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a b s t r a c t 

Bioethanol produced via valorisation of renewable biomass is of great interest to many industries. The increased 
availability and decreased cost of bioethanol make it a promising platform molecule to produce a wide range of 
value-added chemicals and fuels via the catalytic conversions. This paper provides a comprehensive review of 
catalytic conversions of bioethanol to a variety of chemicals/fuels such as hydrogen, C 2 –C 4 olefins, gasoline and 
small oxygenates. Specifically, the focus was placed on the relationship between the catalyst property (such as 
pore structure, acidity, active metal sites, and catalyst supports) and the catalytic performance (including catalyst 
activity and stability), as well as the reaction mechanisms involved. Future research avenues on the catalyst design 
for improving catalytic valorisation of bioethanol are also discussed. 
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. Introduction 

The rising demand for energy around the world caused the exten-
ive use of fossil fuels, leading to environmental issues, such as climate
hanges, global warming, and air pollution [ 1 , 2 ]. Therefore, the devel-
pment of renewable and sustainable energy sources has attracted great
ttention from the scientific community. Biofuels, such as biodiesel and
ioethanol, produced from biomass valorisation, are now considered as
romising alternatives to the fossil fuels due to their environmental-
riendly and sustainable features. In the United States (US), the Energy
ndependence and Security Act announced that the renewable fuels used
y transportation need to increase to 36 billion gallons per year by 2022
 3 , 4 ]. The Biofuels Research advisory Council of European Union (EU)
roposed increasing the use of biofuels in transportation to 25% by 2030
5] . The biofuel policies in US and EU aim to reduce greenhouse gas
missions, improve the life cycle energy efficiency of biofuels, and pro-
ote the national biofuel industry ( i.e., the production of biofuels in-
Abbreviations: SR, Steam reforming; ESR, Ethanol steam reforming; WGS, Water
NT, Carbon nanotube; CNF, Carbon nanofibre; ETE, Ethanol-to-ethylene; DEE, Die
,3-Butadiene; TOS, Time-on-stream; ETG, Ethanol-to-gasoline; MTG, Methanol-to-ga
ydroxyapatite. 
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luding bioethanol, biobutanol, and biodiesel). In Asia, the production
nd use of biofuels are also widely encouraged. For example, in 2017,
he Chinese government announced to roll out the mandatory blending
f 10% ethanol in gasoline nationally by 2020 [6] . To meet the tar-
et, significant development has been made to enhance the bioethanol
roduction capacity. In Association of Southeast Asian Nation (ASEAN),
iofuel policies are robust because domestic biofuel consumption is a
eans for energy security while promoting socio-economic develop-
ent through ensuring the demand for strategically critical agricultural

ommodities [7] . As one of the ASEAN member states, Thailand has also
et a target to increase bioethanol production from 6.2 million litres per
ay in 2016 to 9.0 million litres per day in 2022 to reduce greenhouse
as emission and fossil fuel dependency [8] . The world production of
ioethanol was 110 billion litres (BL) in 2018 and is expected to reach
40 BL in 2022 [9] . In addition, the market of bioethanol fuel has shown
 dramatic increase and growing at a compound annual growth rate of
.6% from 2016 to 2022. 
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Bioethanol is a natural type of ethanol made by fermenting the sugar
nd starch components of plant by-products including sugarcane, corn,
nd wheat. Since it can be produced directly from renewable biomass,
t shows a sustainable feature. Bioethanol has higher octane number
 ∼113) than that of gasoline (usually < 100). A higher octane num-
er of a fuel means less volatility and higher compression, so the fuel
oesn’t ignite too early in the cycle ( i.e ., the fuel has greater resistance
o knock). Besides, bioethanol is biodegradable and less toxic than fossil
uels. Bioethanol is one of the most common biofuels, and it accounts
or almost 90% of global biofuel production [10] . Bioethanol can be in-
egrated into the existing road transport fuel system without the need
f engine modifications. For example, it can be used in petrol engines
s the gasoline additive. Bioethanol can also be used as fuel for power
eneration by thermal combustion and for fuel cells by thermochemi-
al reactions. In addition, it can also be used as feedstock in chemical
ndustry. 

Currently, three generations of bioethanol were developed, depend-
ng on different feedstocks. The first-generation bioethanol is produced
hrough fermentation of glucose contained in starch and sugar crops
 11 , 12 ]. Corn and sugarcane are the main sources in the US and Brazil,
hile wheat and sugar beet are common in Europe [13] . Since all the

eedstocks are edible crops, production of the first-generation bioethanol
s a potential threat to food supply. Consequently, the second-generation
ioethanol derived from lignocellulosic materials ( e.g . corn stover,
heat straw, and sugarcane bagasse [14] ) emerged to overcome the

ood versus fuel dilemma faced by the first-generation bioethanol. The
dvantage of the second-generation bioethanol is evident due to the
eady availability of the feedstock, which does not compete with the
ood. However, compared to the first-generation bioethanol, the pro-
uction of second-generation bioethanol requires additional processes,

.e ., lignocellulose needs to be pre-treated first to obtain fermentable
ubstrates (sugars and starch) [ 11 , 15 ]. Therefore, cost-effective produc-
ion of fermentable sugars from lignocellulosic biomass remains a chal-
enge. The third-generation bioethanol is based on the use of marine
rganisms, such as algae. Algal biomass has high carbohydrate con-
ents, and it is easy to be cultivated in aqueous environments. The low
and usage of algal biomass can limit the feedstock competition with
he agriculture plants, making it a potential alternative feedstock for
ommercial bioethanol production [13] . However, the research on the
hird-generation bioethanol is still in the early stage due to the limited
nvestments and difficulties in the process design. 

Although ethanol is produced worldwide ( Fig. 1 ), the US and Brazil
re the leading ethanol producing countries, being responsible for ap-
roximately 84% of global production in 2020 [16] . The annual pro-
48 
uction of bioethanol is constantly increasing. Currently, the most
idespread use of bioethanol is in fuel production ( e.g ., as gasoline ad-
itive). Adding a proportion of bioethanol to conventional gasoline can
educe greenhouse gas emission during combustion. Blending gasoline
ith bioethanol is compatible to conventional infrastructures ( e.g ., com-
ustion engine) and has been mandated to substitute part of fossil fuels
or transportation. However, the blending ratio is only limited to 5–10
ol.% (E5–E10) in the US [17] . The low blending ratio is mainly due to
he inherent corrosive nature of bioethanol, which can damage many en-
ine components. The annual bioethanol production in the US has went
eyond the blending wall of E10 in 2014 [10] . Besides, higher blending
atio ( e.g ., E15–E20) and even ethanol-enriched fuels ( e.g ., E80) are not
ikely to be widely practiced due to the concerns about fuel economy
nd severe damage to the conventional engine. Therefore, alternative
pplications are needed to utilise bioethanol for valorisation. 

In addition to be used as gasoline additive/alternative, bioethanol
an also be regarded as a platform molecule for making other value-
dded chemicals/fuels, such as hydrogen (H 2 ) [18] , light olefins [19–
2] , high alcohols [23] , gasoline [24] , and other small oxygenates ( e.g .,
cetaldehyde, diethyl ether, and acetic acid) [ 25 , 26 ]. Hydrogen is a
lean energy source and can be used for ammonia production, petroleum
efining, welding, and fuel cells. Light olefins are important building
locks for many modern plastic and rubber products. High alcohols are
idely used as solvent in pharmaceuticals and cosmetics. Small oxy-
enates can be used as solvent and substrate to produce many other
hemicals. 

Catalysts are generally required to enable the conversion of
ioethanol to the chemicals/fuels above, i.e ., catalytic conversion of
ioethanol. Common catalysts used for the conversions are zeolites,
etal oxides, and supported metal catalysts [ 10 , 27 ]. The type of cat-

lysts varies depending on the target product because the derivation of
ifferent products from bioethanol go through different chemistry. Dur-
ng the past decade, many studies have been carried out to develop con-
ersion technologies to derive ethanol to other useful chemicals, as sum-
arized by the following review articles. Abdulrazzaq et al. [27] and
agle et al. [28] reviewed the catalytic conversion of ethanol to com-
odity and specialty chemicals (including C 2 –C 4 olefins, acetaldehyde,
iethyl ether, acetone, acetic acid, ethyl acetate, and higher alcohols).
aidya et al. reviewed the kinetics of ethanol steam reforming for hy-
rogen production [29] and the recent progress of ethanol steam re-
orming using non-noble transition metal catalysts were discussed by
go et al. [30] . Eagan et al. summarised the chemistries and processes

or the conversion of ethanol into middle-distillate fuels [4] . Addition-
lly, few reviews also focus specifically on bioethanol conversion. For
Fig. 1. Ethanol production around the world 
in 2020 [16] . 
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Fig. 2. Flow diagram for the production of fuels/chemicals via synthesis gas from ESR. 

e  

t  

i  

S  

s  

p  

t  

a  

c  

B  

d  

F  

a  

t  

c  

i  

T  

o  

r

2

 

i  

g  

f  

p  

c  

v  

c  

s  

p  

r

2

 

E  

b  

c  

t  

s  

v  

t  

b  

t

C  

 

d  

H  

g  

a  

fi  

e  

h  

p  

p  
xample, the catalytic upgrading of bioethanol to butanol (and ethanol
o butanol [ 2 , 31 ]) has been reviewed [ 32 , 33 ]. The effect of bioethanol
mpurities on steam reforming for hydrogen production was studied by
anchez et al. [34] . However, those reviews on the catalytic conver-
ion of bioethanol mainly focus on a single product. Herein, we aim to
rovide a comprehensive review of catalytic conversion of bioethanol
o a variety of chemicals and fuels including hydrogen, C 2 –C 4 olefins,
nd gasoline. Specifically, we focus on the relationships between the
atalyst, reaction mechanism and the catalytic activity and stability.
ioethanol conversion to other small oxygenates such as acetaldehyde,
iethyl ether, acetic acid, acetone, and ethyl acetate is also covered.
inally, a brief discussion of the future research into the improved cat-
lyst design for various conversions is also provided. It should be noted
hat (i) both petrochemical ethanol and bioethanol have the identical
hemical formula but produced from different origins, and (ii) ethanol
s mostly produced via fermentation, i.e. bioethanol, since the 1980s.
herefore, in this review, we do not distinguish the specific meaning
f “ethanol ” and “bioethanol ”, i.e. , all represent sustainable ethanol de-
ived from biomass. 

. Bioethanol to hydrogen 

Ethanol steam reforming (ESR) of is an attractive method for produc-
ng H 2 and synthesis gas (syngas, a mixture of H 2 and CO) [35] . Hydro-
en is a clean energy source which is regarded as a feasible replacement
or fossil fuels [36] . Besides, it can be used for ammonia production,
etroleum refining ( e.g ., hydrocracking), welding, and fuel cells. Syngas
an either be used directly as fuel or as a platform feedstock to produce
arious fuels/chemicals such as diesel, methanol, and dimethyl ether via

atalytic routes, as shown in Fig. 2 [37] . The use of bioethanol as a feed-
49 
tock for the production of H 2 has many advantages including (i) inde-
endent from fossil fuels, (ii) abundant and sustainable source and (iii)
eduction in the net amount of greenhouse gas emissions [ 29 , 38 , 39 ]. 

.1. Catalytic reaction mechanism of ESR 

Stoichiometrically, the overall reaction of ESR is shown in
q. (1) [ 37 , 40 ], i.e ., ethanol reacts with water steam to give car-
on dioxide (CO 2 ) and hydrogen (H 2 ). ESR is an endothermic pro-
ess ( ΔH = + 173.3 kJ/mol) and therefore high reaction tempera-
ures (300 − 800 °C) are necessary [41] . It was found that the use of
team/ethanol (S/E) molar ratio in the feed above the stoichiometric
alue (S/E = 3) improves the selectivity to H 2 [42] . More importantly,
he use of high S/E ratios ( > 10) in ESR may allow the use of crude
ioethanol directly as the feedstock without the need of separating wa-
er from ethanol via distillation. 

H 3 CH 2 OH + 3H 2 O ↔ 2CO 2 + 6H 2 (1)

As shown in Fig. 3 , the reaction mechanism is rather complex since
ifferent parallel reactions ( Eqs. 2 − 15 ) occur simultaneously along with
 2 production, such as dehydration into ethylene ( Eq. 12 ), dehydro-
enation into acetaldehyde ( Eq. 3 ), condensation to acetone ( Eq. 6 ),
nd decomposition reaction ( Eq. 2 ). Gursahani et al. suggested that the
rst step of the system is the dissociative adsorption of ethanol to form
thoxy species, which undergo dehydrogenation to generate acetalde-
yde and acetyl intermediates [43] . These species can further decom-
ose via C-C bond cleavage to produce CO, CH 4 , and H 2 . Temperature
rogrammed desorption (TPD) experiments have shown that acetone
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Fig. 3. Possible reaction pathways of ESR 
[ 41 , 45 , 46 ]. 
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nd ethylene were produced during ethanol desorption. Acetone forma-
ion can occur from two possible pathways, that is, (i) coupling of two
cetate molecules and (ii) disproportionation of two acetyl species. Ethy-
ene can be formed via ethanol dehydration, depending on the acid/base
roperties of the support [ 35 , 41 , 44 ]. Ethylene can further polymerise or
yclise to form coke on the catalyst, deactivating the catalyst. 

The relative contribution of different reactions (to the production
istribution) during ESR depends on both the nature of the catalyst (in-
luding the active sites and the support) and the reaction conditions
sed, e.g ., temperature, feed composition (or water/ethanol ratio), and
esidence time (or feed flow rate). The effect of the operating parame-
ers on the efficiency of ESR has been extensively discussed previously
 41 , 42 , 45 ]. Hence, catalysts that were exclusively developed for ESR
re critically reviewed here with relevant discussion on catalyst deacti-
ation during ESR. 

Ethanol decomposition: 

H 3 CH 2 OH ↔ CH 4 + CO + H 2 (2)

Ethanol dehydrogenation: 

H 3 CH 2 OH ↔ CH 3 CHO + H 2 (3)

Acetaldehyde decomposition: 

H 3 CHO ↔ CH 4 + CO (4)

Acetaldehyde steam reforming: 

H 3 CHO + H 2 O ↔ CH 4 + CO 2 + H 2 (5)

Acetone formation: 

CH 3 CH 2 OH ↔ CH 3 COCH 3 + CO + 3H 2 (6)

Acetone steam reforming: 

H 3 COCH 3 + 3H 2 O ↔ 3CO + 6H 2 (7)

Methane steam reforming: 

H 4 + 2H 2 O ↔ CO 2 + 4H 2 (8)

Water gas shift (WGS): 
50 
O + H 2 O ↔ CO 2 + H 2 (9)

Methanation: 

O + 3H 2 ↔ CH 4 + H 2 O (10)

O 2 + 4H 2 ↔ CH 4 + 2H 2 O (11)

Ethanol dehydration: 

H 3 CH 2 OH ↔ CH 2 CH 2 + H 2 O (12)

Ethylene decomposition: 

H 2 CH 2 ↔ 2C + H 2 (13)

Methane decomposition: 

H 4 ↔ C + 2H 2 (14)

Boudouard reaction: 

CO ↔ CO 2 + C (15)

.2. Catalysts for ESR 

Supported metal catalysts are commonly used for efficient ESR. Typ-
cally, metallic phases are responsible for cracking both C-C and C-H
onds of hydrocarbons, whilst the support is commonly responsible for
ctivating the steam to generate highly mobile oxygen, which can dif-
use onto metals to stabilise the metal particles and facilitate steam gasi-
cation of coke. Various catalysts have been extensively studied in ESR,

ncluding both noble metals and transition metals [ 37 , 45 , 47 ]. 

.2.1. Noble metal catalysts 

Liguras et al. studied the catalytic activity of noble Pt, Pd, Rh, and
u metals supported on Al 2 O 3 catalysts in ESR [48] . Rh catalyst pre-
ented the best activity with high hydrogen production ability due to its
igh activity for C-C and C-H bond dissociations, which were necessary
or ethanol conversion [49] . Rh/CeO 2 catalyst showed good selectiv-
ty to H 2 and suppressed coke deposition, enhancing long-term stability
n ESR due to the oxygen storage-release capability of CeO 2 support
50] . Similarly, La 2 O 3 was also confirmed to be the excellent support or
romoter to increase metal-support interaction, metal dispersion, and
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nti-coking capability [51] . The stability of Rh/Al 2 O 3 catalyst was sig-
ificantly improved by adding La 2 O 3 and CeO 2 [52] . La 2 O 3 -CeO 2 with
he combined effect of the formation of lanthanum oxycarbonate and
igh mobile lattice oxygen was beneficial to enhance carbon gasifica-
ion reaction, avoiding carbon deposition. 

Pt catalysts are highly active in ESR with high selectivity towards
ydrogen. Basagiannis et al. compared the catalytic performance of var-
ous metal supported on Al 2 O 3 catalysts and established the activity or-
er of Pt > Pd > Rh > Ru [53] . It was found that Pt improved ethanol
ecomposition and dehydrogenation reactions and the Al 2 O 3 support
nteracted strongly with ethanol molecules, promoting the dehydration
eaction to form C 2 H 4 . Pt catalysts loaded on different supports such
s ZrO 2 , TiO 2 , CeO 2 , and activated carbon (AC) have also been inves-
igated [54] . The activity based on the measured conversions varied in
he order of Pt/CeO 2 > Pt/ZrO 2 > Pt/TiO 2 ≈ Pt/AC. The comparatively
igh activity of Pt/CeO 2 was due to the good O 2 storage-release capa-
ility of the CeO 2 support, which could suppress carbon deposition and
ncrease H 2 production simultaneously [55] . 

Neutralising acid sites by adding basic promoters has been demon-
trated to be an effective approach to prevent coke formation by promot-
ng the gasification reaction [ 56 , 57 ]. For example, Na doping of Pt/ZrO 2 
enefited the selectivity to H 2 [58] . It was suggested that in the presence
f Na promoter, acetate decarboxylation pathway was favoured, while
he decarbonylation pathway was preferred over the pristine Pt/ZrO 2 .
he latter pathway tends to reduce the H 2 selectivity of the overall pro-
ess. Additionally, alloying Pt with a second metal ( e.g . Cu [59] or Sn
56] ) could also enhance the performance of the resulting catalysts in
SR. 

Since supported metal nanoparticle catalysts (dispersed on oxide
upports) are prone to agglomerate during catalysis, resulting in the
educed active catalytic sites and catalyst deactivation, structured core-
hell catalysts (such as encapsulated Pt nanoparticles within porous ma-
erials) have been developed to address the issues. Encapsulation strat-
gy can prevent the aggregation of Pt nanoparticles, as well as suppress-
ng the coke formation on the active metal surface. Dai et al. synthesised
ragon fruit-like Pt-Cu@mSiO 2 catalyst (Pt-Cu as the core and SiO 2 as
he shell), which showed excellent performance regarding both activity
nd stability for low-temperature ESR at 250 − 450 °C [60] . Sun et al.
eveloped the Pt-CeO 2 @Ni-SiO 2 catalyst with yolk-shell structures for
ncreasing hydrogen production from ESR, and the catalyst yielded high
 2 selectivity ( ∼67%) at 400 °C [61] . 

Supported Ru catalyst has also been developed for steam forming
ue to its ability to cleave the C-C bond and cost-effectiveness as com-
ared with Rh and Pt catalysts. Different oxide supports (of Al 2 O 3 , CeO 2 ,
iO 2 , and SiO 2 ) were used to prepare supported Ru catalysts for a com-
arative study in ESR [62] . Among them, the Ru/CeO 2 catalyst showed
he comparatively best performance because CeO 2 was active support
or the redox process in reforming processes, increasing the rate of ox-
dation reaction and reducing the deposition of intermediates on metal
urface [63] . Additionally, preparation of Ru catalysts with small metal
articles is a good strategy to achieve high catalytic activity at low metal
oadings [64] . 

Pd catalyst has also shown good performance for H 2 production
ith insignificant CO formation at low temperatures (300–500 °C). Bar-

ios et al. [65] studied methanol steam reforming over Pd/CeO 2 and
d/ZnO/CeO 2 catalysts and found that the steam reforming reaction oc-
urred only in the presence of ZnO. Pd 0.01 Zn 0.29 Mg 0.7 Al 2 O 4 catalyst was
eveloped for ESR, which achieved 80% yield of H 2 and 100% ethanol
onversion, as well as showing an excellent catalytic stability, i.e ., being
table for 30 h at 450 °C [66] . 

.2.2. Transition metal catalysts 

Although noble metal catalysts have high activity and stability in SR,
he resource scarcity and relatively high costs of these catalysts can be
he obstacle for their applications at large scales. Transition metal-based
atalysts, especially Ni and/or Co-based catalysts [67–69] are frequently
51 
sed in industry for SR due to their relatively low cost and good activ-
ty for C-C and C-H bond cleavage. Al 2 O 3 -supported Ni, Co, Fe, and Cu
atalysts were evaluated for steam reforming [70] . The results showed
hat the reaction rate over the Fe and Cu catalysts was significantly lower
han that over the Ni and Co catalysts. In comparison with monometallic
i catalyst, bimetallic Ni-Co catalyst showed the enhanced coke resis-

ance ability, and thus improved the stability [71] . You et al. found the
ddition of Co to Ni/Al 2 O 3 decreased metal particle size, and improved
etal dispersion and metal-support interaction, which effectively en-
anced the stability of catalyst by suppressing carbon deposition, being
eneficial to CO hydrogenation, methane partial oxidation, and steam
eforming reactions [72] . Bimetallic Ni-Co catalyst supported on Al 2 O 3 -
gO exhibited excellent stability without significant deactivation even

fter 2000 h on stream [73] . In addition to Co, other metals ( e.g . Mg
74] , Ca [75] , Cu [76] , La [77] , and Ce [78] ) were also used as the
romoter in the Ni-based catalysts for improving steam reforming reac-
ions. 

Due to the acidic nature of Al 2 O 3 , formation of ethylene, a precursor
f coke, can be favoured. Therefore, alkali metal doping was proposed
o modify the acidity of Al 2 O 3 to improve catalyst stability [ 35 , 37 , 40 ].
or example, a Ni supported on spinel MgAl 2 O 4 catalyst exhibited bet-
er performance regarding H 2 productivity and catalyst stability than
he catalyst supported on Al 2 O 3 [79] . In comparison with the pristine
l 2 O 3 , the reduced acidity of MgAl 2 O 4 suppressed coke formation from
thylene polymerisation. Mg-Al hydrotalcites are also promising candi-
ate supports for preparing supported Ni catalysts due to its high surface
rea and thermal stability, as well as the controllable acid/base proper-
ies. The presence of Mg in the support can enhance catalyst stability,
hile low Al content helps to increase catalytic activity to improve H 2 
roduction. Incorporation of Ni metals into the hydrotalcite matrix cre-
tes highly dispersed metal oxides and gives excellent results in both
ctivity and stability. Additionally, hydrotalcite-derived materials can
ct as CO 2 adsorbent during steam reforming [80–83] , making it to be
 promising material to achieve simultaneous reaction and separation
f CO 2 for the production of pure H 2 in a single step. 

Silica materials, especially mesoporous silica with the ordered struc-
ure and uniform pore size distribution, are good supports for preparing
i catalysts for ESR [ 40 , 84 ]. SBA-15 [85–88] , MCM-41 [ 89 , 90 ], and
IT-6 [ 91 , 92 ] are the most commonly used mesoporous silica supports

o enhance the Ni dispersion, and hence the catalytic activity and sta-
ility. However, large Ni nanoparticles on the external surface of silica
ave weak interaction with the support at elevated temperatures, caus-
ng catalyst deactivation easily. Development of bimetallic catalyst has
een proved to be a good strategy to overcome the deactivation problem,
nd also to improve the catalyst activity. The addition of other metal
romoters ( e.g . Rh, Pd, Cu, Ce, Co, Au, and Mo) to Ni catalysts could
mprove its anti-sintering capacity [ 41 , 45 , 85 , 93 ]. As compared with the
onometallic Ni/MCM-41 and Co/MCM-41 catalysts, the bimetallic Co-
i/MCM-41 catalyst showed the best catalytic performance (with about
0% ethanol conversion and 80% H 2 yield) [89] . The good activity and
tability of the developed bimetallic catalyst were due to the improved
i dispersion on the support and the strengthened metal-support inter-
ction [87] . Finally, it is worth mentioning that the catalyst preparation
ethod and the selection of metal precursors also play an important role

n tuning the metal-support interaction and catalyst performance in SR
 88 , 94 , 95 ]. 

The application of carbon-based materials as the catalyst supports
as been extensively studied in steam reforming processes [ 30 , 96-98 ].
ao et al. [99] found that Ni/AC showed higher coke resistance than
i/Al 2 O 3 . The addition of different metal oxides ( i.e ., MgO, La 2 O 3 ,
nd Y 2 O 3 ) to Rh/AC was effective to increase H 2 yield [96] . Carbon-
upported bimetallic CoRu [100] , and trimetallic Ni/Cu/Pd [97] cat-
lysts were also reported for ESR. Additionally, carbon nanomaterials
uch as carbon nanofibers [101] , carbon nanotubes [102–104] , and
raphene [105] have attracted considerable attention as the catalyst
upports due to their capability of enhancing metal dispersion with small
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etal particles. In addition, the high 𝜋-electron density of carbon nano-
aterials is beneficial to promote electron transfer between the metal

nd support, thus improving the catalytic performance. 
Catalysts derived from perovskites ( e.g ., LaNiO 3 ) also show the po-

ential for ESR due to their high oxygen mobility, which has the advan-
age in removing coke deposition [106–108] . It was found that in the
a 1 − x Ce x NiO 3 perovskite-type oxides ( via partial substitution of La by
e), an increase in oxygen vacancies could reduce the size of Ni particles
ithin, which could inhibit carbon accumulation during ESR [ 109 , 110 ].
ekine et al. studied the effect of the partial replacement of La by Sr in
i/LaAlO 3 for steam reforming of toluene. They found an increase in

attice oxygen mobility in the Sr-substituted catalyst, which enhanced
ts catalytic activity and suppressed carbon deposition [111] . In addi-
ion, substitution of Ni by Co in perovskite LaNiO 3 exhibited excellent
esistance to sintering at 700 °C [ 112 , 113 ], and Ni substitution by Fe
howed improved activity, selectivity and stability in steam reforming
eactions [114–116] . 

In additions to Ni catalysts, Co catalysts are also effective for cleav-
ng C-C bond, especially at temperatures above 400 °C, showing good
electivity to H 2 and CO 2 . Co/Al 2 O 3 showed lower activity as compared
ith Co/SiO 2 due to the strong interaction between Co metal and Al 2 O 3 ,
hich made it difficult to be reduced [117] . Song et al. studied the effect
f catalyst supports on the performance of the supported Co catalysts in
SR [118] . The findings established the order of activity and stability as
o/Al 2 O 3 < Co/ZrO 2 < Co/CeO 2 , which was probably related to the sur-

ace acidity and oxygen mobility. Supported Co catalysts based on other
upports ( e.g . zeolite [119] and hydrotalcite [120] ) were developed and
xplored as well for steam reforming processes. 

.3. SR of crude bioethanol 

Crude bioethanol is usually a mixture of water and ethanol with
ther organic impurities, such as aldehydes, amines, acids, and esters,
rom fermentation processes. Therefore, purification may be necessary
o remove these impurities to avoid catalyst deactivation during ESR.
owever, purification of bioethanol is always energy intensive, and
ence SR of crude bioethanol is a cost-effective strategy for H 2 produc-
ion [ 121 , 122 ]. 

The Ni/Al 2 O 3 catalysts prepared by precipitation methods possessed
maller Ni particles and showed higher activity in SR of bioethanol
s compared with that prepared by co-precipitation and impregnation
ethods [123] . Mondal et al. investigated catalytic oxidative and non-

xidative bioethanol steam reforming in a tubular fixed-bed reaction
ystem using 30 wt.%Ni/CeO 2 -ZrO 2 and 1 wt.%Rh-30 wt.%Ni/CeO 2 -
rO 2 [121] . Oxidative steam reforming decreased both H 2 yield and se-
ectivity due to the partial oxidation of oxygenates compounds present
n the feedstock. Comparatively, Rh-containing catalyst showed higher
atalytic stability. Dan et al. studied steam reforming of bioethanol pro-
uced from wood waste in the presence of Ni/Al 2 O 3 catalysts [124] . The
esults showed that the addition of La 2 O 3 and CeO 2 to the Ni/Al 2 O 3 cat-
lyst exhibited higher activity and stability with respect to the pristine
i/Al 2 O 3 catalyst. However, the acetic acid conversion (one of the im-
urities in crude bioethanol) was only approximately 30%. Among all
atalysts studied, Ni/La 2 O 3 -Al 2 O 3 showed the highest H 2 production
ctivity and remained stable for 4 h time on steam at 350 °C. 

Valant et al. studied the effect of various organic impurities on SR
f bioethanol over the Rh/MgAl 2 O 4 catalyst [125] . Adding butanal or
iethylamine into the feedstock increased ethanol conversion without
hanging the product selectivity. In contrast, in the presence of other
rganic compounds, such as butanol, ethylether, and ethyl acetate,
thanol conversion decreased, and apparent deactivation of the cata-
yst was observed due to carbon deposition. Moreover, selectivity to H 2 
ecreased significantly, while an increase in intermediate products, es-
ecially ethylene, was measured. SR of crude bioethanol containing 1
ol% of other alcohol impurities over 1%Rh/MgAl 2 O 4 /Al 2 O 3 was also

nvestigated [126] . It was found that alcohol impurities in the crude
52 
ioethanol played an important role in improving H 2 production during
he catalysis. The results showed that 1 mol% of methanol in bioethanol
lightly increased the hydrogen yield without affecting ethanol conver-
ion. Conversely, the presence of higher alcohols decreased both ethanol
onversion and hydrogen yield during ESR due to catalyst deactivation.
t was also found that catalyst deactivation increased with an increase in
arbon atom numbers of the alcohols, and it became more pronounced
ith brunched alcohols compared to linear ones. In addition, Sanchez et
l. reviewed the effect of impurities in bioethanol (including alcohols,
mines, aldehydes, ketones, and sulfur components) on ESR [34] . It was
ound that impurities such as fusel alcohols and acetic acid contributed
o coking significantly, whilst other impurities such as methanol and
ldehydes enhanced H 2 yield due to the relatively high reactivity under
he ESR conditions. 

.4. Catalyst deactivation 

Catalyst deactivation is one of the main problems of ESR, which are
ommonly due to carbon deposition and metal sintering [ 41 , 127 , 128 ].
arbon deposition on the catalyst causes pore blockage and then limits
he accessibility of active sites to reactant molecules, resulting in lower
onversions and lower yield and selectivity towards the target product,
nd the reduced catalyst life. Regarding metal sintering, it is caused
y the agglomeration of small metal particles under thermal conditions
uring the reaction. As a result, it causes the loss in the active metal
urface area, and thus reduces the catalyst activity. 

.4.1. Carbon deposition 

Several reactions may contribute to carbon deposition on the cata-
yst used in ESR: (i) ethanol dehydration to ethylene which can poly-
erise to coke Eq. (16) ), (ii) acetone aldol condensation ( Eq. 17 ), (iii)
oudouard reaction ( Eq. 15 ), (iv) reverse carbon gasification ( Eq. 18 ),
nd (v) methane and ethylene decomposition ( Eqs. 19 and (20) [41] .
enerally, carbon deposition depends on the reaction conditions (such
s temperature and water/ethanol molar ratio) and the catalyst used.
he Boudouard reaction and reverse carbon gasification are favoured
t low reaction temperatures, whereas higher temperatures favour the
arbon formation via the decomposition of hydrocarbons. Carbon depo-
ition over metal catalyst has been extensively studied [ 129 , 130 ]. 

Ethylene polymerization: 

H 2 CH 2 → coke (16)

Acetone aldol condensation: 

CH 3 COCH 3 → (CH 3 ) 2 C(OH)CH 2 COCH 3 (17)

(CH 3 ) 2 C = CHCOCH 3 + H 2 O 

Reverse carbon gasification: 

O + H 2 ↔ C + H 2 O (18)

Methane decomposition: 

H 4 ↔ C + 2H 2 (19)

Ethene decomposition: 

H 2 CH 2 ↔ 2C + 2H 2 (20)

As shown in Fig. 4 , there are three different types of carbonaceous
aterials (amorphous, filamentous, and encapsulating carbon) formed

n Ni catalyst during steam reforming [ 131 , 132 ]. Amorphous carbon
ormed at low temperatures between 200–500 °C, whilst the formation
f filamentous carbon was favoured at higher temperatures [133] . The
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Fig. 4. TEM images of different types of carbon formed over a Ni/MgAl 2 O 4 catalyst (A) amorphous, (B) encapsulating, and (C) filamentous carbon. Reprinted with 
permission from ref [131] . Copyright (2006) Elsevier. 

Fig. 5. (a) The mechanism for the formation of 
CNTs and CNFs over a supported catalyst (b) the 
formation of CNFs (left) and CNTs (right) [135] . 
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rowth of filamentous carbon was believed to occur when carbon species
iffused into the Ni particles and formed nickel carbide (Ni-C). Ni-C
as metastable active carbide between nickel metal and graphite, which

ormed the encapsulated Ni particles [134] . Carbon deposition contin-
ed on the surface of nickel until the carbon content was high enough
o push Ni off from the surface of the support to form carbon nanotubes
CNTs) and/or carbon nanofibres (CNFs), as shown in Fig. 5 , and the for-
ation of CNFs/CNTs was simultaneous during reforming process. For
NFs, the nucleation occurred across the entire metal-support interface
hrough diffusion, resulting in the formation of full fibres ( Fig. 5 b). CNFs
ormation was generally facilitated at low temperatures when the nu-
leation rate was slow, and carbon atoms could reach the whole metal-
upport interface. The nucleation of CNTs was restricted to the vicinity
f the gas-metal interface. The growth of CNTs might be favoured at
igh temperatures due to the high nucleation rate, i.e ., high nucleation
ate enabled the formation of hollow fibres before carbon atoms arrived
t the metal-support interface [135] . The formation of encapsulating
arbon around a metal catalyst is initiated through the deposition of
raphitic layers on the entire surface of the metal particle, as shown by
he schematic mechanism in Fig. 6 . The encapsulating carbon can cause
atalyst deactivation, whilst in the case of the formation of filamentous
arbon, in which the metal catalyst remains at the top of the filament
nd is accessible to reactants and intermediates, and the catalyst can
aintain its activity during reforming reaction [136] . 
d  

53 
To date, many strategies have been proposed to minimise carbon
eposition on catalysts during ESR, such as increasing water/ethanol
atio, co-feeding of H 2 and CO 2 , and catalyst modification [137] . How-
ver, an increase in water/ethanol ratio requires higher temperatures to
acilitate the reaction. Co-feeding of H 2 enables hydrogenation of the
eposited carbon to mitigate deactivation, but it also increases the yield
f hydrocarbons. The addition of CO 2 competes with ethanol adsorption
n active sites, though it reduces carbon deposition. Therefore, catalyst
odification may be the rational choice for minimising deactivation due

o coking. Relevant research has shown that active metals (and promot-
rs), catalyst supports, and the synergistic interactions between metals
nd supports can be optimised to suppress coke formation during ESR
 30 , 41 , 137 ]. 

.4.2. Metal sintering 

Metal sintering causes the loss in the active metal surface area due to
he agglomeration of small metal particles into larger ones [129] . Sin-
ering is also affected by many factors, such as reaction temperature,
as composition over the catalyst, structure and composition of the cat-
lyst, and the catalyst support and metal-support interactions. Among
hem, reaction temperature may be the primary reason for causing metal
intering [ 41 , 127 ]. It was found that an increase in the reaction temper-
ture accelerates the sintering process [127] . To avoid metal sintering
uring catalysis, suitable catalyst preparation methods should be used
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Fig. 6. Schematic presentation of the growth 
mechanism of encapsulating and filamentous car- 
bon due to carbon deposition in reforming systems 
[136] . 
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o allow the formation of metal particles with small sizes and high dis-
ersion, which can activate ESR under mild conditions ( e.g ., at low re-
ction temperatures of 300 − 600 °C and 1 atm) [138–140] . For example,
i/MMT-TiO 2 nanocomposite catalyst (Ni/TiO 2 nanoparticles dispersed
n montmorillonite clay, MMT) showed enhanced Ni-dispersion and re-
ucibility and achieved an ethanol conversion of 89% and a H 2 yield of
p to 55% at 500 °C and 1 atm [139] . Hydrogen yield over Ni/MMT-
iO 2 nanocomposite was 1.5-fold more than that obtained over the
atalyst with microparticles. Besides, the nanostructured Ni/MMT-TiO 2 
atalyst exhibited better stability compared to the catalyst with micro-
articles. Cobalt-based nanoparticles have also been demonstrated as
ctive catalysts for low temperature ( ∼500 °C) H 2 production by ethanol
team reforming [138] . Additionally, the engineering of support-metal
onfiguration/interaction is also important to enable the segregation of
etal nanoparticles or strong interaction between the two to stabilise

he catalyst particles [127] . Palma et al. found that catalyst deposition
n high surface area silica improved metal dispersion and metal-support
nteraction, which prevent metal sintering and coking to a large extent
ompared to that on the silica-free sample [140] . 

. Bioethanol to C 2 –C 4 olefins 

C 2 –C 4 olefins are important platform molecules for the production
f a variety of chemicals. Due to the cost-effectiveness and eco-friendly
ature of bioethanol, it has been explored for producing light olefins. 

.1. Bioethanol to ethylene 

Ethylene, as an important feedstock in petrochemical industry, is
ainly used in the production of polyethylene (one of the most com-
on plastics used in our daily life, and primarily used for packaging,

.e . plastic bags, films, and bottles), ethylene oxide (used for producing
hemicals and intermediates, such as ethylene glycol, glycol ethers, and
thoxylates), ethylene glycol (as a raw material in the manufacture of
olyester fibres and for antifreeze formulations), and polyvinyl chloride
also a type of plastic polymer, and commonly used for producing pipes
nd as the insulation on electrical cables) [141] . At present, the climb-
ng price of ethylene (from 697 US dollars per metric ton in 2020 to
,014 US dollars per metric ton in 2021 [142] ) and the sustainable fea-
ures of bioethanol make the route of bioethanol to ethylene attractive
143–145] . 

.1.1. Catalytic reaction mechanism of ethanol-to-ethylene (ETE) 

Fig. 7 shows a typical overview of ethanol-to-ethylene reaction net-
ork including the electron transfer steps. Path A is the concerted (di-

ect) mechanism of ethanol dehydration to ethylene. Path B and Path C
54 
how the stepwise (indirect) dehydration mechanism [ 145 , 146 ], that is,
he transformation of ethanol to diethyl ether (DEE, reaction intermedi-
te), followed by the conversion of diethyl ether to ethylene. Path A is
ndothermic, in which a closed system usually adsorbs thermal energy
rom its surroundings, that is, heat transfer into the system. Conversely,
he reaction of path B is exothermic, i.e ., releasing heat during reaction
the overall standard enthalpy change, ΔH , is negative). Therefore, at
elatively high temperatures, path A is preferred, while path B domi-
ates the reaction at low temperatures. It was found that co-existence
f the concerted and stepwise reaction pathways is common during the
eaction [147] , and both pathways can be inhibited by the presence
f water [148] . In the system, ethylene may undergo subsequent reac-
ions, such as oligomerisation, cyclisation, and aromatisation, to gen-
rate higher hydrocarbons, being responsible for forming coke deposits
146] . 

.1.1.1. Path A: Concerted reaction mechanism. As shown in Fig. 8 , E1
single-molecule elimination reaction), E1cB (single-molecule conjugate
ase elimination reaction), and E2 (bimolecular elimination reaction)
echanisms have been proposed for direct ethanol dehydration to ethy-

ene (path A), depending on catalysts and reaction conditions used [10] .
1 mechanism is normally found on acidic catalysts. Carbocation inter-
ediate and water are formed by the protonation of alcoholic oxygen

nd the cleavage of the intramolecular C-O bond. The adjacent carbon
hen deprotonated on the basic sites to form unsaturated alkene product.
onversely, the E1cB mechanism proceeds over basic catalysts, in which
-H bond cleavage occurs first, forming carbanion or alkoxy intermedi-
te, and then hydroxyl group on the alcohol carbon is eliminated on
he acid sites to produce alkene. Both E1 and E1cB reaction pathways
nclude the formation of ionic intermediates, while in E2 mechanism,
he elimination of hydroxyl group on acid and the proton on base occur
imultaneously by breaking C-O and C-H bonds to form alkene with-
ut intermediates. According to the substitution reaction grade rules of
rimary alcohols like ethanol, it is difficult to form stable carbocation
ntermediates due to the high-energy barrier. Therefore, direct dehydra-
ion of ethanol to ethylene mainly follows the E2 mechanism. 

.1.1.2. Paths B and C: Stepwise reaction mechanism. In the stepwise
echanism, two ethanol molecules form DEE via intermolecular dehy-
ration (path B), which is then dehydrated to generate ethylene (path
). Zhang et al. summarised the mechanism of ethanol dehydration, and
uggested an optimal reaction temperature range (under 240 °C) for DEE
ormation. When the temperature was above 240 °C, ethanol might con-
ert directly to ethylene [149] . It is because that the reaction of path A is
ndothermic ( ΔH = + 44.9 kJ/mol) and an increase in reaction temper-
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Fig. 7. Electron transfers in ETE reaction network. 

Fig. 8. Proposed reaction mechanism for alcohol dehydration [ 10 , 149 ]. 

Fig. 9. Proposed reaction mechanism for the generation of 
diethyl ether from ethanol [149] . 
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ture will shift the equilibrium to the right-hand side, and thus promote
he reaction of path A. In contrast, the reaction of path B is exothermic
 ΔH = − 25.1 kJ/mol), so a decrease in temperature favours path B. Al-
hough the consensus on the formation mechanism of DEE from ethanol
as not yet been established, alkoxide (hydroxyl hydrogen of ethanol is
eplaced by a metal ion) is suggested as a necessary intermediate. The
eaction of ethanol intermolecular dehydration to DEE is a substitution
eaction, and the generation of DEE follows S N 1 (single-molecule nu-
leophilic substitution) or S N 2 (bimolecular nucleophilic substitution)
echanism ( Fig. 9 ) [149] . The oxygen atom in DEE has an unshared

lectron pair, which can be considered as a weak alkali. When it ab-
orbs on the acidic sites of the catalyst, oxygen onium salt is formed
nd the C-O bond becomes weak and then breaks to form ethylene. 

.1.2. Catalysts for ETE reaction 

The first attempt on ethanol dehydration to produce ethylene in the
aboratory scale was performed possibly in 1795 by mixing and heating
55 
thanol and sulphuric acid [ 10 , 150 ], showing that the conversion was
atalysed by acid catalyst, which rationalise the potential of solid acid
atalysts. Phosphoric-based acid catalyst was the first catalyst used in
he industrial equipment for ETE processes [149] . It was then developed
y the British Imperial Chemical Industries (ICI) by loading phosphate
n clay or coke [ 151 , 152 ]. Bedia et al. found that phosphoric acid im-
regnated carbon catalysts could achieve almost 100% ethylene selec-
ivity in ETE [141] . However, phosphoric-based acid catalysts are easily
eactivated by coke deposition, which hindered their further develop-
ent [149] . Currently, there are mainly three types of heterogeneous

atalysts used for ETE, i.e . metal oxides [153] , zeolites [154] , and het-
ropolyacid catalysts [155] . 

.1.2.1. Metal oxide catalysts. Various metal oxide catalysts have been
eveloped and used to convert ethanol to ethylene. 𝛾-Al 2 O 3 is a typi-
al example [ 144 , 156 , 157 ], which exhibited better dehydration perfor-
ance than TiO and ZrO [158] . A combination of ab initio theoretical
2 2 
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u  
alculations and TPD experiments demonstrated that ethanol dehydra-
ion reaction occurred through an E2-elimination mechanism involving
ewis acid sites (metal centres) and surface O and/or OH groups of the
etal oxides ( i.e . ethanol transferred its 𝛽-hydrogens to surface O or OH

roups from the presence of dissociated water on the oxide surface). It
as found that the dehydration barriers decreased as the carbenium-

on stability increased and the barriers were consistently lower when
nvolving the bridged O compared to that with the OH groups. The dif-
erence in energy barriers between the bridged O and the OH groups
as small on TiO 2 and ZrO 2 but became more pronounced in the case
r 𝛾-Al 2 O 3 . Since the dehydration barriers on the cluster of 𝛾-Al 2 O 3 
ere smaller than those on TiO 2 and ZrO 2 (regardless of whether or
ot bridged O or the OH groups were involved), 𝛾-Al 2 O 3 was demon-
trated to be a better catalyst for ethanol dehydration than either TiO 2 
r ZrO 2 [158] . Banzaraktsaeva et al. found that ring-shaped 𝛾-Al 2 O 3 
atalyst (acid-modified alumina prepared by centrifugal thermal acti-
ation of hydrargillite) showed relatively high ethanol conversion and
thylene yield (4–5% and 5–7% higher, respectively) as compared with
he trilobe-shaped catalyst [159] . Their follow-up study showed that
cid modification of ring-shaped catalyst could improve ethanol con-
ersion from 74.5% to 84.1%, and ethylene selectivity from 55.4% to
0.6% at 370 °C [160] . Ceria-zirconia mixed oxide (Ce 0.8 Zr 0.2 O 2 ) was
lso developed for the conversion of ethanol to ethylene, which reached
00% ethanol conversion and selectivity for ethylene at low temper-
tures of 200–300 °C [161] . Tungsten oxide (WO 3–x ) with abundant
xygen vacancy showed efficient activity for ethylene production from
hotocatalytic ethanol dehydration at ambient temperature and atmo-
pheric pressure, achieving a remarkable ethylene generation rate of
6.9 mmol/(g·h) and 94.9% of ethylene selectivity [153] . Additionally,
ighly active TiO 2 / 𝛾-Al 2 O 3 catalyst has been successfully applied for
he catalytic dehydration of bioethanol to ethylene in a microchannel
eactor, showing a high ethanol conversion of 99.96% and ethylene se-
ectivity of 99.4% [162] . In general, 𝛾-Al 2 O 3 shows good catalytic ac-
ivity (that is, production of high purity ethylene with high yield) and
tability, as well as being cost-effective (due to the wide availability
nd the easy production process). However, when the concentration of
thanol feedstock is low ( < 12 wt.% [162] ), high temperature ( > 400 °C
10] ) and low space velocity (0.23–1.17 h –1 weight hourly space ve-
ocity (WHSV) in a traditional fixed-bed reactor [162] ) are required for
thanol dehydration over 𝛾-Al 2 O 3 , being energy intensive. Therefore,
eolite catalysts are proposed and explored for advancing the conver-
ion. 

.1.2.2. Zeolite catalysts. The commodity value of low-concentration
thanol ( e.g., residual liquid recovered from bio-fermentation) can be
ully exploited using zeolite catalysts. ZSM-5 zeolite was effective cata-
yst for ETE even with low ethanol concentration (as low as 2 vol.%) in
he feed and at temperatures as low as 170 °C due to the strong acidity
nd shape selectivity of ZSM-5 [163] . Zeolite acidity has a significant
ffect on catalytic performance regarding ethylene selectivity and cata-
yst stability [164] . The presence of a high concentration of strong acidic
ites could promote the secondary reactions of ethylene ( i.e ., oligmeri-
ation, cracking and coking) to form long-chain hydrocarbons and even
arbonaceous deposit on the catalyst [ 163 , 165 ]. Si/Al ratios of 35–55
ere found to be able to provide high ethylene selectivity whilst main-

aining high activity and stability [166] . It was found that the unique
icroporous framework of ZSM-5 played a major role in achieving high

thylene selectivity by blocking the formation of bulky oligomeric com-
ounds, i.e., shape selectivity [163] . Since the micropores of the zeo-
ite can be easily blocked by bulky molecules, leading to catalyst de-
ctivation, mesoporous zeolites have been developed to improve mass
ransfer during reaction. For example, Sheng et al. performed steam-
ng of H-ZSM-5 zeolite to create mesoporous zeolite of HT500 (treated
t 500 °C), and the HT500 exhibited excellent catalytic performance re-
arding both activity and stability ( i.e ., ethanol conversion and ethylene
electivity were higher than 95% for 350 h on stream) [167] . Addition-
56 
lly, HT500 reduced coke deposition significantly ( i.e ., 0.007 wt.%/h
n spent HT500 versus 0.042 wt.%/h on spent H-ZSM-5). Deactivation
f H-ZSM-5 can be attributed to the accumulation of coke deposition
n the catalyst, which reduces the accessibility of reactants to the in-
er framework where active acid sites sit. Coke deposition over zeolites
orrelates with strong acidity, explaining quick deactivation the parent
-ZSM-5, which has concentrated strong acid sites, and its poor perfor-
ance in ethanol conversion and ethylene selectivity. In contrast, the

ower acidity and lower ratio of Brønsted acid to Lewis acid (B/L) of
T500 after steaming suppressed the coke deposition, resulting in the

elief of the channel blockage. Additionally, the mesopores of HT500
ould also enhance the diffusion of reactants and products, and thus
itigating coke formation. Lanthanum-phosphorous modified H-ZSM-5

eolite showed excellent catalytic performance and coking resistance,
specially 0.5%La-2%P/H-ZSM-5, achieving 100% ethanol conversion
nd 99.9% ethylene selectivity at 240–280 °C, which could be attributed
o the tuned acid sites, pore structure and the synergistic interaction
etween the lanthanum and phosphorus [168] . Chen et al. developed
n and Zn modified SAPO-11 and SAPO-34 zeolites, and found that

he Mn-SAPO-34 catalyst showed the best ethanol conversion ( ∼99.4%)
nd ethylene selectivity ( ∼98.4%) at 340 °C due to its large surface area,
ffording more opportunities for reactants to contact and react [143] .
asih et al. compared the catalytic performance of Rho zeolite with

SM-5 and three 𝛾-Al 2 O 3 catalysts [169] . RhO zeolite exhibited supe-
ior catalytic activity with an excellent ethylene selectivity of 99% at
50°C and 100% ethanol conversion, which was due to its medium-
trong acidic properties. 

.1.2.3. Heteropolyacid catalysts. Several heteropolyacid catalysts ( e.g.

 x H 3–x PW 12 O 40 (0 < x < 3) [155] , Cu 0.5 x H 3–x PMo 12 O 40 ( x = 1, 2
nd 3) [170] , Ag 3 PW 12 O 40 and Ag 3 PMo 12 O 40 [171] , H 3 PW 12 O 40 , and
 4 SiPW 12 O 40 [172] ) have been studied for ethanol dehydration to ethy-

ene. Gurgul et al. found that Ag 3 PW 12 O 40 had higher catalytic activ-
ty than Ag 3 PMo 12 O 40 , but its activity strongly depended on the rel-
tive humidity of air [171] . For example, 2% of relative humidity of
ir atmosphere could cause the decomposition of about 40% of Keg-
in anion in AgPW structure and the removal of water hydrated lat-
ice silver in the catalyst diminished the quantity of available pro-
ons, and thus decreased ethanol conversion. Clemente et al. synthe-
ised HPW/CZ catalysts (H 3 PW 12 O 40 supported on Ce 0.8 Zr 0.2 O 2 mixed
xide) and found that the conversion of ethanol to ethylene increased
ith HPW loading on the support, and these catalysts also had the
otential of achieving 100% ethanol conversion and approximately
00% ethylene selectivity [161] . Bokade et al. studied the catalytic de-
ydration of bioethanol using dodecatungestophosphoric acid (DTPA)
upported on montmorillonite (K-10) catalysts, and found that 30%
/m DTPA/K-10 catalyst showed better activity with 74% ethanol con-

ersion and 92% ethylene selectivity at 250 °C in comparison with
ther acid catalysts used [173] . Almohalla et al. compared three het-
ropolyacids (tungstophosphoric acid (TPA, H 3 O 40 PW 12 ·n H 2 O), sili-
otungstic acid (STA, H 4 O 40 SiW 12 ·n H 2 O) and phosphomolybdic acid
PMA, H 3 Mo 12 O 40 P·n H 2 O)) supported on carbon materials (activated
arbon and graphite) for ethylene production from bioethanol [174] .
he results showed that TPA/AC and STA/AC catalysts exhibited the
est performance, achieving activity values of 40 μmol/(g·s) and 100%
thylene selectivity after 2 h of reaction at 250 °C. Moreover, for all
atalysts studied, no significant reduction in ethanol conversion was ob-
erved by the addition of water in the feed stream of bioethanol, and the
thylene selectivity was maintained without showing major changes, in-
icating both AC and graphite are promising supports for heteropolyacid
atalysts. 

.2. Bioethanol to propylene 

Propylene is another important platform light olefin, which is widely
sed for the production of polypropylene plastics ( e.g ., films and packag-
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Fig. 10. Reaction pathways of ethanol conversion to propylene on H-ZSM-5 [177–179] . 

Fig. 11. Reaction pathways of ethanol conversion to propylene on Ni-MCM-41 [180] . 
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ng), acrylonitrile ( e.g ., polymer resins and synthetic rubbers) and propy-
ene oxide ( e.g ., polyether polyols used in flexible or rigid foams and
ropylene glycols used for food applications and in cosmetics) [20] . It
s noted that propylene production growth rate has sustained at around
% per year [175] . Although traditional technologies (the two main
ources of propylene are as a by-product from steam cracking of liquid
eedstocks such as naphtha and liquefied petroleum gas (LPG) from fos-
il fuels, and from off-gases produced in fluid catalytic cracking (FCC))
ave been capable of meeting the demand so far, the feedstock fossil fu-
ls are limited, non-renewable and unsustainable [175] . Therefore, it is
rgent to develop new sustainable processes for propylene production.
ince bioethanol can be produced from renewable biomass and is pro-
uced in a high capacity in the world, catalytic upgrading of bioethanol
s now considered as a good alternative for propylene production [176] .

.2.1. Catalytic reaction mechanism of ethanol-to-propylene (ETP) 

The reaction mechanism of ETP depends greatly on the catalysts em-
loyed. There are mainly three type of catalysts used for this process,
.e . zeolites [177–179] , mesoporous materials [180] , and metal oxides
 180 , 181 ]. For H-ZSM-5 zeolite catalyst, as shown in Fig. 10 , the pro-
osed reaction mechanism includes ethanol dehydration to ethylene,
hich is then converted in parallel to propylene and butylene [179] . Fi-
ally, oligomerisation of ethylene, propylene and butylene contributes
o the formation of paraffins and higher hydrocarbons. Iwamoto et al.
dentified two parallel pathways (route A and route B as shown in
ig. 11 ) of the propylene formation from ethanol over the Ni-MCM-41
atalyst [180] . Route A is a process that ethanol is firstly converted to
iethyl ether by dehydration, which is then converted to ethylene, fol-
owed by the transformation of ethylene to butylenes (except isobutene),
nd then 2-butylene reacts with ethylene to produce propylene. For
oute B, instead of having diethyl ether as intermediate, acetaldehyde
nd ethyl acetate are observed as intermediates. Ethanol is firstly con-
erted to acetaldehyde by dehydrogenation, which is then converted
o ethyl acetate, followed by the formation of ethylene from ethyl ac-
tate, and then ethylene is transformed to butylenes (except isobutene),
nd then 2-butylene reacts with ethylene to produce propylene (the
onversion of ethylene to propylene in route B is the same as that in
oute A). For Sc 2 O 3 /In 2 O 3 and Y 2 O 3 /CeO 2 catalysts [180] , as shown in
57 
ig. 12 , the reaction includes dehydrogenation of ethanol to acetalde-
yde, conversion of acetaldehyde to acetone, transformation of acetone
o isopropanol, and dehydration of isopropanol to propylene. Although
mall quantities of ethylene and butylenes were found in the product,
o propylene was obtained upon the introduction of ethylene into the
eaction system, suggesting that metathesis reaction of ethylene and
utylenes was unlikely to produce propylene. Fig. 12 only presents the
rincipal reaction route found by Iwamoto et al. for the formation of ace-
one from acetaldehyde, and other reactions ( e.g ., Eqs. 21 –23 ) [ 180 , 181 ]
ay also occur simultaneously. Finally, it is worth noting that acetone is
ydrogenated to form isopropanol over Sc 2 O 3 /In 2 O 3 , whilst, over the
 2 O 3 /CeO 2 catalyst, acetone is reduced by ethanol instead of hydro-
en, which is recognised as Meerwein-Ponndorf-Verley (MPV) reduction
 180 , 182 , 183 ]. 

 CH 3 CHO + H 2 O → CH 3 COCH 3 + CO 2 + 2 H 2 (21)

H 3 COOCH 2 CH 3 + H 2 O → CH 3 COOH + C 2 H 5 OH (22)

H 3 CHO + H 2 O → CH 3 COOH + H 2 (23)

Matheus et al. proposed another mechanism for ETP over a mixture
f t -ZrO 2 and AgCeO 2 [175] . As shown in Fig. 13 , the oxidative dehydro-
enation of ethanol occurs first, forming acetaldehyde (over AgCeO 2 ),
hich is then oxidised to acetate species (over AgCeO 2 ). These acetate

pecies undergo ketonisation to acetone (over AgCeO 2 ), which under-
oes Meerwein-Ponndorf-Verley (MPV) reduction with ethanol to gen-
rate isopropanol and acetaldehyde (over t -ZrO 2 ). The former is dehy-
rated to propylene (over t -ZrO 2 ), while the latter goes back to oxidation
nd ketonisation (over AgCeO 2 ). Acetaldehyde can also be produced by
he dehydrogenation of ethanol over t -ZrO 2 . 

.2.2. Catalysts for ETP reaction 

H-ZSM-5 zeolite is a typical catalyst used for the catalytic conversion
f ethanol to propylene. One factor which affects the catalytic perfor-
ance of H-ZSM-5 is its acidic property (which can be generally rep-

esented by the Si/Al ratio), that is, a relatively low Si/Al ratio bene-
ts the propylene productivity [177] , and a high Si/Al ratio improves
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Fig. 12. Reaction pathways of ethanol conversion to propylene on Sc 2 O 3 /In 2 O 3 and Y 2 O 3 /CeO 2 [180] . 

Fig. 13. Reaction pathways of ethanol conversion to propylene over a physical mixture of t -ZrO 2 and AgCeO 2 . Reprinted with permission from ref [175] . Copyright 
(2018) American Chemical Society. 
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he catalytic stability [184] . The crystal size of H-ZSM-5 can also affect
thanol conversion to propylene. It was found that, based on the sim-
lar acidic property, H-ZSM-5 zeolite with smaller crystal sizes (about
00 nm) showed better propylene selectivity and stability in compari-
on with that with large sizes ( > 100 nm) [185] . It is because that small-
ized zeolite has the improved accessibility and reduced diffusion path
engths, which can mitigate coke formation. Similar phenomenon was
bserved by Xia et al. as well, showing that a decrease in the particle
ize of H-ZSM-5 catalyst led to an increase in propylene yield [186] . To
mprove the selectivity to propylene and catalysts’ stability, modified
-ZSM-5 zeolites [ 187 , 188 ], have been developed for ETP. The highest
ropylene selectivity achieved by the modified H-ZSM-5 catalysts was
eported at about 30%. 

In 2 O 3 [ 20 , 180 , 181 ], ZrO 2 [ 176 , 189-191 ], and CeO 2 [ 180 , 183 ] sup-
orted metal oxides are also popular catalysts for ETP. Among them,
n 2 O 3 -based catalysts (Sc 2 O 3 /In 2 O 3 [ 180 , 181 ] and Sc 2 O 3 /In 2 O 3 /Beta
20] ) showed the highest propylene yield of 50–62%, whilst, over the
rO 2 -supported catalyst (Y 2 O 3 /ZrO 2 [ 190 , 191 ]) and CeO 2 -supported
atalyst (Y 2 O 3 /CeO 2 [183] ), the yield of propylene were about 44%
nd 37%, respectively. Iwamoto et al. also found that the presence of
ater in ethanol could decrease the coke formation and then improve

he durability of Sc 2 O 3 /In 2 O 3 , and the addition of hydrogen increased
he conversion of acetone to propylene [ 180 , 181 ]. 

In ETP reaction, propylene production is always accompanied by
ther olefins, especially ethylene and butylenes, which can oligomerise
o higher olefins, aromatics and coke, resulting in a decrease in propy-
ene selectivity and catalyst deactivation [192] . Therefore, the develop-
ent of propylene selective catalysts is still required. It is a challenging

ask to obtain selective catalysts for ETP conversion because the reac-
ion mechanism varies in the presence of different types of catalysts,
nd the relationships between catalyst property, activity and stability
re not fully addressed. For example, for the most widely used H-ZSM-
 c  

58 
 catalyst, the formation of ethylene (as the intermediate for propy-
ene production) requires acid sites, but the acid sites can also catalyse
he consecutive secondary reactions of ethylene and propylene to pro-
uce polyaromatics, being responsible for catalyst deactivation and low
electivity of ETP processes [179] . It is suggested that zeolite with a
oderate surface acidity is preferable for the production of propylene

rom ethanol. Considering microporous zeolite catalysts are easily deac-
ivated by coke deposition, reducing the catalyst crystal size and intro-
ucing mesopores into catalyst structure are the two possible routes to
nhance the mass transfer and the degree of accessibility to active sites.
or metal oxides and supported metal oxide catalysts, the chemical na-
ure (acid-base property) and loading of different metals, and the types
f catalyst support (increasing the surface area or providing another
ype of active site) have been widely studied to form a multifunctional
eterogeneous catalyst to facilitate reactions with complex mechanisms,
nd thus to improve propylene selectivity and catalyst stability during
TP process. 

.3. Bioethanol to C 4 olefins 

Isobutene and 1,3-butadiene (BD) are the main products in the con-
ersion of ethanol to C 4 olefins. Isobutene is widely used in the produc-
ion of polymers ( e.g . butyl rubber) and gasoline additives ( e.g . methyl
ert-butyl ether and ethyl tert-butyl ether) [21] . Both isobutene and BD
re mainly produced via steam cracking of naphtha, which is energy
ntensive and produces a mixture of C 4 isomers, requiring a further sep-
ration processes to obtain high purity isobutene [ 193 , 194 ]. To reduce
he energy consumption and the use of fossil fuels, bioethanol is a sus-
ainable feedstock to produce C 4 olefins. 

Bioethanol can be converted to isobutene via a two-step process,
.e . converting ethanol to acetone Eqs. 24 and (25) using base metal
atalysts ( e.g . ZnO-CaO [195] and ZnO-Fe 2 O 3 [196] ), followed by the
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Fig. 14. Reaction mechanism of ethanol conversion to 1,3-butadiene [201] . 
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ransformation of acetone to isobutene ( Eq. 26 ) on acidic zeolites ( e.g .
SM-5 and Beta zeolite [197] ). Hence, cascade conversion of ethanol to
sobutene ( Eq. 27 ) is possible over a bifunctional catalyst with the bal-
nced acid/base properties. Zn x Zr y O z mixed oxide catalysts with both
cidic and basic sites were then developed for the direct conversion of
ioethanol to isobutene with the high yield ( ∼83%) [198] . The catalysis
ver the Zn x Zr y O z catalysts proceeded via a five-step sequence [199] .
thanol first undergoes dehydrogenation to acetaldehyde followed by
xidation to produce acetic acid, which undergoes ketonisation to form
cetone. Acetone then dimerises to produce diacetone alcohol ( i.e ., con-
ensation), which either decomposes directly to isobutene and acetic
cid or produces these products by dehydration to mesityl oxide and
ubsequent decomposition. 

H 3 CH 2 OH → CH 3 CHO + H 2 (24)

 CH 3 CHO + H 2 O → CH 3 COCH 3 + CO 2 + 2 H 2 (25)

 CH 3 COCH 3 → 2 i -C 4 H 8 + CO 2 + H 2 O (26)

 CH 3 CH 2 OH + H 2 O → i -C 4 H 8 + 2 CO 2 + 6 H 2 (27)

The mechanism of catalytic conversion of ethanol to BD is complex
nd mainly involves the following five steps ( Fig. 14 ) [ 22 , 200 , 201 ]:
i) dehydrogenation of ethanol to acetaldehyde, (ii) aldol condensa-
ion of acetaldehyde to 3-hydroxybutyraldehyde, (iii) dehydration of
-hydroxybutyraldehyde to crotonaldehyde, (iv) Meerwein-Ponndorf-
erley (MPV) reaction between crotonaldehyde and ethanol to obtain
rotyl alcohol and (v) dehydration of crotyl alcohol to 1,3-butadiene.
herefore, being similar to ethanol conversion to isobutene, the active
atalyst for converting ethanol to BD should have both acidity and ba-
icity to enable the dehydration of crotyl alcohol to BD, and the dehy-
rogenation and aldol condensation reactions, respectively. 

MgO-SiO 2 catalysts [ 49 , 202-205 ] containing acid-base bifunction-
lity have been widely studied due to their high selectivity to 1,3-
utadiene (up to 87% on MgO-SiO 2 -Na 2 O). The balance of the chemical
roperties ( i.e ., Mg/Si ratio) is important for the selective production of
D [49] . Other metal oxides such as ZnO-Al 2 O 3 [206] and Cr 2 O 3 -Al 2 O 3 
206] with redox properties were also developed for the conversion
f ethanol to BD. Besides, silica-supported and zeolite-supported Lewis
cids [207–211] were found to be highly active because these Lewis
cids promoted the conversion of ethanol/acetaldehyde mixtures to BD.
n addition, Ag and Cu were great promoters to enhance the formation
f acetaldehyde through ethanol dehydrogenation [ 207 , 212 , 213 ]. 

Although BD selectivity and yield are commonly selected and used
n the literature as the criteria to evaluate the catalysts’ performance,
59 
rom a practical point of view, BD productivity can be more appropri-
te. However, due to the lack of experimental details, estimation of BD
roductivity for a fair comparison of the catalytic performance of differ-
nt catalysts can be challenging. Jones et al. suggested that a minimum
arget for BD productivity at 0.15 g BD g cat 

–1 h –1 should be achieved be-
ore further development towards industrial application [49] . Dai et al.
tudied one-pot catalytic conversion of ethanol to BD over a zeolite cat-
lyst (Zn-Y/Beta), showing an impressive BD productivity of up to 2.33
 BD g cat 

–1 h –1 and a high BD selectivity of ∼63%, which demonstrates
he promise of the development for the potential industrial production
f BD [214] . 

Time-on-stream (TOS) stability of the catalysts, as another crucial
actor, is a long-standing challenge for ethanol-to-BD process. Catalyst
eactivation due to coking is a major issue [ 215 , 216 ]. Pore blockage and
he associated reduced accessibility of active sites by reactants/products
re also the main reasons for catalyst deactivation [217] . It was found
hat the presence of water could significantly alleviate catalyst deacti-
ation, which was ascribed to the inhibition of successive condensation
nd dehydrogenation reactions which are responsible for coke formation
218] . In addition, the use of bioethanol/water mixture as the feedstock
ay also reduce the operating cost since the energy-intensive removal

f water from ethanol can be avoided after fermentation. Chae et al.
ound that mesoporous SBA-15-supported catalyst (Ta/SBA-15-100 with
 pore size of 8.0 nm) had much better longevity than the catalyst based
n commercial porous silica-supported (Ta/Merck with a pore size of 5.5
m) because the large pore of SBA-15 could facilitate molecular diffu-
ion and reduce the possibility of coking [200] . Regarding the deacti-
ated catalysts due to coking, they can be potentially regenerated via

alcination in air with minimum loss of catalytic activity [ 219 , 220 ]. 

. Bioethanol to gasoline 

Gasoline, primarily used as automotive fuel, comprises a mixture of
 5 to C 12 hydrocarbons [221–223] . Although ethanol-gasoline blends
ave been used widely, there is a limitation for the ethanol content in
he blends ( e.g. , 5–10% in the US for vehicles and 22–26% in Brazil
or general use [221] ) to avoid the substantial redesign of engines and
lling stations due to the potential engine corrosion caused by water
24] . Currently, only flexible fuel vehicles have internal combustion en-
ines that are capable of operating on any ethanol-gasoline blends with
p to 83% ethanol content [224] . In addition, for gasoline containing
thanol, mileage per litre is not as good as that by regular gasoline be-
ause the combustion heat of ethanol (21.2 MJ/L) is lower than that of
asoline (32.5 MJ/L) [24] . Therefore, development of catalytic conver-
ion of bioethanol to gasoline is important and promising to meet the
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Fig. 15. Reaction pathways of ETG [232] . 
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ncreased energy requirement while reducing the dependence on fossil
uels. 

.1. Catalytic reaction mechanism of ethanol-to-gasoline (ETG) 

The catalytic conversion of ethanol to gasoline is complex ( Fig. 15 ).
TG process mainly involves three steps [ 10 , 225 ]: ethanol dehydration
o ethylene, secondary reactions ( i.e ., oligomerisation of ethylene), and
roduction of aromatics/paraffins through hydrogen transfer (HT). It
as been demonstrated that the distribution of the hydrocarbon prod-
cts in ETG is similar to that in methanol-to-gasoline (MTG) process
 223 , 226 , 227 ], except durene (an undesired by-product from MTG pro-
ess [228] ), which does not occur in the products of ETG process.
cid catalysts ( e.g ., zeolites [229] and hydroxyapatites [221] ) are re-
uired for the conversion of ethanol to hydrocarbons. For ETG reaction,
rønsted acid sites are generally considered as the actives sites [165] .
hen Brønsted acid sites are deactivated by carbonaceous deposits, rad-

cals generated during the reaction are identified as another type of
ctive sites in the oligomerisation of ethylene into C 3 + hydrocarbons
 230 , 231 ]. 

.2. Catalysts for ETG reaction 

Currently, there are mainly two types of solid acid catalysts used
or ETG, i.e ., zeolites [229] and hydroxyapatites [221] . Zeolite catalysts
ave been extensively used and studied for ETG process in comparison
ith hydroxyapatite catalysts. 

.2.1. Zeolite catalysts 

Zeolites are the most widely used catalysts for ETG reaction. Madeira
t al. compared the catalytic performance of three zeolites (of H-ZSM-5,
-FAU, and H-BEA) having approximately the same amount of Brønsted
cid sites but having different pore structures [229] . The Brønsted acid-
ty of H-ZSM-5, H-FAU, and H-BEA was 297, 270, and 266 μmol/g,
espectively. The pore sizes of the three zeolites were around 0.55,
.74, and 0.67 nm, respectively. Besides, the microporous volumes of
hem were 0.177, 0.329, and 0.271 cm 

3 /g, and the mesoporous pore
olumes were 0.085, 0.141, and 0.563 cm 

3 /g, and the total pore vol-
mes were 0.262, 0.471, and 0.835 cm 

3 /g, respectively. H-ZSM-5 zeo-
ite with a medium pore size converted ethanol mainly to C 3 + hydrocar-
ons (mostly C 5 to C 11 ), whilst the large pore H-FAU and H-BEA zeolites
60 
roduced mainly ethylene and diethyl ether (intermediate products).
his was because that on large pore zeolites (H-FAU and H-BEA), coke
olecules were aromatics and more condensed than those on H-ZSM-5.
hose polyaromatic compounds rapidly blocked the porous structure of
-FAU and H-BEA and caused a significant decrease of their Brønsted
cid sites. As a result, the remained acid sites on coked H-FAU and H-
EA samples were only strong enough to convert ethanol into inter-
ediates, and the loss of strong acidity prevented the transformation

f intermediates to C 3 + hydrocarbons. In contrast, the deactivation of
edium pore H-ZSM-5 zeolite was slower and C 3 + hydrocarbons were
ainly produced with small amounts of ethylene and diethyl ether. Sim-

lar findings were reported by Kittikarnchanaporn et al. as well [233] ,
hat is, H-ZSM-5 was highly selective to gasoline (circa ( ca .) 93.7%),
hilst HBeta and HY zeolites were not (at ca . 68.0% and 86.9%, respec-

ively). Therefore, based on the findings so far, H-ZSM-5 is the most
romising catalyst for promoting ETG because of its acid property and
nique pore structure (or shape selectivity). 

Regarding H-ZSM-5 zeolite, the main concern is the deactivation due
o coke deposition and the deterioration in the acidity ( i.e ., dealumina-
ion) of the zeolite [ 24 , 223 , 229 ]. The former is reversible, while the lat-
er is irreversible. The coke content in the catalyst generally depends on
he reaction conditions, such as reaction temperature, time-on-stream,
nd feed composition (particularly water content) [223] . When the coke
ontent is low, the carbon deposits can be burned off by calcination of
he catalyst at 550 °C, which does not affect the catalyst’s activity signif-
cantly [ 24 , 234 ]. Conversely, there is a slight hysteresis in the activity-
oke relationship corresponding to the reaction and regeneration steps
sed for the catalyst with high coke content, which may block the in-
ernal channels of the zeolite crystals ( i.e. , the access to the active sites)
234] . The water in bioethanol has a complex effect on the catalyst de-
ctivation [235] . It is believed that the presence of water in the feed, as
ell as partially as the product, mitigates catalyst deactivation by pre-
enting coke formation at moderate temperatures ( ∼305 °C) [ 235 , 236 ].
ne possible reason is that water decreases the acidic strength of the
atalyst by hydration of the Brønsted acid sites, and another explana-
ion is the competitive adsorption of water and coke precursors ( e.g. ,
thylene) on the acid sites in the process of coke formation [235] . How-
ver, at high temperatures ( > 450 °C), the presence of water can lead
o a significant loss of zeolites’ active sites by dealumination, resulting
n irreversible catalyst deactivation [ 223 , 234 ]. To minimise the effect
f catalyst deactivation by the presence of water in bioethanol, a mod-
rate reaction temperature of 300 − 450 °C is suggested, which requires
he use of highly active catalyst. If possible, a shorter reaction time and
 lower water content in the feed are preferable. Alternatively, explor-
ng and developing water-stable catalysts for ETG reaction seem to be a
romising solution. Therefore, for the catalytic upgrading of ethanol to
asoline, the desired catalyst should have good hydrothermal stability,
s well as high selectivity to gasoline range hydrocarbons. To achieve
he goal, modification of H-ZSM-5 has been explored, with the focus on
i) increasing the acidity of the zeolite catalysts, (ii) developing hierar-
hical zeolites containing mesopores and (iii) loading different metals
n the zeolite catalyst. 

Zeolite acidity can be varied by changing the Si/Al ratio [165] or
ncorporating a modifier ( e.g ., P and La) [ 168 , 237 ]. A low Si/Al ratio
f the zeolite catalyst ( e.g ., 15 − 40 for H-ZSM-5) represents a high acid-
ty, suggesting the high selectivity to higher hydrocarbons [ 146 , 238 ].
or example, Inaba et al. studied ethanol conversion over two H-ZSM-5
eolites with Si/Al ratios of 14.5 and 95, respectively [238] . The two
-ZSM-5 catalysts achieved comparable ethanol conversions. However,

he H-ZSM-5 catalyst with Si/Al = 14.5 mainly produced BTX aromatics
ith a selectivity of 52.9%, whilst the H-ZSM-5 catalyst with Si/Al = 95
as mainly selective to ethylene with a selectivity of 97.6%. Similar

esults were also reported by Chaudhuri et al. [165] and Ramasamy et
l. [239] . Incorporating a modifier can also adjust the acidity of zeolite
atalysts, and the loading of the modifier shows an obvious effect on the
eolite acidity. For example, when using phosphoric acid as the P source,
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Table 1 

Yield of hydrocarbon products (in wt.%) from catalytic conversion of ethanol 
over aluminium and transition metal exchanged ZSM-5 zeolites [241] . 

Metal ion C 2 C 3 − 4 olefins Paraffins C 5 + Aromatic hydrocarbons 

Cu 2 + 52.40 21.19 6.11 7.60 12.70 
Fe 3 + 36.30 27.35 10.85 10.60 14.90 
Zn 2 + 35.30 25.54 11.06 9.00 19.10 
Pd 2 + 34.90 26.28 12.42 10.50 15.90 
Al 3 + 32.40 21.21 19.89 8.40 18.10 
Co 2 + 28.30 29.24 12.46 11.10 18.90 
Mn 2 + 25.30 30.45 14.55 13.00 16.70 
La 3 + 22.10 24.91 19.99 10.40 22.60 
Ce 4 + 20.50 25.80 19.50 12.30 21.90 
Ni 2 + 14.70 16.48 19.22 7.10 42.50 
Cr 3 + 13.00 18.48 28.02 6.40 34.10 
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han et al. found that the addition of 2% P into H-ZSM-5 (2% P/H-ZSM-
, 0.705 mmol/g acidity) caused a decrease of total acidity compared to
arent H-ZSM-5 (0.974 mmol/g acidity) because P impregnation largely
educed the number of strong acid sites [168] . In contrast, Ramesh et
l. found that the incorporation of 1.86% P into H-ZSM-5 increased the
cidity from 0.56 mmol/g to 0.81 mmol/g, but a further increase of P
oading to 3.72% and 7.43% significantly decreased the catalyst acidity
o 0.24 and 0.22 mmol/g, respectively [237] . It was found that the im-
regnation of La into H-ZSM-5 catalyst could slightly enhance the total
cidity (from 0.974 mmol/g for the parent H-ZSM-5 to 1.016 mmol/g
or 0.5% La/H-ZSM-5), which increased the selectivity to C 3 + hydrocar-
ons by about 20% [168] . 

Mesoporosity in H-ZSM-5 zeolite is another important parameter for
he effective production of gasoline from ethanol. Viswanadham et al.
ompared the catalytic performance of nano-crystalline and microcrys-
alline H-ZSM-5 zeolites, i.e ., H-ZSM-5(N) and H-ZSM-5(M) [232] . Both
atalysts gave 100% ethanol conversion at 500°C, but the selectivity to
ydrocarbons varied significantly. H-ZSM-5(N) catalyst produced 70.1%
f liquid hydrocarbons as compared with 51.3% achieved by H-ZSM-
(M). The selectivity to C 5 –C 10 paraffins was similar at ∼10% for both
atalysts, but H-ZSM-5(N) produced more aromatics than H-ZSM-5(M),
.e ., 50.6% versus 36.3%. Moreover, the obtained hydrocarbons by the
-ZSM-5(N) catalyst had higher research octane number (RON), i.e .,
5.4 versus 90.5, proving that H-ZSM-5(N) was more selective to the
asoline range hydrocarbons. Since both catalysts have the same Si/Al
atio of 30, and hence comparable acidity, the difference in their cat-
lytic behaviours was ascribed to the different porosity of the two ze-
lites. Due to the presence of mesopores in H-ZSM-5(N), C 5 + olefins
ere converted to aromatics instead of propylene as in microporous H-
SM-5(M). In the conversion of ethanol to hydrocarbons, the nano-size
ierarchical H-ZSM-5 zeolite containing mesopores also demonstrated
he improved catalyst lifetime as compared with the conventional cata-
yst due to shorter diffusion path length, faster removal of products and
igration of coke precursors from the micropores to the external surface

240] . 
Cation exchanged zeolites (including alkali metals, alkaline earth

etals, and transition metals) were developed as well for improving
thanol conversion. Schulz et al. found that only ethylene was formed
y using alkali exchanged zeolites due to the loss of strong acid sites dur-
ng ion exchange, prevented secondary reactions of the primary product
thylene. The exchange of ZSM-5 with alkaline earth metals or transi-
ion metals allowed the formation of a wide range of hydrocarbons (from
thylene to aromatics) [241] . Compared to alkaline earth metals, tran-
ition metals have more options ( Table 1 ), so they have been widely
tudied for the catalytic conversion of ethanol to hydrocarbons. 

When metals are incorporated into zeolites, the ETG process still oc-
urs by a hydrocarbon pool mechanism (as shown in Fig. 15 ): the dehy-
ration of ethanol with the subsequent oligomerisation of ethylene to
orm higher hydrocarbons (olefins, paraffins, and aromatics). However,
61 
t is worth to mention that some metals can inhibit the excess reactions
or the formation of coke deposition, while other metals enhance the
arbonisation reactions [ 238 , 242 ]. The incorporation of metal particles
n zeolite can improve the catalyst’s performance regarding ethanol con-
ersion, selectivity to gasoline and catalyst lifetime. Borght et al. found
hat loading 1 wt.% of Fe, Ni, and Ga on H-ZSM-5 zeolite had a posi-
ive effect on the ethanol conversion ( i.e ., increase from 55% to 58, 58,
nd 63%, respectively) due to an increase in the accessible acid sites.
a modified H-ZSM-5 (10 wt.% Ga/H-ZSM-5) gave the highest selectiv-

ty of 73.58% to BTX aromatics compared to other metals [238] . This
s because modification with Ga can enhance aromatisation reactions
ithout blocking the catalyst pores, which possibly occurs with other
etal modifiers [ 146 , 243 ]. Besides, Ga 2 O 3 , ZnO, and Mo 2 C could also
romote the formation of aromatics from ethanol [244] . Additionally,
t has been found that metals such as Ga and Zn [243] could increase
he catalyst life, as well as altering the reaction mechanism [238] . How-
ver, the major problem associated with metal loading is the agglom-
ration of metal particles, especially at high metal contents, which can
lock the pores and even decrease the acid strength of the zeolite cat-
lyst, resulting in a decreased performance [245] . In comparison with
onometallic catalysts, bimetallic catalysts, such as Pd-Zn/MFI/Al 2 O 3 

246] and Au-Pd/MFI/Al 2 O 3 [242] , showed the improved selectivity to
 3 + hydrocarbons. 

.2.2. Hydroxyapatite (HAP) catalysts 

Hydroxyapatite (Ca 10–x (PO 4 ) 6–x (HPO 4 ) x (OH) 2–x , x = 0–1) is an-
ther type of catalysts used in ETG. Since HAP catalyst contains both
cid (Ca 2 + ) and basic (PO 4 

3– and OH 

–) sites in a single-crystal lattice, it
s expected to exhibit bifunctional properties, acting as an acid catalyst
romoting ethanol dehydration reactions and as a basic catalyst pro-
oting ethanol dehydrogenation reactions [ 221 , 222 ]. Tsuchida et al.
rstly reported the synthesis of gasoline from bioethanol in one step
ver the HAP catalyst [221] . The derived gasoline with mainly C 6 –
 10 hydrocarbons had an octane number of 99, indicating the gaso-

ine had a good ability to withstand compression in an internal com-
ustion engine without detonating. Carbonate hydroxyapatite (CHAP,
a 10–x /2 (PO 4 ) 6–x (CO 3 ) x (OH) 2 , x = 0–1), obtained by substitution PO 4 

3–

ons with carbonate ions (CO 3 
2–), also contains both acid (Ca 2 + ) and ba-

ic (PO 4 
3–, CO 3 

2–, and OH 

–) sites, which make it a bifunctional catalyst.
HAP was also found to be a good catalyst for direct ethanol conversion,
roducing a high yield ( ∼97%) of hydrocarbon fuels ( i.e . C 4 –C 18 + hy-
rocarbons) [222] . 

. Bioethanol to other chemicals 

Ethanol can also be selectively converted to other chemicals such
s acetaldehyde, diethyl ether, acetic acid, acetone, and ethyl acetate.
enerally, the production of the desired products can be achieved and
ptimised by varying relevant process variables and the catalyst used. 

Acetaldehyde is an important raw material for the production of
cetic acid, 1-butanol, ethyl acetate, and crotonaldehyde. Currently, ac-
taldehyde is mainly produced by the direct oxidation of ethylene us-
ng homogenous palladium/copper catalysts [ 247 , 248 ]. Since ethylene
s mainly produced from fossil fuels, the conversion of ethylene to ac-
taldehyde is unsustainable. In addition, to recycle and reuse homoge-
ous palladium/copper catalysts is also rather challenging. A promising
lternative is using bioethanol to replace petroleum-based ethylene for
reener and more sustainable acetaldehyde production. The conversion
f ethanol to acetaldehyde can be achieved via partial oxidation ( Eq. 28 )
nd non-oxidative direct dehydrogenation ( Eq. 29 ) [249–251] . Ethanol
artial oxidation is normally performed at low temperatures of around
00 °C due to the use of supported precious metals such as Au [247] .
t is an exothermic process and produces water as by-product. As a re-
ult, separation of the resultant water from the acetaldehyde product
s required if pure acetaldehyde is needed. In contrast, the direct de-
ydrogenation of ethanol is an endothermic process and typically con-
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ucted at increased temperatures (200 − 300 °C) compared to the partial
xidation. Hydrogen is produced as a desirable by-product and can be
asily separated and used for other applications (such as hydrogena-
ion processes). Due to the co-production of hydrogen, direct dehydro-
enation of ethanol was preferred in the early 20 th century. However,
he need for frequent regeneration of the ethanol dehydrogenation cat-
lysts (typically supported Cu catalysts because of its high selectivity
owards acetaldehyde [250] ) pushed the partial oxidation method to
e the preferred technology for the production of acetaldehyde form
thanol [251] . 

Au/MgCuCr 2 O 4 is a highly active catalyst for the selective aerobic
xidation of ethanol to acetaldehyde (with 100% conversion and ∼95%
ield) due to the strong synergy between Au nanoparticles and surface
u + species [247] . Au/silicalite-1, that is, encapsulated Au nanoparti-
les 2 − 3 nm in silicalite-1, was highly active and selective for the cat-
lytic gas-phase oxidation of bioethanol to acetaldehyde, showing 50%
ioethanol conversion with 98% selectivity towards acetaldehyde at 200
C [252] . When alkali-activated USY zeolite was used as the catalyst,
cetaldehyde was attained with an approximately 15-fold higher yield
50%) and with high selectivity (80%) when oxygen was co-fed with
ioethanol [253] . Ag/CeO 2 catalyst achieved 36% bioethanol conver-
ion with 90% acetaldehyde selectivity in the oxidation of bioethanol at
50 °C [254] . SiC-foam-structured nanocomposite catalyst CoO@Cu 2 O
chieved 95% bioethanol conversion with 98% acetaldehyde selectiv-
ty in the gas-phase selective oxidation of bioethanol at 280 °C [255] .
u/ZrO 2 catalyst is an example that achieved direct dehydrogenation
f ethanol to acetaldehyde [ 250 , 256 ]. Hanukovich et al. found that
oping Al to ZrO 2 support (of Cu/ZrO 2 catalyst) improved ethanol
urnover frequency from 6 × 10 − 3 s − 1 to 8 × 10 − 2 s − 1 (indicating
n increase in the rate of ethanol conversion to acetaldehyde) due to
n increase of catalyst acidity [250] . In addition to this, Cu-MgAlO x 

257] and ZnO-modified mordenite [251] have also been studied for the
urpose. 

C H 3 C H 2 OH + O 2 → 2C H 3 CHO + 2 H 2 O 

H = −204 . 8 kJ ∕ mol , ΔG = −182 . 4 kJ ∕ mol (28) 

 H 3 C H 2 OH → C H 3 CHO + H 2 Δ𝐻 = +81 . 0 kJ ∕ mol , ΔG = +54 . 8 kJ ∕ mol 

(29) 

Diethyl ether is commonly used as a solvent. Most of diethyl ether is
roduced as a by-product of the vapour-phase hydration of ethylene to
thanol. Alternatively, it can be synthesised on an industrial scale by the
cid ether synthesis, in which ethanol is mixed with a strong acid ( e.g .,
ulphuric acid) and the resulting mixture is heated to a desired temper-
ture ( < 150 °C to avoid ethylene formation). However, the use of strong
cid catalysts in the process can be very corrosive. Accordingly, catalytic
ehydration of ethanol over the supported catalysts, such as Cu-Fe/ZSM-
 (100% DEE selectivity) [258] and Ru/HBeta ( ∼99% DEE selectivity)
259] zeolites, has a great potential for producing DEE. H 2 SO 4 -activated
atural zeolite was used for the conversion of bioethanol (produced from
ruit waste fermentation), yielding 22% of DEE at 140 − 160 °C for 8 h
26] . Ni/ZSM-5 catalyst has also been studied for the production of DEE
rom bioethanol, achieving a bioethanol conversion of 91.9% with a
EE yield of 54.7% at 230 °C [260] . In addition, no significant negative

mpact of water over DEE yield was observed up to an ethanol/water
olar ratio of 1:1. 

The primary use of acetic acid is to produce vinyl acetate monomer.
t present, industrial production of acetic acid is mainly based on
ethanol carbonylation using Rh complex catalyst [261] . However, the

eparation cost to recover the precious metal catalysts from liquid phase
rocesses can be very expensive and the separation of products is com-
lex and energy intensive [ 262 , 263 ]. Fundamental studied have been
arried out in the past decades for exploring the production of acetic
cid from bioethanol using heterogeneous catalysts. It represents a po-
ential sustainable route to acetic acid production because the feedstock
62 
ioethanol is produced from renewable biomass and the heterogeneous
atalysts can be separated and reused. 

Supported gold catalysts are considered as the most active cata-
ysts for the oxidation of aqueous ethanol (a mimic to bioethanol) to
cetic acid in the liquid phase [ 261 , 264 ]. Christensen et al. compared
gAl 2 O 4 -supported Pt, Pd, and Au catalysts for the oxidation of aque-

us ethanol to acetic acid with air, and found that the yield of acetic
cid decreased in the order of Au (83%), Pd (60%), and Pt (16%) [264] .
ince then, Au/TiO 2 [263] , Au/SiO 2 [265] , Au/NiO [261] , Au/ZnO,
u/TiO 2 , and Au/Al 2 O 3 [266] were also demonstrated to be active cat-
lysts for selective oxidation of ethanol in aqueous solution ( i.e . liquid
hase). Takei et al. found that Cu-doped Au/NiO catalyst exhibited good
atalytic activity with a high selectivity ( > 90%) towards acetic acid
ven at 120 °C [261] . With a slight excess of oxygen present initially,
n ethanol conversion of 99.4% and a acetic acid selectivity of 99.8%
ould be achieved using Au/TiO 2 catalyst [266] . For the ethanol oxi-
ation in the gas phase, many catalysts including Sn-Mo oxide [267] ,
o 0.61 V 0.31 Nb 0.08 O x /TiO 2 [268] and Ce/TiO 2 [269] have been used

nd studied. For example, Mo 0.61 V 0.31 Nb 0.08 O x /TiO 2 catalyst achieved
00% ethanol conversion with ∼95% acetic acid selectivity at 237 °C
268] . It was found that the addition of water suppressed ethanol con-
ersion but significantly increased acetic acid selectivity [267] . This be-
aviour was due to the competitive adsorption of water and ethanol or
dsorbed species on the catalyst’s active sites. Decreasing the concen-
ration of superficial species on the catalyst led to a decrease of ethanol
onversion, and more drastically led to a decrease of secondary reaction
ates, hindering the formation of by-products. 

Acetone is widely used as a solvent and for the production of methyl
ethacrylate and bisphenol A [270] . Nowadays, acetone is produced via

he cumene process using propylene and benzene as the feed [271] . The
umene process not only uses the fossil-based feedstock, but also shows
ow yields, and is energy intensive [272] . Therefore, an eco-friendly one-
tep process using bioethanol as the starting material ( Eq. 30 ) has been
roposed. 

 CH 3 CH 2 OH + H 2 O → CH 3 COCH 3 + CO 2 + 4 H 2 (30)

Murthy et al. studied the transformation of bioethanol to acetone
ver ZnO-, CaO-, and MnO-promoted iron oxide catalysts, and found
ll samples showed a comparable acetone yield of around 50% at 450
C, which corresponded to a selectivity of ∼90% [273] . However, ZnO-
romoted catalyst showed the best stability ( i.e ., the activity remained
he same level as the initial activity even after 54 h usage) compared
o MnO- and CaO-promoted catalysts, which deactivated rapidly after
 h time-on-stream. Acetone was also obtained as a by-product in the
atalytic steam reforming of ethanol over CuO/CeO 2 catalyst at 380
C [274] . Nakajima et al. found that ZnO-CaO (with a molar ratio of
:1) catalyst exhibited a high catalytic activity for acetone production
rom ethanol, showing 100% ethanol conversion and 91% acetone se-
ectivity at 400 °C [275] . In their follow-up study, Fe-Zn mixed oxide
atalyst gave 100% ethanol conversion and 94% acetone selectivity at
40 °C using for bioethanol as the feed, but acetone yield decreased by
4% after 24 h [276] . The high selectivity to acetone was obtained on
 catalyst having both surface acidity and basicity, suggesting that the
cid-base bifunction was needed for acetone formation from ethanol.
u-La 2 Zr 2 O 7 catalyst achieved 96% acetone yield for the selective con-
ersion of bioethanol to acetone at 400 °C, which was due to the acid-
ase properties of La 2 Zr 2 O 7 pyrochlore in addition to its relatively high
urface area (45 m 

2 /g) and copper dispersion [277] . They revealed that
he most plausible reaction mechanism involves ethanol dehydrogena-
ion to acetaldehyde followed by oxidation to acetic acid and further
etonisation to yield acetone. Rodrigues et al. found that the oxidation
ate of acetaldehyde was affected by the reducibility and the water dis-
ociation activity of the catalyst [278] . The higher the reducibility and
he water dissociation activity of the catalyst are, the higher the selec-
ivity to acetone is. Therefore, acidity/basicity, reducibility and water
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issociation activity of the catalyst are important parameters for acetone
ynthesis from ethanol [271] . 

Ethyl acetate can also be obtained directly from ethanol via the de-
ydrogenative and oxidative routes [279] . The two routes have the
imilar reaction mechanism, that is, ethanol is firstly converted to ac-
taldehyde via non-oxidative direct dehydrogenation or partial oxida-
ion (see details in the conversion of ethanol to acetaldehyde in the be-
inning of this section), and subsequently the produced acetaldehyde
eacts with another ethanol or ethoxide species to form a hemiacetal,
hich is then dehydrogenated to ethyl acetate. The former process has
lready been applied to industry and it is more cost effective as com-
ared with esterification. In this process, copper-based catalysts such as
u/ZnO/ZrO 2 /Al 2 O 3 [280–282] , Cu/ m -ZrO 2 [256] , Cu/Cr 2 O 3 [283] ,
nd a physical mixture of Cu/ZnO/Al 2 O 3 and ZrO 2 [279] are widely
sed. In the presence of Cu/ZnO/ZrO 2 /Al 2 O 3 catalyst, a high ethyl ac-
tate selectivity of 93% was attained [281] . CuCrAl catalyst showed
n ethanol conversion of about 60 − 65% and a selectivity to ethyl ac-
tate of about 98.8% [25] . CuO/Cr 2 O 3 catalyst achieved 30% ethanol
onversion with 94.6% ethyl acetate selectivity when bioethanol was
sed as the feedstock [284] . In the case of the oxidation route, only few
ffort was made, in which supported PdO catalysts such as PdO/SiO 2 
285] and a physical mixture of PdO/ m -ZrO 2 and ZrO 2 [279] were
sed. PdO/SiO 2 catalyst gave a ethyl acetate selectivity of around 60%
285] , while a physical mixture of PdO/ m -ZrO 2 and ZrO showed an
thanol conversion of approximately 45% and a ethyl acetate selectivity
f around 63% [279] . Additionally, Au/MgAl 2 O 4 and Au/SiO 2 catalysts
ere studied in the aerobic oxidation of bioethanol, it was found that

thyl acetate was the main product at ethanol concentrations of > 60
t.%, while acetic acid was mainly produced at low ethanol concentra-

ions [263] . 

. Conclusions and outlook 

The increased availability and competitive price of bioethanol have
ade bioethanol valorisation attractive and promising. A wide range

f commodity chemicals can be obtained from the catalytic upgrad-
ng of bioethanol, reducing the dependence on the fossil fuels and thus
he associated environmental impact. In addition to the process vari-
bles (such as reaction temperature, feed composition, and residence
ime), catalysts play a key role in bioethanol conversion as well, deter-
ining the product selectivity and distribution during the conversion
rocesses. 

ESR is a promising route to produce hydrogen fuel. According to the
eaction mechanism, desired catalysts should have the ability of water
issociation and oxidation of carbon deposits, facilitating the reaction
athways towards hydrogen. Due to the relatively high cost of noble
etal catalysts, extensive study has been performed to explore and de-

elop less-expensive transition metal catalysts, especially Ni- and/or Co-
ased catalysts, which exhibit excellent catalytic activity and selectivity
o hydrogen. To minimise or even avoid the catalyst deactivation, sup-
orts ( e.g ., CeO 2 ) with high oxygen mobility are preferred, which can
nhance the gasification of carbon species, and thus mitigate coke for-
ation on the catalyst. For ESR, design of catalysts with good activity

nd stability should mainly focus on reducing metal particle size and
mproving metal dispersion and metal-support interaction (such as op-
imisation of the catalyst preparation method and the selection of metal
recursors). 

For the production of ethylene from ethanol, relatively high temper-
ture ( > 240 °C) is favored due to endothermicity of the reaction, whilst a
romising reaction temperature for diethyl ether formation from ethanol
exothermic, ΔH = − 25.1 kJ/mol) is below 240 °C. Cost-effective 𝛾-
l 2 O 3 is a typical catalyst in ETE, but a high reaction temperature ( > 350

C) is generally required to suppress reaction intermediates (mainly di-
thyl ether). Additionally, the use of 𝛾-Al 2 O 3 catalyst is also limited to
igh ethanol concentration in the feedstock. Zeolites with uniform pore
tructure and adjustable acidity are efficient catalysts for promoting ETE
63 
t low-temperatures of < 300 °C. Both the pore size (by steaming treat-
ent) and the acidity (by changing Si/Al ratio and doping modifiers)

f zeolites can be easily tuned to achieve high activity. For example,
.5%La-2%P/H-ZSM-5 achieved 100% ethanol conversion and 99.9%
thylene selectivity at 240–280 °C. Although heteropolyacid catalysts
ave the potential of achieving approximately 100% ethanol conver-
ion and ethylene selectivity, they are sensitive to moisture, limiting
heir use in the conversion of bioethanol to ethylene. 

The reaction mechanism of ETP is complex, depending greatly on
he catalyst employed. Consequently, propylene production is always
ccompanied by other olefins, especially ethylene and butylenes, result-
ng in low propylene yield and selectivity. Therefore, the development
f propylene-selective catalysts remains a challenge. Zeolites and sup-
orted metal oxides are widely studied catalysts in ETP. It has been
emonstrated that small-sized catalyst has the improved accessibility
nd reduced diffusion lengths, which can mitigate coke formation. The
resence of water in the feedstock can also reduce the coke formation,
mproving the catalyst stability. 

The active catalyst for converting ethanol to C 4 olefins (isobutene
nd 1,3-butadiene) should be bifunctional with both acidic and basic
ites, such as Zn x Zr y O z and MgO-SiO 2 catalysts for the production of
sobutene and 1,3-butadiene, respectively. In addition, redox properties
lso play a role in the reaction. Ag and Cu can enhance the formation
f acetaldehyde through ethanol dehydrogenation, which is an impor-
ant intermediate in the formation of C 4 olefins. The presence of wa-
er in bioethanol could significantly alleviate catalyst deactivation due
o the inhibition of successive condensation and dehydrogenation reac-
ions involved in coke formation. Mesopores of the catalyst can facilitate
olecular diffusion and thus reduce the possibility of coking. 

H-ZSM-5 is believed to be the most promising catalyst for ETG be-
ause of its acidic property and unique pore structure. However, H-
SM-5 deactivate easily due to coke deposition ( i.e ., blocking the access
o the active sites) and dealumination ( i.e ., loss of acidity). The pres-
nce of water in the system has the complex effect on catalyst deactiva-
ion. Water can prevent coke formation at moderate temperatures due
o the reduced acidic strength of the catalyst by hydration of Brønsted
cid sites, and the competitive adsorption of water and coke precur-
ors on the acid sites during coke formation. In contrast, at high tem-
eratures ( > 450 °C), the presence of water can cause zeolite dealu-
ination, leading to a great loss of catalyst’s active sites. To develop

atalyst with both high selectivity and hydrothermal stability for ETG,
he design and modification of catalyst should focus on the regula-
ion of the acidity and mesoporosity, as well as the addition of metal
romoters. 

Although fundamental research has been widely performed to en-
ance ethanol conversion and the selectivity towards the desired prod-
ct, as well as the catalyst stability, further investigations into the
atalyst structure-activity relationships and the corresponding reaction
echanisms are still required for the rational design of catalysts and

fficient upgrading of bioethanol to value-added chemicals/fuels. Due
o the high content of water in bioethanol crude, the influence of wa-
er on the structure and performance of catalysts and catalytic mecha-
isms must be critically addressed. Moreover, the associated economic
mplications of bioethanol valorisation should also be considered and
ssessed as compared with other production routes in order to enable
he translation of the developed bioethanol conversions to the market. 
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