide (H20;) in the presence of 0.333g/L of manganese oxide
(MnO,) catalyst was studied at a pH range of 3-10 in agueous solution at 30°C. The pH of the solution
mixture was altered by dilute solutions of hydrochloric acid (HCl) and ammonium hydroxide (NH2OH).
The result showed that the decomposition of H,0; was measurable at the pH values above the point
of zero charges (PZC) and increased with the increases in pH. Whereas at the pH values less than PZC,
the decomposition was noticeable. As such, it was only the harmful surface sites that were
catalytically active for the dissociation of H,0;, and the positive surface sites were passive [85]. A zeta
potential measurement is used to evaluate the solid/liquid interfacial charge processes and mingling
between particulate surfaces. With Zeta potential measurement, it can be deduced the transition
exhibits by a catalyst from the positive potential at low pH to the negative potential at high pH. It was
confirmed that variation in pH results in the changes in the surface area (defect structure), which are
considered to be the determinant for the changes in the catalytic attributes of most nanoparticles
[86]. The effect of the initial pH solution on the activity of Fe-BC catalyst to decolourize AR1 was
studied by varying pH in the range of 2-5. The results showed that the highest pH for decolourization
of AR1 was obtained at pH3 with 99% decolourization efficiency within 180min reaction time [87].

2.3.3 Steps involved in the heterogeneous catalysis

Catalysis aided with solid catalysts takes place when the reactant molecules adsorb with the
active sites, which are domiciled inside the catalyst pores. It implies that reactant molecules move
via fluid layer revolving the catalyst particles (external diffusion), then through the orifice inside the
particle (internal diffusion). The domestic distribution of the molecules struggles with the reaction;
at the same time, the external mass transfer is influenced by the stagnant film thickness and the
activity on the outer layer. The typical and conventional seven steps for a heterogeneous catalytic
reaction as shown in Figure 2 are (1) movement of the reactants from the bulk phase (boundary layer)
to the external surface of the solid catalyst (film diffusion or interphase diffusion). (2) Movement of
the reactant from the pore mouth through the catalyst pores to the closer internal catalytic surface.
The point where the chemical transformation takes place, (pore diffusion or intra-particle diffusion),
(3) adsorption of reactants on the inner catalytic surface, (4) catalytic surface reaction active sites,
(5) desorption of the products from the inner surface, (6) movement of the products from the interior
of the solid catalyst to the pore mouth at the external surface, and (7) movement of the products
from the outer pellet surface to the bulk fluid (interphase diffusion).

2.3.4 Diffusion phenomenon in catalysis
Diffusion of fluid mixtures within a porous matrix is frequent and vital in catalysis, adsorption,
and membrane separations. In general, there are three types of diffusion mechanism as relates to

catalysis. These are bulk diffusion, Knudsen diffusion, and surface diffusion, as shown in Figure 3. (i)
Bulk diffusion: It is said to occur when the pore size is immensely larger compared to the mean free
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path of the diffusing molecules. It is prominent for large pore size and high system pressure.
Molecule-molecule collision dominates over molecule-wall clashes, in this type of diffusion. (ii)
Knudsen diffusion: This occurs if the pore diameter is the same as the mean free path; the diffusing
molecules hit the pore walls more often than the other particles. It turns overwhelming if the mean
free path of the molecular species is significantly larger than the pore diameter, and in turn,
molecule-wall collision becomes essential. Diffusion is usually in the Knudsen regime when the
average pore radius is less than 100nm. (iii) Surface diffusion: It takes place when the pore diameter
of microporous solid is almost the same size as the reactant molecule, the reactant molecules usually
move within the pores, in such that it maintains contact with the pore walls. In surface diffusion of
adsorbed molecular species via the pore wall surface, the pathway of the species becomes dominant
for micropores and adhesively attached species [89].
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Fig. 2. Diagram of catalytic heterogeneous reaction mechanism [88]
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Fig. 3. Prevalent mechanisms at which molecular species move inside a solid
catalyst
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2.4 Heat and Mass Movement Limitations during Solid Catalyst Aided Reaction

Heat and mass transfer is very significant in determining the rate of heterogeneous catalytic
reactions. Heat transfer limitations involve the verification of the nature of the response, whether it
is isothermal or not, and to determine the maximum temperature within the catalyst particle at
which reaction is taking place. The heat generation rate is dependent on the reaction rate, and the
rate of reaction is temperature-dependent under Arrhenius law. Using a tubular reactor increases
the temperature along the reactor length for an exothermic reaction, except there is an effective
cooling system. The temperature at a point closer to the tube axis is significantly higher than points
close to the tube wall. Summarily, the temperature is significant in the design of a reactor, given
reaction rate sensitivity to heat [90]. Mass transfer limitations involve diffusion of components (both
internal and external) to and from the solid catalysts.

During a catalysed reaction, the reactants must move from the solid catalyst external surface to
the metal particles through the pellet porosity. This mechanism is often responsible for mass transfer
diffusional limitations during the reaction [91]. The rate of heterogeneous catalytic response reduces
with the time-on-stream as a result of catalyst ineffectiveness. The product or by-product formed
during the catalytic reaction usually cover the catalyst pores, which, in turn, confine the mass transfer
process from the external pore mouth to the internal catalyst surface [92]. Diffusional confinement
can be discouraged by using powdered catalyst instead of pellets; this reduces the mean distance
between the reactant flow and the metal particles. However, in the case of a packed bed reactor, it
is not advisable because of the tremendous pressure drop challenges. The catalyst with a pore
diameter of less than 100nm, the diffusion phenomenon in the pores depends on both the ordinary
gas diffusion and the Knudsen diffusion.

2.4.1 Internal diffusion influence on heterogeneous catalysis

Pores contain in solid catalysts contribute to its increase in surface area for adsorption and
reaction. Mostly, pore network in highly porous solids house the catalytically active sites, and the
diffusion of molecules in restricted locations is very vital in the observed rate of reaction
determination. However, the mean free path of gases is usually more than the dimensions of small
pores typical of solid catalysts. In the case of Knudsen diffusion, where microspores of solid catalyst
are more than mean free path of gases, the collision of molecules with the pore walls is more than

1
with other molecules. The Knudsen diffusivity of component A, Dy, is proportional to Tz, and is not
dependent on pressure and the presence of other species [93].

1

Dka = 9.7X 10°Rpre (1\%4)E cm?/s (8)

where R, represents the pore radius in cm, T represents the absolute temperature in Kelvin, and
M, represents the molecular weight of A.

Based on mole balance for diffusion and reaction inside the solid catalyst as described by Fick’s
law, the internal diffusion rate, Na (mol/cm?s) is defined as:

N, =-D, (aai;) (9)
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where C, represents the number of moles of component A per unit of the open pore volume, z
represents the diffusion coordinate and D, describes the effective diffusion coefficient (cm?/s).
Transport phenomena cannot be described with either molecular or Knudsen diffusivity if both
molecule-molecule and molecule-wall collisions are vital. In the case of equimolar counter diffusion
of a binary mixture, the diffusivity of component A, D1a, can be evaluated by the Bosanquet equation.

1 1 1 1 1

(10)

N[

T
9.7%X103R (—)
pore My

where D,p represents the molecular diffusivity, Dy, represents the Knudsen diffusivity, R,ore
represents the pore size, T represents the temperature, and Ma represents the molecular mass of
the diffusing species.

2.4.2 Effects of external transport on heterogeneous catalysis

Reaction aided with solid catalysts can only happen if the reactant can diffuse through the
stagnant boundary layer surrounding the catalyst particle. There is a limitation of the Fick’s law in
describing diffusion, especially a multicomponent system. Maxwell-Stefan formulation has been
reported as a convenient method to describe mass transport regarding the inventory of
thermodynamic non-dualities and influence of external force fields. Several factors that could be
used to determine the overall rate of heterogeneous catalytic reactions are reaction kinetics, the
effect of adsorption, desorption, internal diffusion and external diffusion of reactants and products.
Turbulence within the reaction mixture influences the diffusion of reactants and products in the bulk
fluid outside the solid catalyst particle. It is necessary to determine the actual catalyst size required
to discard the diffusion control limitations in the heterogeneous catalytic reaction, being a
prerequisite to obtaining exact reaction kinetics. The particle size is determined by applying the
Weisz-Prater criterion [94].

2.4.3 Weisz-Prater criterion

The effective diffusivity in the pores is used to determine the Weisz-Prater parameter (@y,p). The
effective diffusivity of reactants in the gas phase is quickly evaluated, using molecular or Knudsen
diffusion depending on the proportion between the mean free path (A) and the average pore
diameter (d). The observed reaction rate is cardinal in the assessment of internal transport limitations
via the Weisz-Prater criterion. Weisz-Prater parameter (@, p) is expressed as the ratio of the rate of
reaction (r in mole/cm3s) to the internal transport rate, as presented in Eq. (11).

Owp = (11)

where R, represents the radius of the catalyst particle, in cm, Cs 4 represents the concentration of A
at the external surface, in mol/cm3, and D, s describes the effective diffusivity of A, in cm?/s.

The critical value of @y, p lies on the value of reaction order. The critical value for zero order, first
order, and second-order are 0.3, 0.6, and 6, respectively. It implies that limited diffusion reactions
have @y,p > 6, while transport limitation is absence and concentration gradient does not exist within
the solid catalyst, if @,,p < 0.3. Weisz-Prater parameter (@y,p) can equally be defined in terms of
Thiele modulus and the internal effectiveness factor according to
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Oywp =ndy” (12)

where n represents the internal effectiveness factor and @,, represents the Thiele modulus.
Thiele Modulus and effectiveness factors are used to determine the suitable particle size that can
avoid internal diffusion limitation [95].

2.4.4 Effectiveness factor

The effectiveness factor (n) measures how fast the reactant diffuses into the solid catalyst before
the product is formed. In other words, the effectiveness factor is used to elucidate the effect of mass
transfer resistances inside the catalyst particle. The catalyst shape and reaction order is used to
determine the effectiveness factor. It is the ratio of diffusion rate to the reaction rate without any
diffusional (internal transfer) limitations. Thus, the value of n varies between 0 and 1. Effectiveness
factor can be calculated for the nth reaction order as

= (2)2 (3

where n represents the order of the reaction.

For n near unity, reaction at the entire volume of solid catalyst is high because the reactant
diffuses quickly through the solid catalyst. As such, internal diffusion in the catalyst is negligible. For
n near zero, the reaction is at a low rate because the reactant cannot move into the solid catalyst
interior, and the reaction rate is minimal in a large volume of pellet [96]. The internal effectiveness
factor, n, is equally applied to verify if internal diffusion is the rate-limiting step. Considering the first-
order reaction using a spherical catalyst, to evaluated the internal effectiveness factor using
expression designated with Eq. (14) [97].

n= @ilz (0, coth®, — 1) (14)

2.4.5 Thiele Modulus

Thiele modulus (@) is the ratio of surface reaction rate to diffusion rate. It is used to evaluate if
catalyst activity is impeded by internal transport. If the Thiele modulus is significantly high, the mass
transfer determines the reaction, and if it is low, then the surface reaction is adjudged to be the rate-
limiting step. Small values of this parameter indicate little mass transfer limitations. It is expressed
mathematically as

KSq

@=R /—p” (15)
Dess

Where R represents the radius of the diffusion path, K represents the rate constant, S, represents

the metallic surface area per gram of support, p, represents the density of the support and D¢
describes the effective diffusivity [98].
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2.5 Heterogeneous Catalyst Preparation

Solid catalyst preparation comprises of active components precursors, support, and any desired
promoters and homogeneous mixing of the constituents in a suitable solvent. The precipitant
formed, which could be used to either coat an inert carrier or to impregnate on a carrier. The dried
product is mixed with either a binder or forming agent, then grind, pelletized, and shaped. The final
product is calcined and activated by either oxidation or reduction or both. Prominent factors that
catalytic activity of a catalyst lies on particle size, nature of oxide support, surface area, and the
electronic configuration of its specific sites. Hence, the method of preparation has a vital role in the
precursor structure of the catalyst and its activity [99] [100].

Hydrothermal method: A hydrothermal synthesis is an approach of synthesizing single crystals
which depends on minerals’ solubility in hot water at elevated pressure. The technique supplies a
suitable morphology orientation [101]. It is a chemical-based technique conducted at low
temperatures to produce high surface area nanometric powders, marginal size distribution, and
crystals with perfection devoid of the need for subsequent thermal treatments [102].

Precipitation method: Precipitation is a form of crystallization approach which takes place using
the bulk of the liquid or via a relatively inert surface, where the support act as crystallization nuclei
for the active site precursor. Co-precipitation method: This procedure is centred on the
amalgamation of aqueous phase metal salts and alkali solutions to produce a dissolvable metal
hydroxide or carbonate. The precipitation procedure can be induced by a change in surroundings
such as temperature, actual value, and rate of pH value, evaporation, and attentiveness of salt. These
parameters carried about progressive changes in crystal growth and their aggregation [103]. Co-
precipitation leads to a well-defined and crystalline precursor component with a mixed cationic
lattice that contains all metal species of the final catalyst. The gain of this technique is that it offers
better size control. This size control is achieved by mixing a precipitating agent to the solution of
precursor [104].

Sol-gel method: The sol-gel technique is suitable for the synthesis of metal nanoparticles
embedded with oxide matrice with marginal particle size distributions and adjustable metal loadings
[105]. This method permits the control of texture, constituents, uniformity, and structural attributes
of solids, and it makes catalyst production possible and chemically modified supports. It is a synthetic
approach for the preparation of amorphous as well structurally ordered materials, where the
properties (i.e., porosity and surface area) of the synthesized samples can be regulated to obtain
homogenous matrices [106]. Solvothermal method: In the solvothermal process, particles are formed
in an organic solvent or water at a temperature above the boiling point of solvent and pressure above
vapour of solvent, to alleviate the interaction of precursors during preparation. Using water as a
solvent is referred to as hydrothermal synthesis. The prominent properties governing solvothermal
reactions are (i) chemical parameters like the nature of the reagents and environment of the solvent
(ii) thermo-dynamical parameters like temperature, pressure, and the reaction time [107]. The
solvothermal method is secure, and it avails the possibility of controlling the shape and size
distribution, crystalline of the desired product via regulating properties like time of the reaction, the
temperature of the response, solvent nature, nature of surfactant and the nature of precursor.
However, it is associated with safety challenges, as it is impossible to observe the reaction process
[108]

Impregnation method: In the impregnation technique, support is contacted with the
impregnation solution for a designated time, dried to remove the imbibed liquid, and calcined. The
method is known as incipient if the solution volume impregnation as the same pore capacity of the
support. The impregnation method is suitable to prepare supported metal catalysts and mixed
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catalysts preparation [109]. Guo et al., [71] reported that indices like structure, dispersion, and
chemical states of prepared catalyst and its activity are influenced by impregnation technique.
Petkovic and Ginosar [104] indicated that catalyst synthesis by impregnation method display high
activity and short initial induction period. Table 1 shows the results of different authors on the
conversion of ethanol over catalysts of different preparation methods, operating conditions, and the
product (H;) yield and selectivity.

Table 1

Effect of Catalyst Preparation on ethanol conversion, the product yield, and selectivity

Method of catalyst  Catalyst Ethanol Hydrogen Hydrogen References

preparation formation conversion (%) yield (%) selectivity (%)

Impregnation Ni/MgAl204-CeO2 90 87 80 at 650°C [56]

Wet impregnation  Pt-Ni/Ce02-SiO; 98 65 62.5 at 600°C [98]

Deposition- Ir-CeO2 94 72 60 at 650°C [99]

precipitation

Co-precipitation Ni-Co-Zn-Al 100 82 89 at 497°C [31]
hydrotalcite-like

Co-precipitation Ni/Al203 85 72 91 at 600°C [100]

Wet impregnation ~ Co/Al;03 95 38 53.7 at 400°C [101]

Impregnation 105 La/ TiO2 27.5 14.8 at 500°C 55 [102]

Impregnation 3Pt/10Ni 100 45 at 300°C 44 [103]

Impregnation Ni/Al203 62 55 at 600°C 40 [104]

Impregnation 1%Rh/Ce02.2rO> 98 70 at 550°C 62 [105]

Synthesised catalysts are characterized to determine its properties. The most important of these
is the identification of atom-type present at the catalyst surface. The second concern is the atoms
oxidation state that constitutes the active phase—lastly, the determination of the level of dispersion
of active ingredient over the catalyst surface.

2.6 Characterization of Heterogeneous Catalyst

Catalysts that are complex in composition, texture, and structure of the phases are referred to as
heterogeneous catalysts. Generally, catalysts have specific applications, and as such, there is a need
to subject them to characterization to determine their suitability. The heterogeneous catalyst
characterization refers to the evaluation of its physical and chemical properties, which are
determinant of its activity in a reaction. In other words, it is done to access the variation in physical
and chemical attributes of the as-synthesized catalyst during synthesis, activation, and test reaction
for better knowledge and quality control. Characterization gives the understanding of catalyst surface
structure, texture, metal dispersion on support, morphology, and pore structure of the support. The
prominent characterization techniques are Transmission Electron Microscopy (TEM), X-Ray
Diffraction (XRD), Thermogravimetric Analysis (TGA), Pyridine Adsorption for Fourier Transform
Infrared Spectroscopy (Py-FTIR), Temperature Programmed Desorption of Ammonia (NH3-TPD),
Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray (EDX), Temperature Programmed
Oxidation (TPO), Temperature Programmed Reduction (TPR) and Brunauer Emmet Teller Technique
(BET). The comparative result on the fresh and spent catalyst is used for every analytical technique
to illustrate for better understanding.
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2.6.1 Transmission Electron Microscopy (TEM) and X-Ray Diffraction Technique (XRD)

Transmission Electron Microscopy (TEM) is an essential technique for directly imaging
nanomaterials to get sizable measures of particle or grain size, morphology, and size distribution. The
transmission electron microscope uses a thin specimen (ideally < 100 nm) is exposed to a high-energy
(typically 60 - 300 keV) electron beam. Even high technology TEM can attain a high spatial resolution
of 0.05nm, with energy-resolution as high as 7mev. Images generally contain contrast that may be
due to crystallinity, atomic mass, or thickness variations within the sample. Crystallographic
information can also be obtained from diffraction patterns. However, because electrons are used
rather than light to illuminate the sample, TEM imaging is associated with high resolution (by a factor
of about 1000) compared with a light-based imaging technique, because electrons are applied
instead of light-based imaging techniques as depicted in Figure 4. The three prominent TEM
techniques are imaging techniques such as high-resolution TEM, scanning transmission electron
microscopy (STEM) imaging, and 3D electron tomography technique. Spectroscopy techniques such
as X-ray energy dispersive spectroscopy (EDS), electron energy-loss spectroscopy (EELS), and TEM-
cathodoluminescence microscopy (TEM-CL); diffraction techniques (such as selected area electron
diffraction (SAED), nano-beam electron diffraction (NBED), and convergent beam electron diffraction
(CBED)) and their combinations are equally applicable [106]. TEM has two modes; a bright-field mode
where the intensity of the transmitted beam provides a two-dimensional image of the density or
width of the sample and a dark field mode where there is a record of electron diffraction pattern
[107].

(b)
Fig. 4. TEM view of Co-alumina catalyst for Fischer-Tropsch synthesis (a) fresh (b) spent [107]

A solid could exist in various crystallographic phases, such that each stage is distinct in terms of
catalytic property. X-ray diffraction is used to investigate the bulk phase constituents, degree of
crystallinity, unit cell parameter, new crystalline phases of as-prepared catalyst samples. The x-ray
diffraction analysis is associated with the incidence of an x-ray beam over a sample stationed on
Pyrex support. As x-ray touches the sample, it diffracted at angle 8, and finally detected by a
scintillation counter. XRD peaks are vyielded with constructive interference resulting from a
monochromatic beam of x-rays diffracted at designated angles from every set of lattice planes in a
sample. The area under the peak depicts the amount of every phase present in the sample, as shown
in Figure 5. The area under the peak intensity. The technique is governed by Bragg’s law [108]:
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2dhk X sin@ =nA (16)

where

dnw = inter-articular distance (A)

2 0 = angle between the incident and diffracted beam (°)
n = serial diffraction order of Bragg (integer)

A =wavelength of the beam

Relating the diffraction peaks with the d-spacing enables the identification of the mineral since
every mineral has a set of specific d-spacing. Conventionally, it is done by comparing the d-spacing
with standard reference patterns. For typical powder pattern, data are collected to 2 8 from 5° to
70°, angles that are present in the x-ray scan.

b oy
3 o
&

—_ = 2 & Used
= -
= M
=
el
=
=

Fresh

10 20 F0 40 30 ] Ta 81 1]
2 8 (degree)

Fig. 5. XRD patterns of fresh and used 0.2%Ni/Co304(Cs) catalysts [109]
2.6.2 Temperature-programmed oxidation (TPO) and temperature-programmed reduction (TPR)

Temperature-Programmed Oxidation (TPO) is an essential tool used for the determination of the
amount and the chemical state of carbon residual on the used catalysts. The first product during TPO
is carbon (IV) oxide (CO;), and a negligible amount of carbon (Il) oxide (CO) is usually liberated at the
same temperatures as CO,, shown in Figure 6. This oxidisable carbon deposited on the surface
generally evaluated the rationalized weighted catalyst. A stream of diluted oxygen (2-100% oxygen
in helium) is focused over the sample during a linear heating ramp, which produces a signal as a result
of oxygen loss from the gas stream. TPO analysis allows quantifying the oxidation capacity of the
active metal catalyst. Combining TPO with TPR provides for estimating the number of regeneration
cycles that an enzyme can undergo before completely deactivated [99], [110].

Temperature-Programmed Reduction (TPR) is applicable in evaluating the number of reducible
species present on the surface of the catalyst. It shows the temperature associated with the
reduction of every species. Hydrogen in argon is commonly used as reducing gas mixture for catalyst
reduction. During the process, hydrogen consumption by adsorption/ reaction is observed, as the
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sample temperature is gradually increased with time. Differences in the concentration of the gas
mixture downstream from the reaction cell are recorded. It is a popular characterization technique
because of its low cost, relatively simple instrumentation, and utility. The derivative of the weight
change with time as a function of sample temperature is usually used to report the TPR profiles, as
depicted in Figure 7 [111]. The reduction index is evaluated using Eq. (17).

Actual amount of hydrogen consumed (17)

The extent of reduction = , , ,
Theoretical amount of hydrogen consumed assuming complete reduction
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Fig. 6. TPO profile of used catalysts for CH,—TPR Fig. 7. TPR profiles of fresh and used
[110] 0.2%Ni/C0304(Cs) catalysts [109]

2.6.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis is useful in determining either the main gain or loss as a result of
structural and state changes resulting from temperature increase of a solid substance. Because of
the ability to automatically switch gases within the TG system, it is widely used to measure the total
amount of accumulated coke on the catalysts. TG is also utilized to determine the decomposition
kinetics, residual solvent levels, and polymer degradation temperatures. The weight loss curve from
the TG instrument is used to characterize the exact point at which weight loss occurs, as illustrated
in Figure 8(a) and (b). Three standard stages can be pointed out on the thermogravimetric curves
when Ni-based catalysts coated with coke undergoes analysis. The first stage happens between a
temperature of 0-100°C, and a mass decrease as a result of water vaporization occurs [112]. The
second stage happens at around 350°C as an indication of Ni phase oxidation, and the final stage
occurs at a temperature above 400°C, as an indication of carbon combustion [113]. Also, the two
different types of carbon usually deposited on the catalyst's surface are amorphous and filamentous
carbon. The oxidation of amorphous carbon is estimated to begin at a temperature of 500°C, while
the oxidation of filamentous carbon is usually observed at a temperature around 600°C [114].

2.6.4 Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared spectroscopy is a technique based on the vibrations of the molecules.

FTIR operates based on functional groups, and peaks are used to provide the information, as depicted
in Figure 9. The sample is associated with infra-red radiation, ranging between 400-4000 cm™(that
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relates to the geometry of the molecule and its symmetry. FTIR consist of a moving mirror, fixed
mirror, beam splitter, Infrared radiation source, and detector. However, FTIR of the pyridine (CsHsN)
adsorbed is used to evaluate the Bronsted/Lewis acid site ratios. The formation of characteristic
absorption bands is due to the vibration of pyridine (ring deformation mode), which interacts
differently with these two adsorption sites. For the determination of the type of hydroxyl groups, the
sample should be dehydrated at elevated temperature under vacuum pressure. Fourier Transform
(FT) operates on time-domain spectroscopy, radiant power data is noticed concerning time [116].
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Fig. 8. TGA of Ni/Al,Os catalysts (a) fresh impetus (b) used catalyst [115]
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Fig. 9. FTIR spectra of fresh and used MIL-100(Fe)/GO composites [117]
2.6.5 Scanning electron microscopy (SEM)
Scanning electron microscopy applies a directed beam of high-energy electrons to render high
resolution, three-dimensional images. These images from interactions of electron-sample unveil

information such as texture, chemical constituents, and crystalline structure and constituent material
that the sample is made. The microscope column in this tool consists of three chambers; the electron
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gun chamber, the electron beam condenser chamber, and finally, the sample chamber. The detector
is utilized to transfer the secondary electrons to the cathode ray tube (CRT), which can be converted
into voltage and then transformed into an image displaying the topography of the sample on an SEM
screen that can be typically showed [106]. A typical example of an SEM image is, as shown in Figure
10. The expression for the magnification of SEM is

Mag. = — (18)

where Mag is the magnification, W, is the width of the CRT, and W, is known as the width of the
electron beam.

-
£33

Fresh Catalyst Deactivated Catalyst
Fig. 10. SEM images of fresh and used of de-NOx catalyst V,0s-WO3/TiO [118]

2.6.6 Brunauer emmet teller technique (BET)

Brunauer emmet teller (BET) technique is useful in the determination of specific surface area,
pore-volume, and pore diameter of solid catalysts. In the surface of solid catalysts, noticeable defects
and different pore sizes are present that are responsible for the increase in the contact area of the
enzyme with the reactant. The number of pores present in the catalyst surface determines its specific
surface area. The more the orifice, the larger the particular surface area. The comparative BET results
of fresh and spent catalyst are presented in Table 2. However, when there is crystallized agglomerate,
the surface area of the catalyst decreases. As such, support with high specific surface area provides
a high distribution of the active phase [119]. The BET formula relates the volume absorbed at a
designated partial pressure with the volume adsorbed at monolayer coverage. BET formula is as
presented in Eq. (19).

v )

Vi (1-m)a-p+c(m))

(19)
On linearizing Eq. (20)., it becomes
! — = (2) (20)

o

92



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 73, Issue 1 (2020) 69-108

where P and P, represent the equilibrium and the saturation pressure of adsorbates at the
temperature of adsorption, V represents the adsorbed gas quantity and V},, represents the monolayer
adsorbed gas quantity. C represents BET constant given as

C=exp (= 1)

where E; represents the heat of adsorption for the first layer and E; represents that for the second
and higher layers and is equal to the heat of liquefaction, R represents the ideal gas constant, and T
is the absolute temperature.
The specific surface area(S) is determined using Eq. (22)., after deducting the value of V,,, from
1 P
the plot of —5<—— versus(—).
el

o

§=gimla (22)
%4

where a represents the adsorption cross-section of the adsorbing species, V represents the molar
volume of the adsorbent gas, and N, represents the Avogadro’s constant.

Table 2
Surface area determination by BET for fresh and spent catalyst
Catalyst Surface area for fresh Surface area for spent References
catalysts (m?/g) catalyst (m?/g)
Ni623 100 89 [121]
H-ZSM-22 217 27 [122]
Au/Fe203.S 47 31 [123]
Au/Fe203.W 38.7 31 [124]
5%WTPt-1%wtSn/y- Al.O3 184 161 [125]
MCM-41-S1 901 464 [126]
SBA-15-51 860 771 [127]
Sb(2%)/ V20s/TiO2 89 62 [128]
W(10%)/ V20s5/TiO2 85 45 [129]
10wt%Pd(OHz)/C 810.9 124 [130]
Cu/ZSM-5 260 135 [132]
Ni/ZSM-5 240 120 [133]
Commercial FCC catalyst 160 70 [134]

2.6.7 Temperature programmed desorption of ammonia (NH3-TPD)

This method is applicable in measurement of the number and base strengths of sites found on
solid base catalysts. In this method, mass spectrometry is used to monitor the number of desorbed
molecules, and the surface interactions are viewed with infrared spectroscopy. Using energetic
bound probe molecules with high binding energies will increase in temperatures as necessary to
desorb these ascorbates. The heat associated with desorption is an indication of the strength of
adsorption. In contrast, the quantity of gas consumed or the amount of desorption upon heating
indicates the concentration of the surface sites. Temperature programmed desorption of ammonia
is useful in the determination of the number of acid sites in the catalyst. Usually, the TPD curve
consists of two peaks, as shown in Figure 11. However, a low temperature (LT) can be used to
represent the desorption of ammonia from the weak acid sites (i.e. physisorbed ammonia). Also, a
high-temperature peak (HT) can be used to describe the desorption of ammonia molecules from the
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strong acid sites (i.e., protonic acidity or chemisorbed ammonia) [134]. The prevalent molecules used
in TPD are NHs and CO; as probes for acidic and basic sites, respectively. Also, experiments with
pyridine, Oz, Hy, CO, H,0, and other molecules are often performed as well [110].
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Fig. 11. NHs-TPD profiles of ZSM-5 for weak and strong acid sites (a) fresh (b) used [134]

2.6.8 Energy dispersive X-ray spectroscopy (EDX)

Energy dispersive x-ray spectroscopy is an analytical technique that provides information about
an elemental constituent of an analyst. EDX is applicable in distinguishing between metals and
various polymeric materials with specific elemental footprint. It uses the x-ray spectrum resulting
from solid sample bombarded with a focused beam of electrons and results in localized chemical
analysis. Qualitative analysis centres on spectrum lines identification, which is almost straight
forward due to x-ray spectra orderliness. Quantitative analysis (concentrations of the determination
of the elements) is carried out by comparing the line intensities of every component of a sample with
of the same parts in standard form (known concentration) [135]. A typical analytical result of EDX is,
as shown in Figure 12. During usage, most catalysts are deactivated at elevated temperatures and in
extreme gas conditions. As such, there is a need to explain the catalyst decay mechanisms which are
prevalent in chemical, petrochemical, agrochemical, and pharmaceutical industries.

Catalyst T1 vV W Al S Si Ca Na
Fresh 100 33 3.0 78.7 26 11 38 41
peactivated 100 3.1 32 742 792 23 5.0 4.0
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Fig. 12. EDX spectra of V,0s-WO3/TiO; catalyst (a) fresh catalyst
(b) deactivated catalyst [121]
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3. Deactivation of Heterogeneous Catalysts

Deactivation reduces the activity of the catalyst or hinders the selectivity towards the desired
products, and the level of deactivation lies on the nature of the enzyme and reforming process
conditions. The economic implication of catalyst deactivation is that it adds to operating costs due to
replacement or regeneration of the spent catalysts. However, deactivation of catalyst can be
prevented by studying the deactivation mechanism and design of durable catalyst system.
Heterogeneous catalysts deactivation is classified by type (chemical, thermal, and mechanical) and
by mechanism (poisoning, fouling, thermal degradation, vapour formation, and attrition/crushing)
[136].

3.1 Sintering and Coking or Fouling

Sintering is defined as catalytic ineffectiveness due to reduced active surface area resulting from
a clumping together of the energetic metal particles due to prolonged exposure to excessive heat.
Good knowledge of sintering mechanism is vital, both for the determination of the extent of
deactivation by sintering and for the design of highly active catalysts. Sintering is bounded by factors
like time, temperature, chemical environment, catalyst composition and structure, and support
morphology. Since the pores catalysts are closed; as a result, the number of active sites decreases,
as shown in Figure 13.

The prominent mechanisms of sintering of metal crystallite or particle growth are classified into:
(i) atomic migration model (Ostwald ripening). The sintering is as a result of atomic or molecular
migration over the surface of catalyst upon collision with the immovable metal crystallites yielding
particle growth in place of van der Waals forces. (ii) Crystallite migration model, the sintering is said
to occur when metal crystallites migrate over the catalyst surface upon collision and fusion of metal
particles resulting in particle growth formation of the new compound via metal-support interaction.
These mechanisms lie on the movement of the particles. The first model favours the grain growth or
agglomeration in the bulk catalysts, and both the first and second models are observed in the case
of supported catalysts. (iii) Vapour transport between particles (at high temperatures) [137-138]. A
solid-state transformation is an advanced form of sintering that occurs at high temperatures and
eventually causes the change of one crystalline phase into a different one. Sintering can be prevented
by regulating the temperature of reaction and through avoidance of water and other substances that
trigger metal migration.

Coking occurs as a result of carbonaceous particles being deposited on the catalyst surface, due
to reactions involving unburnt hydrocarbons. With the higher accumulation of carbon deposit,
catalyst effectiveness starts to decrease, as a result of obstruction of the active sites and pores, as
shown in Figure 14. This obstructs the movement of reacting molecules from the bulk fluid outside
the catalyst to the active sites catalyst pellets, thereby reducing the yield of the product. Fouling can
be prevented by choosing a suitable operating condition that could minimize carbon formation.
Carbon formation minimization is also a function of the support. The risk of carbon deposition in
steam reforming is based on carbon number, unsaturation, and aromaticity in the feed. Carbon
resistance can be enhanced by promoting catalyst with alkali. However, coking can be decreased by
allowing a hydrogen-rich stream to pass through at elevated pressures [48, 139].

The mechanisms of carbon deposition on metal catalysts are different from those on oxide or
sulfide catalysts. There are three different kinds of carbon species that can be observed depending
on the operating conditions, catalyst formulation as relates to steam reforming of hydrocarbons over
Ni-based catalysts. These are encapsulated carbon (usually obtained by slow polymerization of CxHy

95



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 73, Issue 1 (2020) 69-108

over Ni surface at temperatures less than 500°C), filamentous or whisker-like carbon (commonly
obtained by diffusion of Cinto Ni crystals, dissociation of Ni from the support and growth of whiskers
with Ni on top), and pyrolitic- type carbon (formed as a result of cracking of CiHy species at
temperatures greater than 600°C, and deposition of carbon precursors). It has been reported that
the main pathways to coke formation in ethanol steam reforming involve: (i) methane decomposition
(ii) Boudouard reaction (iii) carbon (Il) oxide reduction reaction [140].
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Fig. 13. Schematic diagram of catalyst decay by Fig. 14. Schematic diagram of catalyst decay by
sintering causing pore closure [140] coking [140]

3.2 Poisoning

Catalyst poisoning is due to molecules irreversibly chemisorbed to the active sites over some
time, thereby reducing active sites available for reaction. The poison molecules are generally
reactants or products involved in the primary response. The two associated effects are the decrease
in the catalytic sites or portion of available surface area that tends to facilitate the reaction. This
increases the average distance that a reactant molecule must diffuse through the pore structure
before undergoing reaction. Poisoning is similar to coking in the sense that deactivation occurs due
to the deposition of constituents on the catalyst surface, but the mechanism is different. Poisoning
can, by exposing the catalyst to high temperatures (1000°C). However, this also has the potential to
damage the catalyst permanently [141]. Purification of reactants can prevent poisoning by impurities.
The common poison for industrial processes is sulfur, as exemplified in Figure 15. At various operating
conditions, hydrogen sulphide is formed from associated sulphur compounds and attaches to the
active metals surfaces. This can be prevented by reacting feed gas with zinc oxide. Among the
common poisons is carbon as an inhibitor of silica-alumina catalyst for cracking of petroleum;
sulphur, arsenic, or lead as inhibitors of metal catalysts for hydrogenation or dehydrogenation
reactions. And oxygenated water as inhibitors of iron catalysts for ammonia synthesis [142].

Fig. 15. Diagram of sulphur atoms poison on the metal surface for ethylene hydrogenation
[142]
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3.3 Catalyst Deactivation Kinetics

Catalyst ineffectiveness contributes to complications in the determination of reaction rate law
parameters and pathways. In analysing reactions over decaying catalysts, kinetics is classified into

separable kinetics and non-separable kinetics.
Inseparable kinetics, the rate law, and catalyst activity are dissociated. Having separable kinetics

activity will create an easy independent study of catalyst decay and reaction kinetics. Whereas, in
non-separable kinetics, catalyst decay and reaction kinetics are studied together [87].

Separable kinetics: -1, = a (history) X - r4(fresh catalyst) (23)
Non-separable kinetics: -1, = - r4(history, fresh catalyst) (24)

With known catalyst decay, activity decreases with time, and a typical profile of activity versus time
is as depicted in Figure 16.

Activity

Fig. 16. Catalyst activity versus time

3.3.1 Catalyst decay kinetics by poisoning

Assuming that the rate of removal of the poison, 7, 5, from the reactant gas stream on the catalyst
sites is proportional to the number of unpoised sites (C;, — Cy5) and the concentration of poison in

the gas, Cy:
Tps = kq (Cip — Cp.s) Cp (25)

Where C, s the concentration of is poisoned sites and C;, is known as the total number of available
places. With the assumption that every molecule that is adsorbed from the gas phase onto a site
poisoned it, this rate is also equal to the rate of removal of total active sites (C;) from the surface.

dac, dCys
d_tt = dltj = Tps = kq (Cio — Cp.s) Cp (26)

To express the function in terms of the fraction of the total number of sites, that have been
poisoned, f, Eq. (27) is divided through by C;, to yield

ar
L = ka1 G, (27)
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The fraction of sites available for adsorption (1-f) is essentially the activity a(t). Consequently, Eq.
(27) becomes [143].

d
d—j = a(t) kyCp (28)

3.3.2 Catalyst decay kinetics by fouling

The amount of coke on the surface after a time t has been found to obey the following empirical
relationship [144]:

C. = At" (29)

Where C. is the concentration percentage of carbon on the surface (g/cm3), and A and n are fouling
parameters, which can be functions of feed rate. One of the commonly used tasks between the
catalyst activity and the amount of coke on the surface is

1

a= (30)
ch C1CJ+1
when expressed in terms of time, it becomes
1 1 (31)

as= KegAPE™P+1  1+K™E™
3.3.3 Catalyst decay kinetics by sintering

Deactivation by sintering, in some cases, is a function of the mainstream gas concentration.
Despite several forms of sintering decay rate laws that exist, the commonly used law in second-order
concerning activity:

d
Tq =Kda2 =_d_(t1 (32)

With the integration, where a=1 at time t=0, yields

a(t) = Kidt (33)

The amount of sintering is usually quantified as a function of the active surface area of the catalyst
Sq:

Sao
@ T 1y Kgt (34)

The sintering decay constant, K, follows the Arrhenius equation

K, =K4(T,) exp[% (— - —)] (35)

1 1
T, T
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These descriptions take into account the mechanisms of steam reforming reactions and catalyst
deactivation effect on the responses. The knowledge of catalyst decay is essential because
deactivation is an engineering problem that has technological and economic implications

4. Conclusion

During the catalytic conversion of oxygenated hydrocarbons, progressive deactivation of solid
catalysts has economic consequences on the quantity and quality of the desired product due to
resultant weak catalytic activity and selectivity of the enzyme. Because of this setback, it becomes
necessary to study the reaction pathways that course activity lost and poor selectivity, including
preventive measures that guaranteed cheaper, cleaner, and sustainable processes. The prominent
three mechanisms of catalyst deactivation are poison, fouling, and sintering, and are mostly observed
during hydrocarbons steam reforming reactions and water-gas shift reactions. However, the
susceptibility of the catalyst to decay depends on its physical and chemical nature, response
operating conditions, and feed purity.

In this review article, the adoption of promoters and reducible oxides supported on various active
metals that have been used by multiple catalysis researchers. This is to enhance the thermal stability,
mechanical resistance, catalytic performance, and catalyst selectivity have been highlighted. It is
based on the review that carbon formation from steam reforming of hydrocarbon can be subdued
with better interaction of active metal and support with high oxygen storage capacity during catalyst
synthesis. The energetic metal particles with a smaller size, application of modifier (i.e., MgO, and
Ce0;) temperature control of the catalyst bed, consideration of higher steam/ethanol molar ratio,
low reduction temperature of the catalyst and optimize operating condition. Steam reforming
reaction pathway of hydrocarbons is strongly dependent on the nature of catalyst and heat. A better
understanding of reaction mechanisms based on the catalyst is the leading way out for sustainable
and efficient energy evolvement through steam reforming of oxygenated hydrocarbons like
methanol, ethanol, glycerol.

Recommendations

For the sustainable production of hydrogen via steam reforming of ethanol, there is a need for
the development of stable and high-performance catalysts. In this regard, the following
recommendations are given by the authors:

i. Supported-catalysts should be made of refractory and basic oxides, because of their high
melting point and oxygen storage capacity, which favour stable catalyst surfaces at high
temperatures.

ii. There should be strong interaction and confinement of small crystalline size of nickel particles
in the mesoporous channels of the support, to reduce carbon formation.

iii. The limitation of Ni loading on highly necessary support should be adhered to, to avoid poor
dispersion, as catalyst activity decreases per unit metal surfaces area with increasing the Ni
loading above 20wt%.

iv. The crystalline structure of the supported-catalyst should be made of sheets in strata, to
stabilize the Ni metal particles and prevent them from agglomeration during the reduction and
reaction stages.

v. The thermodynamic analysis of ethanol steam reforming should be studied based on the
selected Ni-based catalyst, to find out the suitable conditions at which the crystallite size of Ni
is stable and free of carbon deposition.
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