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Abstract: The pyrolysis of lignocellulosic biomass is one of the most promising methods of alternative
fuels production. However, due to the low selectivity of this process, the quality of the obtained
bio-oil is usually not satisfactory and does not allow for its direct use as an engine fuel. Therefore,
there is a need to apply catalysts able to upgrade the composition of the mixture of pyrolysis products.
Unfortunately, despite the increase in the efficiency of the thermal decomposition of biomass, the
catalysts undergo relatively fast deactivation and their stability can be considered a bottleneck of
efficient pyrolysis of lignocellulosic feedstock. Therefore, solving the problem of catalyst stability
is extremely important. Taking that into account, we presented, in this review, the most important
reasons for catalyst deactivation, including coke formation, sintering, hydrothermal instability, and
catalyst poisoning. Moreover, we discussed the progress in the development of methods leading to
an increase in the stability of the catalysts of lignocellulosic biomass pyrolysis and strengthening
their resistance to deactivation.

Keywords: lignocellulosic biomass; pyrolysis; catalyst; stability; deactivation; coke formation; sinter-
ing; hydrothermal instability; catalysts poisoning

1. Introduction

The pyrolysis of lignocellulosic biomass has been identified as a prospective direction
towards obtaining fuels for current infrastructure [1]. This process results in the forma-
tion of a bio-oil, char, and gaseous fraction. Pyrolysis products can be obtained during
rapid heating as a result of the initial thermal decomposition of lignocellulosic biomass.
High-temperature conversion of this type of feedstock leads to the formation of primary
intermediates which are subsequently subjected to dehydration, decarbonylation, decar-
boxylation, oligomerization, and reforming, among others (Scheme 1) [2—6]. It results in the
formation of a wide group of hydrocarbon derivatives (oxygenates—phenols, carboxylic
acids, aldehydes, ketones, esters, ethers, etc.). That mixture can be enriched with hydro-
carbons in the presence of catalysts. However, secondary reactions may also lead to the
formation of undesirable coke due to polymerization, condensation, or aromatization of
primary pyrolysis products.

Bio-oil cannot be directly used as engine fuel, as it has low caloric value, high oxygen
content, contains water, acids, low storage time, poor chemical stability, and it is immis-
cible with the fossil fuel due to high polarity [8]. Therefore, as mentioned earlier, the
composition of bio-oil should be upgraded by the use of a catalyst. Many catalysts have
been developed for the upgrading process including acidic zeolites, recognized as efficient
cracking catalysts, which can increase the yield of aromatics that are highly demanded;
however, they undergo a fast deactivation process [9,10]. On the other hand, there are
mesoporous materials, which are less prone to deactivation as they possess weaker acid
sites but in consequence, their activity is lower [11]. On the other side, there is a group of
metal-based catalysts including noble metal-based systems such as Pd or Ru and known
hydrotreating catalysts mainly based on transition metals such as Ni, Co, or Fe [12,13].
They can also increase the contribution of aromatics, limit water formation, and promote
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hydrogen transfer and reforming reactions. However, due to the high activity, they might
decrease the liquid fraction due to the formation of gases [14]. Moreover, oxides of different
chemical character are also often used as catalysts for this process. Generally, acidic oxides
promote the formation of carboxylic acids, aromatic components, and furans, but they also
enhance the formation of tars. On the other hand, tar formation is lower in the case of basic
oxides, but they promote the formation of a gaseous fraction and can inhibit the formation
of phenols [15].

Cellulose Hemicellulose Lignin

OH Y B
OH HO—/ <4 "2 Oy & d
( < HO—_ / [..\ "Av.l/ UUAA. ' ! \ L ! | OcH
L SO 4 o1 o oH = ]
| Po = N / \ O o O H OHoy
\ OH \

o \_/ G W

Primary pyrolysis l l l

A s 3 ¢ g 3
(0] o o O (0]
0 . | | | P
1 - O ; \ OH OH Y OCH3 7
HO—7 O OH OH
> OH
HO T o
HO 0 (¢]
H OH \ / o I o) HiCO™ Y TOCHs
H OH OH
-~ / ~ 7 \ L J
gehvdt:atioln, . Decarbonylation,
o onyatllon, Oligomerization Behvdrati
Decarboxylation ehydration,
Condensation
o Decarbonylation,

Oligomerization
5 Hydrocarbon > Coke
pool

(o]
HO / (6] l Polymerization

Cracking,
Oligomerization,
Aromatization

Scheme 1. Subsequent steps of the pyrolysis process. Republished with the permission of RSC from Catalytic pyrolysis
of individual components of lignocellulosic biomass, Wang, K., Kim, K.H., Brown, R.C., Green Chem. 2014, 16, 727-735;
permission conveyed through Copyright Clearance Center, Inc [7].

Commercial use of those catalysts is, however, strongly limited due to problems
with their stability in reaction conditions. Therefore, in recent years, researchers have
been increasing their efforts to solve this issue, as evidenced by the increasing number
of publications devoted to this topic (Figure 1). It appears that coke formation, sintering,
hydrothermal instability, and catalysts poisoning are considered as the main reasons for
catalyst deactivation in the pyrolysis process (Figure 2).
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Figure 1. Increasing number of scientific papers devoted to the problem of catalyst deactivation in pyrolysis process (Scopus
28.12.2020, pyrolysis + catalyst + deactivation).

CATALYST DEACTIVATION

COKE FORMATION ‘ PRESENCE OF
INORGANIC IMPURITIES

-formation of different | A\ck OF THERMAL STABILITY  e.g. S,CI,K,Fe
type of coke deposit

-e.g. sintering _
- due to strong adsorption
f they can act as a poison for a catalyst
/'« \( and inhibit activity
'8 ——— 4
- - o\b

-3

o

Figure 2. Types of catalyst deactivation in pyrolysis process.

The formation of coke deposits is the most common reason for severe deactivation
of catalysts in the fast pyrolysis of lignocellulosic biomass and bio-oil upgrading [7,16].
Deposition of carbon may result in direct encapsulation of active sites present on the
catalyst’s surface, formation of filamentous carbon, plugging of pores (which contributes to
blocking the access of reagents to active sites located in the inner pores), and deterioration
of catalyst structure. The mechanism of coke formation was previously described in
extensive review and research articles [17,18]. Generally, the formation of two main forms
of carbon deposit can be observed—encapsulating coke and filamentous coke. The first one
is produced from reaction intermediates by subsequent condensation and polymerization,
while the second arises due to dissociation of small coke precursors (i.e., carbon oxide,
methane, or other light hydrocarbons), which results in the formation of atomic carbon.
The carbon atoms can diffuse through the surface of metal nanoparticles to the bulk. Then,
their nucleation and precipitation on the basis or surface of metal grains can be observed.
This results in the formation of carbon filaments, which lift the metal crystallites on their
top. The formation of carbon fibers does not affect the activity of catalysts directly but can
be a reason for a decrease in catalytic performance due to loss of an active phase during
friction between grains in the catalyst bed or in the regeneration process.
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The next reason for the deactivation of catalysts used in the pyrolysis of lignocellulosic
biomass is related to the sintering of metals deposited on the catalyst surface [17]. In this case,
an increase in the size of metal crystallites due to the migration of atoms located on small
metal particles towards larger ones or the migration of smaller crystallites and formation
of large metal grains can be observed. Sintering takes place at high reaction temperature
and may be facilitated by higher pressure, the presence of steam, or weak metal-support
interaction, among others. This phenomenon leads to a decrease in the number of exposed
metal active sites on the catalyst surface and a reduction in catalytic activity.

Thermal treatment of the catalyst may also result in the deterioration of its structure.
This can be related to sintering of the support grains, phase transformation, or the formation
of new compounds (i.e., hydroxides, spinels) on the catalyst surface [19,20]. This leads to a
decrease in surface area, collapse of porous structure, or change in chemical composition
of the active phase. Degradation of the catalyst structure can be limited by the selection
of the materials stable in the reaction conditions or the addition of promoters increasing
catalyst stability.

Last but not least, the presence of different kinds of impurities of inorganic nature
is considered as a serious obstacle. Those impurities can be present both in the biomass
itself, but can be also introduced during catalyst preparation. During the catalytic reaction
process, they can be transferred to the catalyst surface and, depending on many factors,
such as the nature of the impurity, the contact time, and the reaction conditions, can cause
a redhibitory decrease in catalyst lifetime or even the full inhibition of activity.

The above-mentioned factors are crucial when considering catalytic performance
and should, in consequence, be taken into consideration for catalyst design. Here, in the
current review, we aim at highlighting some of the most crucial problems related to catalyst
stability with a focus on the pyrolysis process. Strong emphasis will be put on carbon
deposit formation, nanoparticle sintering, and the poisonous effect of impurities, as well as
their respective role on the catalyst’s deactivation.

2. Formation of Coke Deposit

Coke deposition rate strongly depends on the physicochemical properties of the cat-
alysts (the presence of functional groups—acid-base character, porosity, the presence of
metal and degree of its dispersion, type of support in the case of supported catalysts,
incorporation of promoters). Therefore, studies devoted to the increase in the efficiency
of biomass pyrolysis and bio-oil upgrading are focused on the design of the catalytic
systems possessing the structure and composition which allows maintaining of the satis-
fying activity with simultaneous reduction in susceptibility to carbon deposit formation
(Table 1). Generally, the mechanism of coke formation involves several paths depending
on the temperature: arising of metal carbides (150-400 °C), formation of amorphous films
with a polymeric character (250-500 °C), production of graphitic carbon (about 500 °C),
or growth of carbon filaments (above 300 °C). In the case of heterogeneous catalysts, coke
can be located on the surface of metal particles, the metal-support interface, or support
(Figure 3). Deactivation of the catalyst may follow through the encapsulation of metal
particles due to polymerization or condensation of the primary products of the thermal
decomposition of biomass (i.e., oxygenates, aromatics) which usually occur below 500 °C
or the formation of carbon fibers at higher temperature range. Encapsulating carbon can
be formed due to adsorption of oxygenated and/or nonoxygenated products produced
in the initial step of the process on the metal sites. In these conditions, carbon atoms are
not only dissolved in the metal crystallites and adsorbed on the bottom of metal grains (at
the interface between active phase and the support), but primary decomposition products
can be subjected to subsequent condensation or polymerization over the metal particle
surface. It results in the formation of a polymeric or amorphous coke film, which covers or
encapsulates the metal particles. This limits their capacity for the adsorption of reactants
and causes a rapid loss of catalyst activity due to the decrease in active metallic surface [21].
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Figure 3. Formation of coke deposit on the catalyst surface.

In the second case, filamentous carbon can be produced by the transformation of
carbon oxide via the Boudouard reaction or its reduction to carbon and the decomposition
of light hydrocarbons (mainly methane). This leads to the adsorption and diffusion of
atomic carbon through the metal particle and further precipitation on the interface between
the metal and the support, resulting in the formation of carbon filaments. Due to the fact
that carbon atoms cannot dissolve in noble metal particles, this phenomenon can only be
observed for catalysts containing transition metals. Figure 4 presents an exemplary carbon
filament formed on the surface of the Ni/PryO3-ZrO, catalyst during pyrolysis of cellulose.

The highest temperature favors the formation of pyrolytic coke, which can be pro-
duced via the cracking of reaction intermediates (both oxygenates and hydrocarbons).
The pyrolytic coke is deposited non-selectively on the entire surface, leading to the total
encapsulation of the catalyst. Taking into account the effect of the size of the active phase
crystallites on the type of formed carbon deposit, it is suggested that smaller metal particles
enhance the formation of encapsulating carbon, leading to faster deactivation of the catalyst
by covering of the active phase with an impermeable carbonaceous layer. On the other
hand, larger metal crystallites (above 6-7 nm) facilitate the production of filamentous
carbon with Ni particles located on the top of formed filaments [22].

The literature shows that HZSM-5 is one of the most widely used catalysts of fast
pyrolysis of lignocellulosic biomass [11]. However, this material, in spite of its high activity,
suffers from rapid deactivation due to coking. This is related to the relatively small pore
size and high surface acidity [23]. The application of mesoporous material, such as SBA-15,
possessing weaker acid sites than HZSM-5, may contribute to the limitation of carbon
deposition and blockage of active centers. Unfortunately, it also leads to a reduction
in catalyst activity. Therefore, Xu et al. [24] decided to create material with developed
mesoporosity, but retaining high acidity. They synthesized multilayered ZSM-5 nanosheet
zeolite and compared its catalytic behavior in the upgrading of cellulose pyrolysis vapors
with commercial HZSM-5. The obtained results showed that the yields of olefins and
aromatic hydrocarbons were similar in both cases. Despite the formation of a higher
amount of coke, ZSM-5 nanosheets (possessing higher mesoporosity) exhibited a longer
lifetime related to the increased accessibility of reagents to the active sites located in the
inner pores of zeolite.
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Figure 4. TEM image of carbon filament formed on the surface of Ni/PryO3-ZrO; catalyst during
pyrolysis of cellulose.

Yu et al. [25] limited fast deactivation of HZSM-5 by the formation of MCM-41/ZSM-5
composite with ZSM-5 crystallites encapsulated in the MCM-41 mesoporous matrix. It is
known that in the case of ZSM-5, large diameter pyrolysis intermediates may polymerize
on the catalyst surface and block access to the micropores, decreasing the yield of valuable
products. The application of a composite catalyst allows cracking of the large molecules in the
mesoporous matrix to smaller ones, which can be further transferred to ZSM-5 microcrystals
and converted into desired compounds. The studies of the catalytic performance of MCM-
41/ZSM-5 composite in fast pyrolysis of miscanthus demonstrated that the efficiency of this
catalyst in hydrocarbon production is comparable to parent zeolite. Although, the MCM-41
matrix can act as a layer protecting against the rapid deactivation of ZSM-5 due to the fact
that a considerable part of coke was deposited on the surface of the mesoporous material.

One of the methods for the selective increase of HZSM-5 activity in fast pyrolysis
of lignocellulosic biomass consists of the modification of its structure by the addition of
various dopants. Persson et al. [14] demonstrated that introduction of selected transition
metals (i.e., Fe or Ni) to the zeolite structure resulted in a noticeable increase in the con-
tribution of monoaromatic hydrocarbons or naphthalenes in the bio-oil produced from
softwood sawdust. Unfortunately, the presence of a metallic phase led to the more intense
formation of coke whose amount increased from 3.5% to 7.2% in the case of parent and
Fe-modified zeolite, respectively. An increase in carbon content was related to a higher
concentration of acid sites on the surface of the doped catalyst. On the other hand, the
presence of metal was responsible for a decrease in the temperature of coke removal during
the regeneration step. Bimetallic Fe-Ni/ZSM-5 exhibited the most interesting features,
allowing for the formation of a high amount of aromatic compounds with simultaneous
moderate coking of the catalyst.

An increase in the production of aromatics in comparison to parent zeolite was also
observed by Zheng et al. [26] who applied mixed CaO/HZSM-5 catalyst in the pyrolysis of
Yunnan pine. The introduction of CaO also resulted in a decrease in bio-oil yield due to the
formation of a larger amount of gaseous products. Additionally, the presence of calcium
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oxide led to a noticeable reduction in coke content arising on the catalyst surface (from
8.9% for HZSM-5 to 4.0% in the case of CaO/HZSM-5, respectively). It can be suggested
that CaO facilitates the adsorption of CO, and the oxidation of deposited carbon. A similar
phenomenon was noticed in the case of the pyrolysis of cellulose, lignin, and sunflower
stalk and in situ upgrading of bio-o0il performed in the presence of MgO/Al-MCM-41 [27].
The addition of magnesium promoted deoxygenation and aromatization reactions, leading
to the formation of aromatic hydrocarbons. Moreover, the coexistence of acid and basic
sites formed on the surface of modified AI-MCM-41 was responsible for higher coking
resistance. It was demonstrated that the presence of magnesium limited the formation of
carbon deposit via condensation or polymerization and enhanced hydrogen migration
due to the activation of C-H groups. Generally, the selectivity to monocyclic aromatic
carbons increased and coke content decreased with the increase in the number of base
sites on the surface of Mg-doped catalysts. The coke formation rate also depends on
the type of used feedstock. Mullen et al. [28] showed that the co-pyrolysis of biomass
(switchgrass) and plastic waste (polyethylene) resulted in a reduction in the amount of
deposited carbon. Polyethylene changes the reaction mechanism, providing additional
hydrogen to the reaction medium. It enhances the formation of aromatic hydrocarbons and
limits the polymerization of carbonaceous residues.

The metal/support catalysts are the next group of materials, allowing for the increase
in the efficiency of the fast pyrolysis of biomass and bio-oil upgrading. In this case, studies
are focused on both optimization of the conditions of catalytic reactions and the devel-
opment of new materials possessing higher resistance against coking. Arregi et al. [29]
confirmed that the main reason for the deactivation of commercial Ni catalyst (G90-LDP)
in pyrolysis and in-line steam reforming of wood sawdust was severe coke deposition. It
was suggested that coke is formed by the re-polymerization of phenolic oxygenates (being
the intermediate products of the first pyrolysis step) and its amount can be limited by
the optimization of reaction conditions favoring reforming and water—gas shift reactions.
The lowest content of oxygenates (being the main coke precursors) was observed when
bio-oil upgrading was performed at 600 °C using a steam to biomass ratio = 3. Further
measurements of continuous pyrolysis and in-line catalytic reforming of pine wood and
high-density polyethylene (HDPE), conducted with the use of the same catalyst, demon-
strated that its deactivation rate depends not only on the amount of deposited carbon but
also the type of coke [30]. Two types of carbon deposit were observed—encapsulating
coke consisted of amorphous carbon and filamentous coke composed of carbon nanorods
or nanotubes. The first one, which originated mainly from the reforming of oxygenates
derived from biomass, resulted in faster catalyst deactivation. The contribution of fila-
mentous coke was higher in the presence of HDPE (its formation was stimulated by the
reforming of hydrocarbons derived from polyethylene). It does not block nickel active size
rapidly, but gradually hinders the contact of reagents with metal particles.

The stability of nickel catalysts, which are one of the most commonly used in the biomass
pyrolysis process, strictly depends on the type of the used support. Santamaria et al. [31]
evaluated the catalytic performance of Ni introduced on the surface of Al,O3, SiO,, MgO,
TiO,, and ZrO; by wet impregnation method in in-line steam reforming of vapors from the
fast pyrolysis of pine. The obtained results demonstrated promising activity of Ni/Al,O3,
Ni/MgO, and Ni/ZrO,. However, Ni/Al,O3 possessing high initial activity underwent
noticeable coke deposition and progressive deactivation due to the presence of a higher
number of acid sites. On the other hand, Ni/MgO and Ni/ZrO,, which were less active in the
first stage of the process, revealed higher resistance against carbon deposit formation. This
was related to the presence of basic sites on the surface of magnesium oxide and zirconium
oxide responsible for gasification of adsorbed coke. It is worth noticing that ZrO, possessed
higher surface area and pore volume in comparison to MgO, resulting in better access to the
catalyst active sites by larger reaction intermediates and easier regeneration. On the other
hand, lower activity of Ni/TiO; can be ascribed to the phase transformation of anatase to
rutile, leading to a decrease in the dispersion of an active phase. In turn, the low activity of
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Ni/SiO; can be related to the microporous structure of silica, hindering the contact between
larger oxygenates formed in the initial pyrolysis step and active sites located inside the
SiO, pores. Similar catalytic behavior of supported Ni catalysts in the pyrolysis of cellulose
was previously presented by our group in [32,33]. Further measurements confirmed the
increased stability of Ni/ZrO, catalysts [34]. Its redox properties and high oxygen storage
capacity hindered the formation of coke deposits. Additionally, zirconium oxide is known
for its ability to adsorb H,O molecules present in the reaction mixture and facilitation of
their decomposition. This results in the formation of hydroxyl groups on the catalyst surface
participating in gasification of the deposited carbon [35].

The studies aimed at the development of catalysts with increased resistance against
carbon deposition were not only devoted to the choice of an appropriate support, but
also focused on the effect of the introduction of promoters into the support structure [36].
Lanthanides are one of the most popular dopants of Ni catalysts used in fast pyrolysis
of biomass and bio-oil upgrading. Bimbela et al. [37] showed that the introduction of
Ce to Ni/Mg-Al catalyst of steam reforming of the aqueous fraction of bio-oil resulted
in noticeable enhancement of resistance to coke formation. Cerium oxide exhibits high
oxygen mobility and possesses remarkable oxygen storage capacity. These features are
especially helpful in the removal of deposited carbon from the catalyst surface. CeO,
provides oxygen atoms which are subsequently used in the gasification of coke. On the
other hand, it is reported that the use of cerium may lead to a significant decrease in surface
area of the modified catalyst. This may lead to a decrease in the dispersion of the active
phase and due to that, a drop in the efficiency of the conversion process [38].

The beneficial role of cerium was also emphasized in Refs. [39,40]. Modification of
Ni/Al,O3 by Ce resulted in improved stability of the catalyst in pyrolysis and in-line
steam reforming of lignocellulosic biomass due to a reduction in coke formation rate. A
comparison of the catalytic performance of Ni/Al,O3-CeO; and Ni/Al,O3-MgO indicated
that the catalyst doped by cerium was more efficient than its counterpart modified by
magnesium. It was suggested that the lower activity of the latter may be related to the
lower reducibility of Ni/Al,O3-MgO due to the formation of a MgAl,O4 spinel phase [37].

Zhang et al. [41] evaluated the effect of the addition of Na, Mg, and La on the activity
and stability of the Ni/SiO; catalyst in a model reaction of the steam reforming of guaiacol.
The obtained results showed that introduction of sodium and magnesium led to a decrease
in the surface area of modified catalysts, while incorporation of lanthanum allowed keeping
the surface area on the same level as for non-modified material. It resulted in the formation
of more dispersed nickel crystallites in the case of La-Ni/SiO,. Additionally, the presence
of lanthanum facilitated the reduction of nickel oxide leading to the increase in the activity
of the modified catalyst. Introduction of La increased the alkalinity of Ni/SiO; catalyst to a
mild extent, while the presence of Na led to the formation of a higher number of strong basic
sites. It was suggested that strong basic sites favored the adsorption of oxygen-containing
species, which could undergo polymerization to a carbonaceous deposit. The formation
of thermally stable amorphous coke may contribute to faster deactivation of the catalyst.
On the other hand, mild basicity in combination with the ability of lanthanum oxide to
adsorb water molecules and their further dissociation may facilitate the gasification of
carbon species adsorbed on the catalyst surface and limit its deactivation rate [42].

Valle et al. [43] confirmed the formation of two types of deposited coke on the surface
of La-modified Ni/Al,O3 catalyst used in fast pyrolysis and steam reforming of pine
sawdust. Their contribution was strongly influenced by the reaction conditions and com-
position of the reaction mixture. The encapsulating coke leading to the fast deactivation
of the catalyst originated from oxygenates, while the formation of filamentous coke was
launched by decomposition of CO or CHy and dissolution of carbon atoms on the surface
of nickel crystallites.

It is reported that pyrolysis and catalytic reforming of biomass (pine sawdust) can
be successfully performed in the presence of Ni supported on waste slag-based carriers
(magnesium slag, steel slag, blast furnace slag, pyrite cinder, and calcium silicate slag) [44].
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The obtained results demonstrated that the activity of Ni deposited on the magnesium slag
was the highest among the studied slag supports and even higher than the activity of the
commercial Ni/Al,Oj3 catalyst. The promising catalytic performance of the Ni/magnesium
slag can be related to the composition of the support which is composed of the compounds
containing Mg, Fe, and Ca. Yu et al. [45] suggested that the presence of calcium can
promote the adsorption of water molecules on the surface of the catalysts, which facilitates
the removal of deposited carbon species and reduces the coke formation rate. An interaction
between nickel and iron may be responsible for the formation of Ni-Fe alloy or NiFe,O4
spinel phase contributing to the more efficient cracking of tar. Additionally, the Ni-Mg-O
solid solution may influence nickel dispersion on the catalyst surface and inhibit the growth
of the carbon deposit. It is worth noting that the activity of Ni/slag catalysts was related
to the character of the coke deposit. The most active material was characterized by the
highest contribution of disordered carbon in comparison to less active catalysts possessing
a higher content of graphite carbon species.

The literature shows that the application of catalysts in high-temperature conversion
of biomass prepared from waste materials is becoming more and more popular. Jahromi
and Agblevor [46] used red mud (caustic waste generated in the Bayer process of alumina
production consisting of a wide group of metal oxides, such as: Fe;O3, Al,O3, SiO,, MgO,
CaO, NayO, Ky, etc.) for the synthesis of a Ni-based catalyst for hydrodeoxygenation of
pinyon-juniper wood pyrolysis oil. Analysis of the obtained results demonstrated that the
use of Ni supported on waste material facilitated the production of liquid products (about
68% of liquid fraction) to a greater extent than commercial Ni/SiO;-Al,O3 (not more than
42% of liquids). Moreover, the introduction of Ni on the surface of red mud led to a reduction
in coking rate in comparison to the commercial catalyst (4.2 and 7.3% of carbon, respectively).
It was demonstrated that the regeneration of Ni/red mud by burning off the coke and
reducing with hydrogen allowed for complete restoration of its activity, while in the case of
the commercial catalyst, it was impossible. Carbon deposit formation was not the only cause
of deactivation of Ni supported on red mud-based material. A decrease in the catalyst activity
can also be related to the oxidation of nickel active sites during the reaction or formation of
Fe;NiOy on the catalyst surface. A beneficial effect of the application of waste materials as
catalyst or support for a Ni-based catalyst for pyrolysis and catalytic steam reforming of waste
wood pellets was also described by Al-Rahbi and Williams [47]. It was suggested that the
application of ash originating from coal combustion, waste tires, or refuse-derived fuel allows
for the increase in hydrogen-rich gas production due to the presence of metal impurities (such
as Al, Ca, Mg, Cu, Fe, K, Na, or Zn), promoting the reforming of primary products formed in
the first step of the studied process.

Similar studies, focused on the synthesis of zeolites using fly ash produced by the
combustion of coal, were performed in our group [48]. It was reported that an application
of those materials as supports for Ni catalysts in high-temperature conversion of cellulose
and pine led to the increase in hydrogen-rich gas production in comparison to nickel
supported on commercial ZSM-5. Moreover, the modification of the most active Ni/Na-A
catalyst by selected rare-earth or transition metals (La, Pr, Ce, Y, Gd, Zr) resulted in a
further rise in Hy formation. This phenomenon was related to moderate acidity, more
homogeneous dispersion of active phase, higher reducibility of nickel oxide, and limitation
of carbon deposit formation in the case of fly ash-based catalysts. It was suggested that an
incorporation of dopants into the structure of the support enhanced oxygen atoms mobility
and the improved ionic conductivity of the modified catalysts, leading to more efficient
decomposition of lignocellulosic feedstock and coke gasification.
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Table 1. Formation of carbon deposits on the surface of catalysts of high temperature conversion of lignocellulosic biomass.

Catalyst

Process/Feedstock

Comments

Ref.

Multilayered ZSM-5 nanosheet,
HZSM-5

Upgrading of pyrolysis
vapors/Cellulose

Deposition of coke blocks access to active
sites in the micropores of the catalysts,
reduction in deactivation rate by creation
of mesopores.

[22]

MCM-41/ZSM-5 composite

Catalytic fast pyrolysis/Miscanthus

Presence of MCM-41 reduced
deactivation rate of ZSM-5 and protected
the zeolite against severe coking.

[23]

HZSM-5, Fe/ZSM-5, Ni/ZSM-5
and FeNi/ZSM-5

Pyrolysis and catalytic upgrading
of vapors/Softwood sawdust

Introduction of metals increases the
concentration of aromatic hydrocarbons
in the liquid product;

Rate of carbon deposit formation was
dependent on the strength of acid sites
and the choice of metal;
FeNi/ZSM-5 allowed for a high level of
aromatization of formed products
together with moderate catalyst coking.

[14]

CaO/HZSM-5

Catalytic pyrolysis/Yunnan pine

Order of relative content of coking:
HZSM-5 > CaO > CaO/HZSM-5.

[24]

ZrO,-promoted ZSM-5
catalyst extrudates

Pyrolysis and catalytic upgrading
of vapors/Oak

Eggshell spatial distribution of the coke
deposits within the catalyst extrudates;
At the beginning, coke is formed on the
strong Brensted acid sites, which
promote deep deoxygenation and
cracking; then, carbon deposition slows
down and occurs mainly on the external
surface; more hydrogen-rich coke is
formed on ZrO, domains.

[49]

Mg-doped AI-MCM-41

In-situ catalytic upgrading of
bio-oils/Cellulose, lignin, and
sunflower stalk

Mg/AIMCM-41 showed high selectivity
towards production of aromatics; the
reduction in coke deposition was related
to the amount of introduced Mg.

[25]

HZSM-5

Catalytic co-pyrolysis/Switchgrass
and polyethylene

Polyethylene-derived hydrocarbon
vapors contributed to the reduction in
coke formation.

[26]

Commercial Ni catalyst (G90-LDP)

Pyrolysis and in-line catalytic steam
reforming/Wood sawdust

Coke deposition results from
decomposition of the oxygenates derived
from biomass pyrolysis and the
repolymerization of phenolic oxygenates;
amount of carbon can be limited by
selection of optimal reaction conditions
enhancing WGS and reforming,.

[27]

Commercial Ni catalyst (G90-LDP)

Pyrolysis and in-line catalytic
reforming/Mixture of pine wood
waste and HDPE

Deactivation rate of the catalyst depends
on the type of formed coke;
encapsulation of Ni active sites by
amorphous carbon leads to faster
deactivation than the presence of
filamentous coke.

(28]

Ni supported on Al,O3, 5i0;, MgO,
TiO; and ZrO,

In-line steam reforming of biomass
fast pyrolysis volatiles/Pine

Initially active Ni/Al,O3 suffers from
carbon deposit formation, Ni/ZrO, and
Ni/MgO less active and more resistant to
coke deposition.

[29]
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Table 1. Cont.

Catalyst

Process/Feedstock

Comments

Ref.

Ni/ZrO,

Pyrolysis and in-line catalytic
reforming /Pine sawdust

Coke deposition leads to the blockage of
Ni active sites, with oxygenates being the
main coke precursors;
Application of ZrO, limits coke
formation and decreases coke
combustion temperatures.

[32]

NiZnAlIOy

Pyrolysis-catalytic steam
reforming/Wood sawdust

Introduction of Zn to the catalyst
structure suppressed formation of
carbon deposit;

Presence of amorphous carbon and
filamentous carbon was confirmed.

[34]

Ni-Ce/Mg-Al

Catalytic steam reforming of
aqueous fraction of
bio-o0il/Pine, poplar

Introduction of small content of Ce by
impregnation method allowed for the
most effective reduction in carbon
deposit formation.

[35]

Ni/Al,O3, Ni/CeO,-Al,03 and
Nl/MgO-Ale:;

Pyrolysis and in-line steam
reforming/Pine wood

Similar initial activity for all catalysts;
improved stability of CeO,-doped
sample connected with gasification of
coke precursors;
Ni/MgO-Al,Os less stable than
Ni/Al,O3 due to the formation of
MgAl,O4 spinel phase.

[37]

Ni/CeOz-A1203, Ni/LazO3—Ale3,
Ni-Rh / C802-A1203 ’

Steam reforming of bio-oil

Ni/CeO,-Al,O3 more resistant to
deactivation due to higher oxygen
mobility leading to the limitation of
carbon deposit formation;
Increased stability of Ni-Rh/CeO;-Al,O3
related to enhancement of carbon
oxidation over C-C bond formation.

[38]

Ni/SiO, modified with Na, Mg
or La

Steam reforming/Guaiacol

Modification of Ni/SiO, by La led to
highest resistivity towards coking among
studied catalysts.

[39]

Ni/LaZO3—A1203, NI/A1203 and
commercial Ni catalyst (G90-LDP)

Pyrolysis and in-line catalytic steam
reforming/Pine wood waste

Amorphous structure of coke; LayO3
inhibited carbon deposition due to its
basicity and water adsorption capacity
during reforming reaction, which led to
the gasification of deposited coke and
prevented catalyst deactivation.

[40]

Ni/La2 03 —A12 03

Pyrolysis and steam
reforming/Pine sawdust

Presence of two types of carbon deposit
(encapsulating coke and filamentous
coke); their contribution depends on

temperature and space-time used during
the reaction.

[41]

Ni/slag (magnesium slag steel slag,
blast furnace slag, pyrite cinder and
calcium silicate slag)

Pyrolysis and catalytic
reforming/Pine sawdust

Ni supported on magnesium slag
revealed the highest activity among
tested catalysts; amorphous and
graphite-like carbons were formed
during reaction.

[42]
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Table 1. Cont.

Catalyst

Process/Feedstock Comments Ref.

Ni/magnesium slag and
Ni / 'Y-A1203

Lower coke formation rate and lower
graphitization degree of deposited
carbon on the surface of Ni/magnesium
slag than in the case of Ni/y-Al,Os; [43]
interaction of Ni with slag components
(Mg, Fe, or Ca) increases resistance
against coke.

Pyrolysis and catalytic
reforming /Pine sawdust

V-, Mn-, Cu-, and Co-based catalysts with
the highest tendency towards

Metal oxides: CoO, Cr,O3, CuO, coke formation;
Fe;O3, Mn, 03, NiO, TiO,, V,05 Catalytic pyrolysis/Poplar Presence of oxygen vacancies played [50]

and CeO,

important role in the polymerization of
the volatile compounds formed
during pyrolysis.

CaO

Effect of precursor on catalyst
deactivation, differences in coking [51]
mechanism.

Catalytic fast pyrolysis/Jatropha
seeds de-oil cake

3. Sintering and Deterioration of Catalyst Structure

Despite the high importance of carbon deposit formation, the mechanism of deactiva-
tion of catalysts in the fast pyrolysis of biomass and bio-oil upgrading may also include
metal sintering and deterioration of the catalyst surface [17]. Metal sintering can be ob-
served in the case of both supported and unsupported catalysts. Regardless of the type of
used material, it leads to a decrease in the surface of the active phase grains and increase in
the size of metal crystallites (Figure 5). The harsh reaction conditions or high pre-treatment
temperature are considered the main reasons for catalyst sintering. However, an influence
of the reaction atmosphere and the strength of interactions between catalyst components
should also be taken into consideration. On the other hand, the high temperature of the
pyrolysis process may not only induce the sintering of metal crystallites, but can also be
responsible for degradation of the structure of the support including the loss of surface area
and deterioration of porous structure leading to the limited access of reaction substrates to
catalytically active sites or the change of surface properties of the used catalysts. Examples
of research devoted to this area are presented in Table 2.

The studies performed by Stefanidis et al. [20] proved that ZSM-5, used as the catalyst
in the pyrolysis of biomass, may suffer not only from coke formation but can also be
deactivated by the dealumination of the zeolite framework. Dealumination, being one
of the reasons for hydrothermal deactivation, results in the removal of aluminum atoms
from the zeolite structure, leading to the reduction in both the strength and number of
the acid sites. The main reason of dealumination is the presence of hot water vapor in the
reaction mixture. The water molecules may originate from moisture in the lignocellulosic
feedstock, dehydration of biomass components during initial steps of pyrolysis, and
the upgrading of pyrolysis vapors. Additionally, dealumination can also be observed
during the regeneration step of the spent catalyst. The high temperature and presence of
water formed during the oxidation of coke may result in the subsequent dehydroxylation
of the Bronsted acid sites located on the zeolite surface [52]. One of the methods of
stability improvement of ZSM-5 zeolite in the catalytic pyrolysis of biomass is the creation
of a hierarchical core/shell structure with a mesoporous core (containing ZSM-5) and
microporous shell (consisted of Silicalite-1) [53]. The introduction of a Silicalite-1 shell
allowed for maintaining of the structure, surface area, and porosity of the zeolite after
hydrothermal treatment, which was not the case with parent mesoporous zeolite. On the
other hand, the mesoporous core facilitated the diffusion of reagents through the catalyst
and increased the accessibility of catalytically active sites. Moreover, the activity tests in
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the catalytic pyrolysis of pine sawdust showed enhanced shape-selectivity of the modified
material, resulting in a noticeable increase in the production of p-xylene, among others.

Figure 5. Growth of metal particles due to the migration of small crystallites (a) or atoms (b) on the
catalyst surface.

Similar to in the case of zeolites, the presence of water is considered as a very critical
factor for the stability of Ni/Al,O3 catalysts. The structural properties of the alumina-
supported catalyst can be strongly modified in the presence of hydrothermal conditions.
In the presence of water, alumina is transformed into boehmite AIO(OH) [54,55]. In
consequence, the interaction between Ni and the support is modified as well. Metal
support interaction in those catalysts depends on the number and strength of Lewis acid
sites: the stronger the acidity of the alumina, the stronger the Ni-Al,O3 interaction that
is observed. In contrast, the hydration of alumina preferentially affects the medium and
strong acid sites which firstly can result in the decrease in the strength of the metal-support
interaction [56,57] and additionally, in the leaching of the metal to the reaction media.

Further studies indicated that besides deterioration of the catalyst structure, and
especially coking, the metal sintering may be the next reason for the deactivation of the
catalysts used in the thermocatalytic conversion of lignocellulosic biomass. Ochoa et al. [58]
showed that high reaction temperature and reducing atmosphere in pyrolysis and in-line
catalytic steam reforming of pine wood resulted in the continuous increase in the average
size of Ni crystallites on the surface of G90LDP (commercial Ni reforming catalyst provided
by Stid Chemie and consisted of NiO supported on Al,O3 doped with calcium) from 25
to 39 nm. Initially, the sintering process occurs intensively and subsequently takes place
with the rate of about 5-8 nm per hour up to 100 min of the process. The high reaction
temperature —600 °C—which is slightly above the Tamman temperature—results in the
increased mobility of metal species if the interaction between an active phase and the
support, in the case of the supported catalysts, is not strong enough. Unfortunately, the
formation of strong metal-support interactions may affect the surface composition of the
catalyst (i.e., formation of heavily reducible spinels) and hence, limit catalytic activity.

Sintering of Ni crystallites may also occur during the regeneration of GOOLDP used
in the mentioned reaction. It was demonstrated that coke combustion carried out at
700 °C resulted in irreversible deactivation of that catalyst due to the increase in the Ni
crystallites’ size from 25 to 55 nm after a fifth reaction-regeneration cycle [59]. However, it
is worth noting that sintering was less intense in successive regeneration cycles and the
catalyst structure reached stability after four of them. Additionally, it was observed that the
increased size of Ni crystallites facilitated the formation of amorphous coke at the expense
of filamentous carbon, contributing to a further drop in catalytic activity.

The studies performed by Santamaria et al. [37] showed that sintering depends on
the type of the used support. Analysis of the results obtained for Ni supported on Al,O3,
MgO-Al;,O3, and CeO,-Al,O3 demonstrated only a slight increase in the metal crystallite
size during steam reforming of biomass pyrolysis vapors in the first two cases (from 10 to
13 nm and from 15 to 19 nm, respectively), while nickel particles supported on CeO,-Al,O3
became much larger (increase from 18 to 31 nm). The increase in the size of Ni nanoparticles
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was related to the poor dispersion of ceria crystallites, which in consequence could not
prevent metal sintering in the reaction conditions. Despite the sintering of nickel on the
surface of CeO,-Al O3, this catalyst revealed the highest stability in the studied reaction.
The higher stability of Ni/CeO;-Al,O3 resulted from the high oxygen storage capacity
and redox properties promoting decomposition, and the removal of accumulated coke
being the main cause of catalyst deactivation. On the other hand, the lower activity of
Ni/MgO-Al,O3 in comparison to Ni/Al,O3 was caused by the formation of MgAl,O4

spinel which hindered the reduction in nickel oxide species [60].

Table 2. Sintering and deterioration of catalyst structure during high-temperature conversion of lignocellulosic biomass

and products of its processing.

Catalyst Process/Feedstock Comments Ref.
Hydrothermal deactivation of zeolite
resulted from the presence of water vapor
leading to dealumination of the zeolitic
Fast pyrolysis in pilot framework and due to that, reduction in
ZSM-5 and MgO unit/Commercial lignocellulosic both the strength and density of the acid [47]
biomass (Lignocel HBS 150-500) sites;
Magnesium oxide loses surface area and
basicity due to the sintering of MgO
crystallites at high temperature.
Mesoporous ZSM-5 coated by thin Pyrolysis in bench-scale fluidized Improved hydrothermal stability of [48]
microporous silicalite shell bed pyrolyzer/Pine sawdust core/shell structure even at 800 °C.
Deactivation of catalyst is mainly due to
Commercial Ni catalyst (ReforMax®  Pyrolysis and in-line catalytic steam  the encapsulation of Ni particles by coke [49]
330 and G90LDP) reforming/Pine wood and Ni sintering (increase in Ni particle
size from 25 to 39 nm after the reaction).
Commercial Ni catalyst (GOOLDP) Pyrolysis .and 1r}—11ne steam Irreversible fieactlvatlon O‘f Ni in successive [50]
reforming/Pine wood reaction-regeneration cycles.
Ni/Al,O3, Ni/CeO,-Al,03 and Pyrolysis and in-line steam Sm.terlpg may'contrlbut'e to catalyst
Ni/MgO-ALO reforming /Pine wood deactivation, while the main reason for a [37]
& 253 decrease in activity is related to coking.
Loss of activity related to the catalyst
. Pyrolysis and in-line catalytic steam  pretreatment conditions; formation of the
Ni/MgO-Al,0; reforming/Pine wood spinel structure decreased catalytic 511
performance of Ni-based system.
. Pyrolysis and catalytic oxidative Ni sintering observed attributed to high
NiAl,Oy4 . . reaction temperature and the presence of [52]
steam reforming/Pine sawdust . . .
water in the reaction mixture.
Bimetallic Ni-Co particles possess much
. Steam reforming/Model better anti-sintering ability than that of
Ni-Co/LaFeOs compound—ethanol monometallic nickel and cobalt species in [53]
the reaction conditions.
Catalyst undergoes structural changes
during the reaction (irreversible support
Rh/CeO,-Z1O, ¢ Steam reformmg (?f bio-oil from fast aging involving parfaal occlusion of Rh [54]
pyrolysis/Pine sawdust species);
Observed Rh sintering did not contribute
significantly to decrease in activity.
Sintering, oxidation of «-Fe and Fe3C
Fe /hy drochar ex-situ catalytlc microwave-assisted phases, active site coverage, and pore [55]

pyrolysis/Rice husk and corn cob

blockage were the most important factors
influencing catalytic activity.
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It was reported that sintering of Ni contributed also to the deactivation of the catalyst
derived from bulk NiAl,O4 spinel used in the oxidative steam reforming of raw bio-oil
produced in flash pyrolysis of pine sawdust [61]. However, its deactivation was reversible
and regeneration of the spent catalyst by the combustion of coke, deposited on its surface
during the reaction at 850 °C in the air, resulted in total recovery of the initial structure of
NiAl,Oy characterized by homogeneous distribution of nickel species.

One of the methods for limiting the sintering of metal involves modification of the
composition of the catalyst’s active phase. Wang et al. [62] showed that the synthesis
of bimetallic Ni-Co/LaFeOj3 catalyst allowed for better dispersion of metals than that
observed in the case of monometallic Ni/LaFeO3; and Co/LaFeO3 counterparts (10 vs. 20
and 27 nm, respectively). Despite the application of these catalysts to the model reaction
of steam reforming of ethanol resulting in the increase in the size of metal crystallites, the
smallest nanoparticles were still observed for the bimetallic sample (22 vs. 44 and 43 nm
for monometallic catalysts). The anti-sintering ability of Ni-Co/LaFeO3; was related to the
possibility of restructuring the interface between the active phase and the support at high
temperature. In the case of the bimetallic sample, this led to lower interface energy and a
stronger interaction between metal species and perovskite support.

An analysis of the deactivation of Rh/CeO,-ZrO, catalyst in steam reforming of bio-oil
coming from flash pyrolysis of pine sawdust demonstrated that sintering of rhodium was
not a significant cause of activity decrease [63]. Although, the performed studies indicated
that the catalyst underwent structural changes during the reaction involving support aging
and partial occlusion of Rh species. The most noticeable decrease in surface area and pore
volume of Rh/CeO,-ZrO, was observed during the initial stage of the process, which may
be due to high temperature and the presence of water in the reaction medium. Aging of
the support led to the increase in pore diameter, which suggested a collapse of the narrow
pores during the reaction. This resulted in the partial occlusion of metal nanoparticles in
the catalyst structure. The high water content in the reaction mixture also led to progressive
oxidation of rhodium species being the next reason for catalyst deactivation.

The oxidation of metal species was also observed in the case of Fe/hydrochar catalysts
used in ex situ microwave-assisted pyrolysis of rice husk and corn cob [64]. «-Fe and
Fe3C phases present on the catalyst surface were completely oxidized to Fe3O4 during the
reaction, which led to the decrease in the activity of the catalyst. Simultaneously, sintering
of the active phase was observed. On the other hand, no metal leaching was noted. This
was related to the encapsulation of iron crystallites in the biochar matrix. A decrease in
surface area and micropore volume was mainly caused by coke deposition.

4. Contamination of Bio-Oil during Pyrolysis

Soils are very prone to any type of contamination, coming from both hydrological
and atmospheric sources. In the case of highly polluted soils such as from post mine
or post-industrial areas, they might contain many impurities of different nature such as
heavy metals (e.g., As, Cd, Hg, Mo, Pb). Soil pollution is among the serious environmental
concerns of today’s world. It is a growing problem causing vast areas of land to become
unexploited and hazardous for both wildlife and human beings [65].

The accumulation of inorganics by plants from polluted soil allows, in a large time
frame, a decrease in the number of pollutants in the soil, but due to the high concentration
of the impurities by plants, their use is limited; a number of strategies are currently being
developed to use them as feedstock for multiple syntheses. The process in which living
plants are used to reduce the toxicity or volume of pollution in soil is called phytoremedia-
tion. Plants may clean up many kinds of pollutions such as heavy metals, pesticides, or oil.
On the one side, this increases the sustainability aspect but, on the other hand, brings new
challenges to be solved related to inorganic types of impurities [56].

The problem of impurities present in the feedstock is of high importance, as impurities
can easily migrate to the bio-oil. This is particularly important when the most demanding
feedstocks containing large amounts of impurities are used such as in post phytoreme-
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diation, municipal waste, or sludge. Sludge and municipal waste might also contain
significant amounts of impurities, among them heavy metals, such as lead, zinc, cadmium,
coppet, chromium, and nickel. Impurities that are present in large quantities such as Al,
Ca, Cu, and Zn in biomass can easily migrate to the bio-oil. This process depends on many
factors—the conditions of the pyrolysis process, the kind and amount of impurities present
in the feedstock, and the biomass species [66].

Despite that it has been shown that inorganic species can remain in the char [67,68], a
significant part of them may vaporize at the pyrolysis process temperature of 500-600 °C. In
several works, it was also observed that inorganic impurities can also be transferred to bio-oil
at much lower temperatures [69-72]. The vaporized impurities may block the active sites
and poison the catalyst, leading to its deactivation [20]. There are a series of metal catalysts
that are proved to be efficient in the deoxygenation of bio-oil derived from sludge or other
polluted feedstocks; however, catalysts are usually based on metals (Ni, Co, Mo, Zn, Fe, Cu,
Cs, Mg, and noble metal-based catalysts) [73,74] which are highly sensitive to the presence of
the impurities. Therefore, the stability problem is an important issue and efficient solutions
are highly demanded [75]. One of the strategies allowing for mitigation of the negative effect
of those impurities present in highly polluted feedstock such as sludge is to blend it with
other non-polluted biomass before high-temperature treatment [76].

5. Effect of Impurities Presence on the Catalytic Performance
5.1. Metal-Based Catalysts

The main types of inorganic impurities that can be accumulated in metal-based
catalysts are presented in Figure 6.

Metal impurities such as potassium and magnesium were considered as a poison for
zirconia-supported iron-oxide catalysts used in catalytic upgrading of pyroligneous acid
derived from the pyrolysis of woody biomass such as Japanese cedar. Pyroligneous acid is
an aqueous fraction where volatile matters produced during slow pyrolysis are condensed.
In contrast to pyrolysis oil, this fraction is not upgraded to biofuels but to higher value
chemicals. Those inorganic impurities were identified at concentrations of 580 and 430 ppm
in the pyroligneous acid. This concentration was sufficient to block the active sites of the
catalysts. In consequence, this concentration inhibited the ketonization reaction that was
used for the upgrading of hydroxyacetone and carboxylic acids (acetic and propionic acids)
into aliphatic ketones [77].

The stability and resistance of a typical metal catalyst used for bio-oil upgrading,
namely Ni/ZrO,, was investigated by Mortensen et al. [78]. The reaction was performed
using a model component such as guaiacol in 1-octanol as a solvent, in the flow system. The
effect of several typical inorganic impurities such as S, Cl, and K on the activity performance
of nickel catalyst was investigated. A typical amount of impurities which can be present
in bio-oil was added separately to the reaction mixture in a controlled way, which allow
understanding of their influence on the tested catalysts. Sulfur was considered as the most
severe poison, as Ni/ZrO, was fully deactivated in a relatively short reaction time. Both
reactions—hydrogenation and deoxygenation—were inhibited. This behavior concerning
Ni catalysts was already observed in the literature in the different processes and is usually
related to the strong irreversible adsorption of S on the Ni active sites which causes the
complete loss of activity [79,80]. It was shown as well that the deactivation depends
strongly on the reaction conditions; in the presence of Hy, metallic nickel can also convert
C-S bonds and generate metastable nickel sulfide, which, in the presence of hydrogen,
can yield in H,S, which is easily removed from the reaction mixture and can prevent Ni
poisoning [81]. Sulphur can also be intentionally introduced to Ni catalysts in order to
improve isomerization selectivity in the fat oil hydrogenation or in steam reforming to
minimize coking due to the partial poisoning and activity decrease [71].
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Figure 6. Main types of inorganic impurities that can be accumulated in metal-based catalysts.

In contrast, a different poisonous effect was observed on the Ni catalyst when chlorine
was added to the reaction feed. Primarily, the activity of deoxygenation steadily decreased
after exposure to this impurity in the flow reactor. This deactivation was, however, re-
versible when chlorine was removed from the feed. This was explained by the preferential
adsorption of chlorine on the low coordinated sites of Ni catalysts and the formation of
an equilibrium surface layer. It is difficult, therefore, to unequivocally classify the role
of chlorine in the case of Ni-based catalysts. On one side, it is considered as a poison
blocking active sites and, therefore, inhibiting the activity of the catalyst. On the other
hand, its positive effect is recognized. Chlorine presence during the catalyst’s synthesis
can enhance the reducibility of Ni and improve its dispersion in the final catalyst [82].
On the other hand, the presence of chlorine in the reaction feed during the upgrade of
pyrolysis products enhanced the sintering of nickel nanoparticles on the catalyst, which, in
consequence, contributed to the activity decrease [62].

Reversible chlorine adsorption was also identified in the case of Ni-Mo catalysts. The
stability of Ni-MoS,/ZrO, during the hydrodeoxygenation of phenol in 1-octanol as a
bio-oil model in a continuous flow reactor was investigated by Mortensen et al. [83]. The
resistance to impurities of the catalysts was evaluated in the presence of several elements
such as potassium or organically bound chlorine. In order to understand the effect of
the chlorine’s presence, 1-chlorooctane was added to the bio-oil, which resulted in an
activity decrease, which probably was related to the competitive adsorption of the chlorine
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on the metal sites. This adsorption was, however, reversible, as after the removal of
1-chlorooctane from the reaction environment, the catalyst shows the same activity as
without the presence of the poison. Furthermore, the presence of K also has a negative
effect on the Ni catalysts and mainly affects deoxygenation activity, whereas hydrogenation
activity was not significantly inhibited [69].

The presence of K was also harmful for other bimetallic, Ni-based catalysts. In order
to check its effect, Ni-MoS, /ZrO, was impregnated with the KNOj3 in a molar ratio of
K/(Ni + Mo) of 1. This resulted in a strong decrease in activity in the hydrodeoxygenation
process. This deactivation was permanent, and it was probably related to the blockage
of vacancy sites of MoS, by potassium, which resulted in the inhibition of active sites for
HDO (hydrodeoxygenation) [74].

The influence of different supports (ZrO,, SiO,) in Ni and Ni-Cu catalysts was evalu-
ated in the work of Schmitt et al. [84] for the hydrodeoxygenation of bio-oil obtained using
beech wood. The authors confirmed the presence of sulfur in all catalysts after the reaction.
Other impurities such as calcium and iron were deposited in a more selective way, only
on zirconia-supported catalysts. The presence of calcium influences the mobility of metal
centers and, therefore, can act twofold—limiting the sintering of metal nanoparticles or
acting as a poison and reducing the redispersion of metal during regeneration [80].

The influence of the impurities present in the bio-oil obtained from wheat straw on
the Ni-Cu/Al,O3 and Ru/C catalysts” activity was also investigated. A relatively high
content of sulfur present in the feedstock had a negative effect on both tested catalysts and
even led to the formation of bulk NizS; in the Ni-based catalysts. This probably caused the
sintering of nanoparticles. Additionally, the environment of bio-oil related to the presence
of water changed the phase of alumina to boehmite. Besides sulfur species, nitrogen-based
impurities were also identified on the surface of the catalysts, which could also contribute
to surface poisoning [85].

5.2. Zeolites Used as Catalysts

The main inorganic impurities that are accumulated in zeolites are presented in
Figure 7. The poisoning of zeolites that typically have acid sites can mainly occur due to
the presence alkali and alkaline earth metals in the feedstock [86].

The influence of inorganic impurities that have origin from biomass on the activity of
ZSM-5 in fast pyrolysis of pine wood sawdust was investigated by the group of Huber [87]. It
was found that inorganic impurities such as calcium, potassium, magnesium, and manganese
from the biomass were identified on zeolite catalyst after the reaction. The concentration of
acid sites on the zeolite was, however, not affected. The situation was different in a long-term
study of fast pyrolysis of pine sawdust with HZSM-5 catalyst. The linear deposition of alkali
metals present in the feedstock was observed. Despite the catalyst retaining its activity in
the studied period of 4 days, poisoning of the acid sites by impurities was noted, which, in
consequence, significantly reduces the catalyst’s lifetime [88].

On the other hand, Mullen and Boateng [89] in their work concerning the catalytic
pyrolysis of switchgrass in a fluidized bed with HZSM-5 studied the mechanism of the
impurities” deposition. It was identified that Ca, Mg, and K were the most abundant in
the switchgrass and were found in relatively high concentration within the range 884-
1654 mg kg~ 1. Besides that, the other inorganic impurities such as Fe, P, Cu Na, and Mg
were identified in a slightly lower concentration as well. Despite most of the impurities
accumulating in the biochar, several were selectively trapped by the catalyst. Interestingly,
only a small number of impurities was found in the bio-oil. Potassium was deposited
very rapidly on the zeolite—more than Ca that was the most abundant—however, the rate
of the deposition decreased with the biomass loading. In contrast, for calcium, the rate
of deposition did not decrease with the biomass loading but Ca deposition was slower.
Mg, Cu, and Fe deposited almost linearly on the zeolite catalyst. The Fe concentration
on the zeolite increased rapidly in comparison to the availability of this element in the
feedstock. Fe trapped by the catalysts accounted for 42% of the amount of Fe in the



Catalysts 2021, 11, 265

19 of 24

switchgrass. Respectively, its lowest contribution was found in the biochar. This shows that
Fe was trapped by the zeolite in the most selective way in comparison to other elements.
Consequently, together with the deposition of inorganic impurities on the HZSM-5, the
decrease in the deoxygenation of the products of pyrolysis oil as well as the decrease in
selectivity for aromatic hydrocarbons were observed.

Main impurities from biomass accumulated on zeolites
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Figure 7. Main inorganic impurities that are accumulated in zeolites.

The stability of commercial ZSM-5 zeolite and its deactivation by inorganic impurities
was also tested by the group of Lappas [20] in pyrolysis conducted in a bubbling fluidized
bed. Similar to previous work, it was observed that the accumulation rate of impurities on
the zeolite depends on the metal type. Ca, Na, and K showed a linear accumulation rate on
the catalyst. Moreover, K and Na deposited very selectively on the surface of zeolite but
not as much as K. In agreement with the previous work, it was identified that potassium
was deposited in a significant amount and that deposition was fast, while the deposition
of Ca and Mg was noted in the lower rate and not so selectively as K. Exposure of a
hydrothermally deactivated catalyst to inorganic impurities allowed an organic fraction
with similar oxygen content to be obtained, but at reduced yields.

In contrast to zeolite materials, alkaline earth oxides could be a possible alternative.
Magnesium oxide was found to constitute an efficient alternative to zeolitic catalysts which,
as described above, can be easily deactivated in the presence of alkali metals. Contrary to
zeolite materials, no deposition of alkali metals could be identified on the surface of basic
oxides [47]. It is, however, known that even the presence of a small amount of water can
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easily deactivate alkaline earth metal oxides, and depending on the reaction conditions,
transform them into colloids (basic environment) or, due to leaching, transform to ions [90].

6. Summary

The deactivation of catalysts during lignocellulosic biomass pyrolysis is a serious
problem that should be overcome in order to increase the competitiveness of this process
in comparison to current methods of the production of fuels. Coke formation, sintering,
hydrothermal instability, and poisoning are considered the main reasons for a decrease in
the activity of the catalysts of thermal conversion of biomass. Deposited carbon species
can be removed during catalyst regeneration. Sintering and poisoning of the catalysts
are usually irreversible, although there are reports in the literature showing exceptions
(such as reversible chlorine contamination). Numerous strategies allowing the limiting
of catalyst coking, sintering, or the influence of impurities are reported in the literature.
Among them, there are the incorporation of dopants, support modification, or the change
of metal-support interaction. Moreover, structure change, as in the case of mesoporous
materials or zeolites, can also be proposed. Those modifications result in the change of
metal electronic structure, acid-base properties of the catalyst, increased oxygen mobility, or
the development of porosity, among others. The most typical approaches are summarized

in Figure 8.

Modification of
catalyst by dopant e.g. ¥

-Ca0 a-change of electronic structure of metal ;

:LMagO -modification of acid - base properties

-Co,Ni,Fe (change of cristalite size
- and mobility of metal NPs

2

9
' F k
\Q) me:;;tcoacﬁon "o STABILITY -increase of oxygen
© IMPROVEMENT storage/capasity
3’ " = -increase of oxygen
i i mobility
ef;,}f’?ggﬁ;’,fh bmiiey; -modified dispersion
3 4 of the metal

\m

-limitation of impurities

_ e -acidity modification
Wodification of compositi .
and structure

-developement of porosity
e.g. hierarchical zeolite N
-increased strength of metal - support
interaction

Figure 8. The most typical strategies allowing the limiting of catalyst coking, sintering, or the

influence of impurities.

Generally, it is more favorable to protect the catalysts against deactivation than regen-
erate them. Therefore, a thorough understanding of the factors affecting catalyst stability
in biomass pyrolysis is essential. There are two possible ways to increase the efficiency
of the thermal conversion of lignocellulosic feedstock. The first of them is related to the
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prevention of catalyst deactivation by the design of a new synthesis protocol of the catalysts
(including new methods of catalyst preparation, optimization of its composition (choice
of metal, support, introduction of dopants), and pretreatment conditions, or regeneration
procedure). On the other hand, efforts should be directed towards optimization of the
reaction conditions (composition of the reaction mixture, reaction temperature, mass and
energy transfer, design of reactors). A reduction in the adsorption rate of impurities on the
catalyst surface seems to be difficult; however, it can be achieved by pretreatment or initial
purification of the used feedstock.
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