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AbstractMany processes for the conversion of biomass and its derivatives into value-added products (e.g., fuels and
chemicals) use heterogeneous catalysts. However, the catalysts often suffer from deactivation under harsh reaction con-
ditions, such as liquid phase at high temperatures and pressures. The catalyst deactivation is a big obstacle to develop-
ing industrially relevant biomass conversion processes, including leaching, sintering, and poisoning of metals and
collapse of catalyst support. Different approaches have been applied to limit the reversible and irreversible deactivation,
highly associated with the kind of catalyst, reactants, reaction conditions, etc. This review presents recent advances in
strategies to stabilize heterogeneous catalysts against deactivation for biomass conversion reactions.
Keywords: Heterogeneous Catalyst, Catalyst Stability, Catalyst Deactivation, Biomass Conversion, Catalyst Design, Biore-

finery

INTRODUCTION

Fossil fuel consumption has increased rapidly to meet the high
social demand since the Industrial Revolution [1]. Our obsessive
dependence on fossil fuels has triggered conflicts over energy
resources due to the uneven geographical distribution of fossil fuels
(including non-conventional fossil fuels), leading to fluctuations in
energy prices and adverse impacts on the global economy [2,3]. The
massive emissions of CO2 from the consumption of fossil fuels,
which have been identified as the main driver of climate change,
are disrupting the natural carbon cycle [4-6]. Consequently, human-
ity faces urgent and extensive challenges linked to climate change
[7]. To curb CO2 emissions, much research has been conducted to
explore the potential of various types of low-carbon energy and to
develop ways to promote the energy transition toward low-carbon
energy [8,9].

As a result of these efforts, the use of renewable resources has
been highly encouraged [10-12]. Among various renewable resources,
biomass is regarded as the only renewable carbon source that is a
potential substitute for fossil carbon sources [13-15]. The commer-
cialization of biomass-based fuels and chemicals has been imple-
mented. For example, fermentation has been optimized via long-
standing practices used to produce biofuels such as bioethanol and
bio-lipids [16]. However, the commercialized biomass conversion
platforms are limited to fermentation processes of edible crops (e.g.,

cornstarch and sugarcane), resulting in the ethical dilemma of
using these crops for food or fuels/chemicals [17]. To overcome
this dilemma, the use of lignocellulosic biomass (i.e., non-edible bio-
mass) as raw materials has been widely studied [18-20].

Unfortunately, the industrialization of transforming lignocellu-
losic biomass has not been fully implemented due to technical limita-
tions such as insecure feedstock supplies and high operation and
maintenance costs [21]. Among those limitations, stability of het-
erogeneous catalysts is one of the most critical issues because the
catalysts have been extensively used for many biomass conversion
processes to make fuels and chemicals [22,23]. Among different
categories of the catalysts, metal particles supported on oxide are
particularly important because they are used in hydrotreating bio-
mass-derived feedstocks (e.g., hydrodeoxygenation and hydrogena-
tion), which is crucial to remove oxygen from the feedstocks [24].

Although catalytic activity and selectivity for the reactions are
important to develop the processes that are to compete with petro-
chemical processes, catalyst stability must be guaranteed for long-
term operations under real industrial conditions [25]. However,
research on the long-term operations of the catalysts has been lack-
ing for most of the biomass conversion processes, compared to that
on the improvements in activity and selectivity. Therefore, it is neces-
sary to review recent advances in technologies for stabilizing het-
erogeneous catalysts for conversion of biomass-derived feedstocks
in order to make the biomass conversion processes more econom-
ically and industrially viable. To this end, major causes of catalyst
deactivation are outlined first. Then, the efforts to stabilize differ-
ent catalytic systems for transforming biomass-derived feedstocks
are discussed. Finally, the challenges of advancing the biomass-based
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industries are highlighted.

CATALYST DEACTIVATION

In a heterogeneously catalyzed reaction, the catalyst can lose its
activity and/or selectivity as the reaction proceeds. In other words,
catalyst deactivation is the loss of activity and/or selectivity of the
catalyst over reaction time. It can be classified mainly into three cate-
gories: mechanical, chemical, and thermal deactivation [26]. Physi-
cal deactivation includes fouling and attrition/crushing/erosion.
Poisoning and leaching are considered chemical deactivation. Ther-
mally induced deactivation (phase transformation and sintering)
results in loss of catalytic surface area. In this section, each type of
deactivation, that often takes place in biomass conversion reactions,
will be briefly reviewed before starting the discussion about the tech-
nologies to reduce/prevent the catalyst deactivation in section 3.
1. Mechanical Deactivation

In a reaction, fouling occurs when species in the fluid stream
physically deposit onto the catalyst surface. This leads to a loss of
catalytic activity by the species blocking active sites (e.g., metal sites)
and/or pores (e.g., pores in the catalyst support). For supported
metal catalysts, fouling by coke formation or carbon deposition
causes blocking of surface metal sites, plugging of pores in the sup-
port, and encapsulation of crystallite [27-29]. In an advanced stage
of fouling on supported metal catalysts, the catalyst support can be
stressed and fractured by strong carbon filaments building up in
the pores, leading to plugging of void spaces in the reactor [30].
Physical deposition of coke or carbon in porous catalytic materials
is an example of fouling. Note that chemisorption of condensed
hydrocarbons (e.g., tar) can be involved in the formation of coke
and carbon on the surface, poisoning catalytic sites. In fouling, car-
bon results from disproportion of carbon monoxide, whereas coke
results from condensation or decomposition of hydrocarbons [29,
31]. Chemical structures of carbons and cokes deposited on cata-
lyst depend on the type of reaction, reaction condition, and the
kind of catalyst [32,33].

Attrition, crushing, and erosion of catalysts are other forms of
mechanical deactivation. Attrition is the reduction of size of cata-
lyst pellets (or granules) to fine particles. Decrease in the particle
size and/or smoothing of the particles observed by microscopes
are evidence of attrition. When the attrited catalyst accumulates in
the catalyst bed of a reactor, a large increase in pressure drop occurs
[26]. Crushing of monolithic, granular, or pelletized catalyst occurs
because of a load. Mechanical stresses by a high fluid velocity can
cause erosion of catalyst particles and/or monolith coating. The
erosion may be attributed to collisions between the particles and/
or between the particles and reactor walls and cavitation at the
high fluid velocity [26,34].
2. Chemical Deactivation

Strong chemisorption of species in reactants, products, and/or
impurities onto catalytic sites can poison the sites by blockage in
the catalytic active sites, called poisoning [35,36]. Note that poi-
soning is an operational definition. A species acting as a poison is
highly associated with its chemisorption strength that is relative to
the other species, which competes for active sites. As an example,
oxygen is a poison for ammonia synthesis [37], but a reactant for

methane oxidation [38]. Also, oxygen can act as a poison for eth-
ylene hydrogenation over a nickel (Ni) catalyst [39], while it is a
reactant for ethylene oxidation over a silver catalyst [40]. The chem-
isorbed species (i.e., poison) can also lead to changing geometric
and/or electronic structure of the catalyst surface [41,42]. Sulfur
poisoning is one of the most important examples. In many indus-
trial-scale catalytic reactors, it is a serious problem. In general, metal
catalysts (e.g., Ni) are poisoned by H2S [43,44]. As mentioned,
chemisorption of hydrocarbons on the catalytic sites is also con-
sidered poisoning (i.e., coking).

Poisoning by certain poisons (e.g., coke) can be removed via heat-
ing the catalyst in the presence of reductive or oxidative media form-
ing volatile species from the carbon. Nevertheless, some supported
catalysts, such as carbon-supported catalysts, are not compatible
with regeneration treatment because such support material is not
thermally stable, thereby degrading during the regeneration. More
importantly, catalytic processes that require periodic regeneration
of the catalyst are not preferred from practical and economic points
of view. Thus, several methods have been proposed to alleviate cata-
lyst deactivation due to poisoning, as it will be discussed in sec-
tion 3.

Leaching, one of the most critical issues for the stability of sup-
ported metal catalysts in liquid-phase reactions, is loss of catalytic
sites (metal sites) by undesirable extraction of metal atoms from the
metal particles into the fluid stream. It leads not only to significant
decreasing catalytic activity, but also to contaminating product stream.
Leaching occurs via the formation of free metal ions [45,46].
3. Thermal Deactivation

Thermally induced catalyst deactivation includes transformation
of catalytic phases into non-catalytic phases and sintering, such as
loss of catalytic surface area by growth in crystallite and by re-growth
in the catalytic surface area. Both deactivations typically occur on
supported metal catalysts. A representative example of phase trans-
formation is the formation of Ni aluminate via the reaction of Ni
and alumina (Al2O3) on Al2O3-supported Ni catalysts [47-49].

Sintering happens generally at high temperatures above 500 oC
[50,51], expedited in the existence of water vapor [52,53]. Sinter-
ing can take place via two mechanisms. First, is the migration of
the particles over the surface of catalyst support, causing collision
and coalescence forming large particles [54,55]. Second, Ostwald
ripening, adatom migration minimizing free energy due to evolu-
tion of particle size and geometry [56,57]. Sintering rapidly occur-
ring in the early stage of reaction is likely due to Ostwald ripening.
With disappearance of small particles, however, the first mecha-
nism becomes preponderant [58]. Table 1 gives a summary of cat-
alyst deactivation discussed in this section.

IMPROVEMENT IN CATALYST STABILITY
FOR BIOMASS CONVERSION REACTIONS

BY DIFFERENT METHODS

1. Improvement in Catalyst Stability by Atomic Layer Depo-
sition

Atomic layer deposition (ALD), a subset of chemical vapor depo-
sition (CVD), is a technique to grow layers on a substrate. The de-
position process is performed by discrete pulsing of vapor-phase
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precursors acting as chemical sources of elements that constitute
the layers. Fig. 1 shows a schematic representation of ALD of lay-
ers on a substrate using two chemical precursors [59]. Fig. 1(a)
shows the substrate with sites with which the precursors react. Fig.
1(b) is pulsing of the first chemical precursor reacting with the
reactive sites on the substrate. Typically, the precursor is a metal
precursor with a high vapor pressure (e.g., titanium isopropoxide
[60], titanium tetrachloride [61], hafnium tetrachloride [62], and
trimethylaluminum (TMA) [63,64]) because ALD occurs under gas-
eous phase. The surface reaction results in the formation of surface
byproducts, and remaining gaseous byproducts and unreacted
precursor need to be purged (Fig. 1(c)). After the purging, the sec-
ond chemical precursor then reacts with the surface (Fig. 1(d)).
After the second pulsing, unreacted reactants and remaining prod-
ucts are again purged (Fig. 1(e)). This cycle is repeated until a desired
thickness of the film is obtained, as shown in Fig. 1(f).

Many research groups have attempted stabilizing supported metal
catalysts by using the ALD technique to synthesize heterogeneous
catalysts that have an enhanced stability against deactivation. One
of the recent strategies to apply ALD to synthesize supported metal
catalysts is to deposit a film onto the catalyst surface. The protec-
tive film prevents chemical and thermal deactivation such as leach-
ing and sintering of metal nanoparticles. Stair and co-workers over-
coated Al2O3 (thickness: ~8 nm) on the surface of an -Al2O3-sup-

ported palladium (Pd) catalyst formed through 45 cycles of ALD
using water and TMA as the precursors [65]. Once coated with the
ALD film, the Pd sites are not accessible because the ALD over-
coat completely covers the Pd particles. To make reactants accessi-
ble to the Pd particles, an activation is required to make micro-
porosity (pore size: ~2 nm) inside the ALD Al2O3 overcoat by heat-
ing at 700 oC. For gaseous-phase oxidative ethane dehydrogena-
tion conducted at 675 oC, the ALD Al2O3 overcoat greatly reduces
coke formation and sintering, thereby allowing a more than ten-
times higher desired product (ethylene) yield than the uncoated
Pd catalyst, which suffered from coking and sintering under com-
parable reaction conditions.

The same approach was applied to stabilizing a copper (Cu)
nanoparticles supported on -Al2O3 in liquid-phase furfural hydro-
genation reaction by O’Neill et al. [66]. The authors made an Al2O3

overcoat over the surface of the Cu/-Al2O3 catalyst with 45 cycles
of ALD reaction between TMA and water. The ALD Al2O3 over-
coat encapsulated the Cu nanoparticles, and the ALD overcoat be-
came porous after heat treatment at 700 oC. Catalytic performance
of the uncoated Cu and ALD-coated Cu catalysts was compared
for liquid-phase hydrogenation of furfural at 130 oC and 2.2 MPa
H2. Furfural is a commonly used model compound for biomass
conversion because it is industrially derived from the hemicellu-
lose fraction of lignocellulosic biomass [67-69]. As shown in Fig. 2,

Table 1. Summary of catalyst deactivation in biomass conversion reactions
Classification Deactivation Description
Mechanical Fouling Coke formation or carbon deposition causing blocking of surface metal sites

Attrition Abrasion causing loss of catalytic material
Crushing Crushing of catalyst particles causing loss of internal surface area
Erosion Collisions between the particles and/or between the particles and reactor walls and cavitation

Chemical Poisoning Strong chemisorption of carbonaceous species in reactants, products, and/or impurities onto cata-
lytic sites

Leaching Loss of catalytic sites (metal sites) by undesirable extraction of metal atoms from the metal parti-
cles into the fluid stream

Thermal Phase transformation Transformation of catalytic phases into non-catalytic phases
Sintering Loss of catalytic surface area and support area induced by heat

Fig. 1. Schematic diagram of ALD on a substrate using two precursors (pulses A and B). Reprinted with permission from O’Neill et al. [59].
Copyright (2015) American Chemical Society.
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a loss of catalytic activity was observed for both catalysts as the
reaction proceeded. However, deactivation of the uncoated cata-
lyst was not reversible after regeneration (i.e., in situ calcination
and reduction), while that of the ALD coated catalyst was revers-
ible. The reversible deactivation occurring on the ALD Cu cata-
lyst was due to coke formation; however, in addition to coking the
uncoated catalyst experienced irreversible deactivation such as
leaching and sintering during the reaction, confirmed with cata-
lyst characterization via inductively coupled plasma atomic emis-
sion spectroscopy (ICP-OES) and scanning transmission electron
microscopy (STEM). The ALD Al2O3 overcoat prevented leaching
and sintering of the Cu particles in harsh liquid-phase reaction
conditions (e.g., hot water and high pressure). Given that leaching
and sintering of metal particles originate from metal atoms at cor-
ners, edges, and defects (under-coordinated metal atoms) [70,71],
it was hypothesized that the ALD Al2O3 overcoat selectively inter-

acts with under-coordinated surface Cu atoms, resulting in stabi-
lizing the catalyst. The ALD Al2O3 film also successfully stabilized
Cu chromite catalysts for gas-phase furfural hydrogenation [72,73].

The ALD Al2O3 overcoat prevented leaching and sintering, but
it could not prevent the deposition of coke, although it is revers-
ible deactivation as discussed earlier. O’Neill et al. tried to limit cok-
ing by chemically modifying the Al2O3 overcoat [74]. The acidity
of the overcoat was decreased by the addition of basic MgOx.
Considering the acidity may expedite coke formation, the MgOx-
modified ALD Al2O3 Cu/-Al2O3 catalyst underwent a lower depo-
sition of coke than the ALD Al2O3 Cu/-Al2O3 catalyst without add-
ing MgOx, while the stabilization of the Cu particles was still provided
(stable against leaching and sintering). However, a pure MgOx-
overcoated Cu/-Al2O3 catalyst was not stable against leaching and
sintering.

Other than Al2O3 overcoating by ALD, a titania (TiO2) overcoat
(30 cycles of ALD using titanium tetrachloride and water; thick-
ness of ~1.2 nm) was formed on a cobalt (Co) catalyst supported
on TiO2 to stabilize the Co particles in aqueous-phase hydrogena-
tion of furfural, furfuryl alcohol, and xylose [75]. The ALD Al2O3

coating did not work for the Co catalyst because inactive Co alu-
minate (not reducible up to 800 oC confirmed with characteriza-
tion by hydrogen-temperature programmed reduction (H2-TPR))
was formed during the heat treatment required to open pores inside
the overcoat. Therefore, ALD TiO2 overcoated Co/TiO2 catalyst was
prepared and compared with an uncoated Co/TiO2 catalyst. The
H2-TPR characterization showed the TiO2 overcoated catalyst was
reducible at 600 oC. While the traditional catalyst without the ALD
overcoat lost about 10% of its Co by leaching for 35-h reaction, the
Co loading of the ALD catalyst did not change after a couple of
regenerations. In addition, transmission electron microscopy (TEM)
characterization revealed that no sintering occurred after two regen-
erations of the ALD TiO2-coated Co/TiO2 catalyst. Another study
also showed a TiO2 overcoat made via ALD with titanium iso-
propoxide and water could stabilize a commercial Cu chromite
catalyst for furfural hydrogenation reaction by preventing the for-
mation of coke and the migration of chromite leading to blockage
of Cu sites [76,77].

The ALD technique was also used to synthesize hydrothermally
stable oxide catalysts. Pagán-Torres et al. conducted ALD of nio-
bia (Nb2O5) within the pores of a silica (mesoporous SBA-15) by
changing ALD cycles from 10 to 30 [78]. Niobium(V) ethoxide
and water were used as the ALD Nb2O5 precursors. An increase
in Nb2O5 loading decreased surface area, pore size, and pore vol-
ume, resulting from the conformal coating of Nb2O5 over the sur-
face. The catalysts made with 10, 19, and 30 ALD Nb2O5 cycles
were hydrothermally stable, demonstrated by marginal changes in
structural properties and porosity after hydrothermal treatments
in water at 200 oC for 12 h. The acid catalyst with 19 cycles of ALD
Nb2O5 was also tested for dehydration of isopropyl alcohol and 2-
butanol in gas and liquid phases. The catalytic activity (based on
mass of catalyst) of the ALD catalyst was superior to a commer-
cial Nb2O5 catalyst (HY-340). In addition to the acid-catalyzed de-
hydration reactions, the ALD Nb2O5 catalyst was used as a cata-
lyst support. Pd nanoparticles were dispersed on the ALD Nb2O5

coted on SBA-15 (19 cycles) and the Pd/ALD Nb2O5/SBA-15 cata-

Fig. 2. (a) Turnover frequency (TOF) in hydrogenation of furfural
into furfuryl alcohol in 1-butanol over the uncoated Cu/-
Al2O3 (hollow symbols) and ALD Al2O3 overcoated Cu/-
Al2O3 (solid symbols) catalysts. (b) TOF in hydrogenation of
furfural into furfuryl alcohol in water over the ALD Al2O3
overcoated Cu/-Al2O3 catalyst (□: fresh; ○: 1st regeneration;
◇: 2nd regeneration; △: 3rd regeneration). Reproduced with
permission from O’Neill et al. [66], Copyright 2013 John
Wiley and Sons.
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lyst was used to convert -valerolactone (GVL) into pentanoic acid.
The conversion of GVL into pentanoic acid has been considered a
promising reaction in biorefinery [79-81]. The Pd/ALD Nb2O5/
SBA-15 catalyst and the commercial HY-340 supported Pd cata-
lyst (Pd/HY-340) were evaluated in a continuous flow reactor. The
catalytic activity versus time-on-stream data demonstrated that the
Pd/ALD Nb2O5/SBA-15 catalyst is more stable than the Pd/HY-
340 catalyst for the GVL conversion reaction.
2. Improvement in Catalyst Stability by Strong Metal-support
Interaction

Strong metal-support interaction (SMSI) is known to be respon-
sible for catalytic activity, selectivity, and stability. Hence, research
on SMSI has recently gained interest for developing a new class of
heterogeneous catalytic systems [82]. The SMSI effect is attributed
to partially reduced metal oxide species migrating onto the metal
surface [83-85]. For example, the SMSI occurring on Ni/TiO2 cata-
lyst was observed by in situ STEM [86]. More recently, depth-sen-
sitive X-ray photoelectron spectroscopy (XPS) characterization was
used to probe the coverage of Cu particles by a zinc oxide (ZnOx)
layer [87]. The SMSI has been exploited to design different cata-
lytic systems such as oxidation of carbon monoxide (CO) over Pd
catalysts [88], synthesis of methanol over Cu catalysts [87], pro-
duction of hydrogen over platinum (Pt) catalysts [89], hydrogena-

tion of carbon dioxide (CO2) over Co catalysts [90], and hydro-
genation of furfural over Pt catalysts [91]. Nevertheless, most stud-
ies of SMSI have emphasized the enhancement of activity and/or
selectivity.

Exploitation of SMSI was suggested by Huber and co-workers,
as a simple inexpensive method to make stable base metal cata-
lysts (e.g., Co particles supported on TiO2 (Co/TiO2)) for aqueous-
phase hydrogenation of biomass-derived oxygenates (e.g., furfuryl
alcohol) at 140 oC [92]. The authors first prepared Co particles
supported on TiO2 (Co/TiO2) by incipient wetness impregnation,
and then treated the Co/TiO2 catalyst via a series of calcination
and reduction at high temperatures (450 or 600 oC). The reduc-
tion at 600 oC induced SMSI in the system, a TiOy layer covering
the Co particles. The SMSI was demonstrated by in situ Raman
spectroscopy and STEM characterization, as shown in Fig. 3. The
SMSI TiOy-coverd Co/TiO2 catalyst did not undergo Co leaching,
while the Co/TiO2 catalyst reduced at 450 oC lost 44.6% of Co during
the reaction for 35 h. However, the study used a diluted feedstock
(2 wt% aqueous solutions). Eagan et al. observed that a Co/TiO2

catalyst treated by a same way (i.e., heat treatments at 600 oC) suf-
fered from irreversible deactivation such as leaching and sintering
at harsher reaction conditions (268 oC) with a more concentrated
feedstock (20 wt% aqueous solution) [93]. The feedstock (sorbitol;

Fig. 3. STEM images of (a) Co/TiO2 after reduction at 600 oC, (b) Co/TiO2 after calcination at 400 oC and then reduction at 600 oC, and (c)
Co/TiO2 after calcination at 600 oC and then reduction at 600 oC. Reprinted from Lee et al. [92], Copyright (2015), with permission
from Elsevier.
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O/C=1) was also more highly oxygenated than furfuryl alcohol
(O/C=0.4). This indicates that the characteristic of oxygenated feed-
stocks and reaction conditions likely affects catalyst stability for bio-
mass conversion reactions.
3. Improvement in Catalyst Stability by Other Film Deposition
Techniques

Hydrothermal stability of mesoporous oxides such as SiO2 and
Al2O3 at temperatures higher than 100 oC (e.g., 200 oC) was enhanced
by depositing a thin carbon film (~10wt%) using sucrose as the car-
bon source [94]. An aqueous sucrose solution was added to an
oxide (fumed Al2O3, SiO2 gel, or SBA-15), followed by drying to
remove water. The dried sucrose-oxide mixture was pyrolyzed at
400 oC for 2 h under nitrogen (N2) atmosphere. Fig. 4 presents
STEM images of the carbon-deposited SBA-15 before and after
hydrothermal treatment conducted at 200 oC for 12 h. As shown
in Fig. 4, the SBA-15 without carbon coating lost not only 96% of
surface area due to a collapse of mesopores, but also its structural
integrity. However, the carbon-coated one lost only 55% of surface
area with an ordered mesoporous structure that was partially retained
after hot water treatment. Similar phenomena were observed in
the fumed Al2O3 and SiO2 gel. The results clearly indicate that the
carbon coating on mesoporous oxides via pyrolysis of simple sugar
stabilizes the oxides.

Xiong et al. developed a deposition-precipitation-carbonization
method to synthesize hydrothermally stable Nb2O5/carbon com-
posite [95]. To make the catalytic material, ammonium niobium
oxalate was reacted with glucose in the presence of urea (to con-
trol pH by its decomposition) in a batch reactor at 200 oC for 12 h,
followed by drying. After drying, the mixture was pyrolyzed in N2

at 400 oC for 6 h, yielding highly dispersed spherical particles of

the composite. The Nb2O5/carbon composite was more stable than
a pure Nb2O5 (HY-340) in dehydration of butanol at 240 oC. The
enhanced stability may be because the embedment of Nb2O5 in
carbon inhibits oxide crystallite size growth during the reaction.
To obtain enhanced hydrothermal stability, a strong interaction
between Nb2O5 and carbon is required [96]. When the Nb2O5/car-
bon composite was used as the support of a Pd catalyst for trans-
forming GVL into pentanoic acid at 300 oC, it also showed enhanced
stability for ~100 h time-on-stream compared to a Pd catalyst sup-
ported on HY-340.

The same research group also deposited graphitic carbon on
the surface of -Al2O3 by using CVD at 900 oC [97]. In the CVD
process, methane was used as a reactant (Fig. 5). The loading of
the carbon could be controlled by the reaction time of CVD using
methane, monitored by X-ray diffraction (XRD). The uniform de-
position of the graphitic carbon on the Al2O3 surface was proven
by TEM, energy-filtered TEM (EFTEM), and Raman spectroscopy
characterizations. Also, the graphitic carbon/Al2O3 composite showed
a high degree of graphitization on the entire surface, which was
not observed in either pure Al2O3 or Al2O3 covered by pyrolyzed
carbon. The composite and its parent Al2O3 were treated in water
at 220 oC for 12 h. The pure Al2O3 was reacted with water, form-
ing boehmite after the treatment. However, the graphitic carbon/
Al2O3 composite did not undergo a phase transformation to boeh-
mite. In addition, surface area and porosity of the composite mate-
rial were not significantly changed after the treatment, but those of
the -Al2O3 significantly decreased (e.g., 80% loss of surface area
and 90% decrease in pore volume). Pt particles supported on the
graphitic carbon/Al2O3 composite were stable against leaching and
sintering for aqueous-phase reforming (APR) of ethylene glycol.
The graphitic carbon/Al2O3 composite-supported Ru catalyst also
exhibited superior stability under acidic conditions (aqueous-phase
hydrogenation of lactic acid), showing no phase transformation of
the support and no sintering of Ru particles after the reaction.

A new technique to deposit thin TiO2 film on catalyst surface
with excellent conformality was introduced by Héroguel et al. [98],
a potential alternative to ALD. In the non-hydrolytic sol-gel chem-

Fig. 4. STEM images of (a) SBA-15, (b) SBA-15 after hydrothermal
treatment, (c) carbon-coated SBA-15, and (d) carbon-coated
SBA-15 after hydrothermal treatment. Reproduced with per-
mission from Pham et al. [94], Copyright 2012 John Wiley
and Sons.

Fig. 5. Scheme for preparing graphitic carbon/Al2O3 composite by
using CVD. Reproduced with permission from Xiong et al.
[97], Copyright 2015 John Wiley and Sons.
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istry-based one-step method, mixtures of precursors (titanium iso-
propoxide and titanium tetrachloride) are continuously injected in
liquid phase (anhydrous toluene as the solvent), resulting in form-
ing conformal TiO2 layers on the substrate (e.g., SBA-15 with a high
surface area (690 m2 g1)). The growth rate of the TiO2 overcoats
was 0.4 nm injected monolayer1. The TiO2-overcoated SBA-15
was more selective (55% selectivity at 99% conversion) for dehy-
dration of styrallyl alcohol to styrene than HZSM-5 zeolite (12%
selectivity at 99% conversion) that is typically used for the dehy-
dration reaction. However, the zeolite catalyst undergoes severe
deactivation because its strong acid sites cause polymerization of
styrene [99-101]. The styrene polymerization leads to the forma-
tion of styrene oligomers likely blocking catalytic sites. Recycling
studies showed that the HZSM-5 catalyst deactivated much faster
than the TiO2-overcoated SBA-15 catalyst. TiO2 was also overcoated
on a Pt catalyst supported on SiO2 using the same methodology
(TiO2/Pt/SiO2). The bifunctional TiO2/Pt/SiO2 catalyst was tested
for hydrodeoxygenation of 3-propylguaiacol that can be derived
from the lignin portion of lignocellulosic biomass [102-105]. The
TiO2 overcoating enhanced the selectivity toward propylcyclohex-
ane (90% selectivity at 95% conversion) compared to the uncoated
Pt/SiO2 catalyst (5% selectivity at 20% conversion). Also found was
that the thickness of the overcoating plays an important role in the
reactivity of the catalysts.
4. Improvement in Catalyst Stability by Surface Functionaliza-
tion

Methods to stabilize zeolites by surface functionalization will be
discussed next. As an example, Zapata et al. generated hydropho-
bicity on HY zeolite by silylation using octadecyltrichlorosilane

(OTS) [106]. The created hydrophobicity on the zeolite allowed a
limited contact between the surface and water, thereby preventing
demolition of its structure in water/oil biphasic systems for import-
ant biofuel upgrading reactions (e.g., alkylation of m-cresol with 2-
propanol, dehydration of 2-propanol to propylene, and dehydra-
tion of 3-pentanol to pentene). In Fig. 6, the catalytic performance
of the untreated and OTS-functionalized zeolites for the alkylation
reaction was compared, clearly indicating that the OTS-function-
alized zeolite better catalyzes the reaction than the untreated zeo-
lite. After the alkylation reaction for 3 h, the surface area and mi-
cropore volume of the untreated samples decreased from 690 to
215 m2 g1 and from 0.27 to 0.01 cm3 g1, respectively. By contrast,
those of the OTS-functionalized zeolite were practically unchanged.

A systematic study was published by the same research group
using three different silylating agents, such as ethyltrichlorosilane
(C2), hexyltrichlorosilane (C6), and OTS (C18) [107]. Among them,
ethyltrichlorosilane with a high concentration (e.g., 1.5 mmol silane
per g zeolite) was most effective for the hydrophobization because
its short alkyl length allows itself to reach pores and defects in the
zeolite. However, the stability of the zeolite was mostly enhanced
when treated with longer alkyl-chain silylating agent (e.g., octadec-
yltrichlorosilane) with an enhanced interaction between the organic
phase and the hydrophobized zeolite that may further protect the
zeolite against the water attack.
5. Improvement in Catalyst Stability by Modification of Reac-
tion Parameters

In addition to improving catalyst stability by the design of cata-
lytic materials as discussed in previous subsections, there have been
efforts to prolong the lifetime of the catalysts by modifying reac-
tion conditions.

Bitter and co-workers made carbon nanofibers-supported Ni
(Ni/CNF) catalyst by a typical impregnation method and used the
Ni/CNF catalyst for APR of ethylene glycol to produce H2 [108].
The catalyst suffered from extreme deactivation such as the growth
of Ni particle size at 230 oC under inert gaseous environment (argon
(Ar)) with an initial ethylene glycol concentration of 1 wt%. The
first way to stabilize the Ni/CNF catalyst was to change the gaseous
atmosphere from inert gas (Ar) to more reductive gas (H2). In the
reductive gas environment, the growth of Ni particles was sup-
pressed. For example, in Ar the average particle size of Ni (meas-
ured based on H2 chemisorption uptake) increased from 5.9 to
61 nm, while in H2 the particle size increased only to 32 nm. The
loss of Ni by leaching was also decreased in the reaction conducted
in H2 (0.15% mass loss) compared to in Ar (0.26% mass loss).
However, this kind of strategy--reaction in a more reductive gas
environment--does not always work. For instance, for a graphite-
supported Pt catalyst system at high pH, Pt particles agglomer-
ated in a H2-rich condition [109]. The second way to enhance sta-
bility of the Ni catalyst is to add KOH to increase pH. Note that
leaching of metal nanoparticles tends to be severe at low pH values
[110]. In case of Ni, the Ni2+ species can form in acids or water at
pH lower than 7 [111,112]. With the addition of KOH, a high selec-
tivity toward H2 (99%) was obtained for 50-h continuous reaction.

The control of reaction media can help prevent deactivation.
Gayubo et al. reported that co-feeding 70 wt% of methanol with
crude bio-oil attenuated coking on a Ni catalyst supported on

Fig. 6. Comparison of catalytic performance of the untreated and
OTS-functionalized zeolites for alkylation of m-cresol with
2-propanol. Reaction conditions: 200 oC, 48.3bar He. Reprinted
with permission from Zapata et al. [106]. Copyright (2012)
American Chemical Society.
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HZSM-5 that was used for upgrading the bio-oil [113]. The meth-
anol co-feeding mostly hindered the formation of thermal coke
derived from polymerization of phenolic species in the bio-oil (i.e.,
pyrolytic lignin) rather than catalytic coke derived from acid-cata-
lyzed oxygenates. An USY zeolite-supported gallium (Ga) (Ga/USY)
catalyst suffered from severe Ga leaching during aqueous phase
isomerization of xylose at 130 oC for 24h (Ga loading was decreased
from 5.9 to 0.27 wt%) [114]. To prevent deactivation, the authors
used the biphasic system consisting of 20% water and 80% methyl
isobutyl ketone (MIBK). In the biphasic medium, Ga leaching was
suppressed (Ga loading was decreased from 5.9 to 2.1 wt%) while
the zeolite crystallinity was maintained. Table 2 summarizes the
methods to improve catalyst stability, reviewed in this section.

CONCLUSIONS AND PROSPECTS

Catalyst deactivation is the main bottleneck to biomass conver-

sion processes competing with petrochemical processes. To help
resolve this issue, this review presented recently applied approaches,
including film deposition techniques (ALD, SMSI, CVD, pyrolysis
of sugar, etc.), surface functionalization, and modification of reac-
tion parameters, in order to increase lifetime of heterogeneous cat-
alysts for the reactions to transform biomass-derived feedstocks.
Even though some methods have been successful in reducing or
preventing the deactivation phenomena for the reactions of model
compounds as presented above, stabilization of catalysts for the
processes to treat real biomass is not fully studied or even not
tested. In addition, a number of reactions occur simultaneously in
a biomass conversion reaction [115,116] resulting from biomass
feedstocks having complex functionalities [117]. This necessarily
results in biomass conversion processes to require the use of bifunc-
tional catalysts which have different catalytic sites in one catalyst.
However, different catalytic sites are deactivated in different ways,
causing considerable difficulties in design strategies for enhancing

Table 2. Summary of the recently developed methods to improve catalyst stability for biomass conversion reactions
Method to prevent deactivation Catalyst Reaction Deactivation Reference
Film deposition techniques

ALD

Pd/-Al2O3

(Al2O3 overcoat)
Gas phase dehydrogenation

of ethane Coking and sintering [65]

Cu/-Al2O3

(Al2O3 overcoat)
Liquid phase hydrogenation

of furfural Leaching and sintering [66]

Cu/-Al2O3

(MgOx-Al2O3 overcoat)
Liquid phase hydrogenation

of furfural Coking [74]

Co/TiO2

(TiO2 overcoat)
Aqueous phase hydrogenation

of furfuryl alcohol Leaching and sintering [75]

Pd/SBA-15
(Nb2O5 overcoat)

Conversion of GVL into
pentanoic acid Support dissolution [78]

SMSI Co/TiO2

(TiOy overlayer)
Aqueous phase hydrogenation

of furfuryl alcohol Leaching and sintering [92]

Pyrolysis of sugar Pd/SiO2 and Pd/Al2O3

(carbon film)
Hydrogenation of

acetylene/ethylene Support dissolution [94]

CVD

Pt/-Al2O3

(carbon coating) APR of ethylene glycol Leaching, sintering,
and support dissolution [97]

Ru/-Al2O3

(carbon coating)
Aqueous-phase hydrogenation

of lactic acid
Sintering and support

dissolution [97]

Non-hydrolytic sol-gel
chemistry-based deposition SBA-15 (TiO2 film) Dehydration of styrallyl alcohol Carbon poisoning [98]

Surface functionalization
Functionalization using

silylation with OTS HY zeolite Alkylation and dehydration Support dissolution [106]

Modifying reaction parameters
Using reductive gas agent (H2) Ni/CNF APR of ethylene glycol Leaching and sintering [108]
Adding KOH Ni/CNF APR of ethylene glycol Leaching and sintering [108]
Co-feeding methanol Ni/HZSM-5 Upgrading crude bio-oil Coking [113]
Reaction in a biphasic system

consisting of water and MIBK Ga/USY zeolite Aqueous phase isomerization
of xylose

Leaching and support
dissolution [114]
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the catalyst stability in the biomass conversion reactions. Hence,
investigations of the bifunctional catalyst stability with real feed
solutions directly derived from lignocellulosic biomass would be
most instructive. The presence of impurities contained in the real
biomass feed stream might have serious effects on the catalyst in
long-term operations.

Furthermore, current techniques for synthesizing heterogeneous
catalysts allow precise control of nanostructured catalytic active
sites. Despite the technological progress in catalyst synthesis, reac-
tion conditions of biomass conversion technologies are harsh com-
pared to other industrial catalytic processes. Future researches should
combine the above-mentioned techniques and principles to further
develop more advanced technologies to stabilize catalysts in bio-
mass conversion. The stabilized catalytic processes would greatly help
in developing sustainable routes to renewable carbon-based products.
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