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Lignocellulosic biomass, as a promising candidate, is being
developed to be the most abundant and carbon-neutral
feedstock for manufacturing petroleum-based commod-
ities through appropriate design of catalytic materials
with controllable functionalities or establishment of fit-
ting catalytic processes. $is special issue intends to
highlight current progress on the development and op-
timization of catalytic systems and processes for the se-
lective transformation of biorenewables to value-added
products. $e papers selected are on the application of
new and green technologies to upgrade biomass and waste
resources, and those with topics on the preparation of
functional catalytic materials and the use of correlated
auxiliaries to boost reaction rate and selectivity in the
production process are also considered. Hereby, we are
pleased to share ten exciting papers on biomass valori-
zation with the readers. We would like to appreciate all the
authors for submitting their articles and all the reviewers
for their excellent feedback.

In the paper entitled “Influence of Ethanol Organosolv
Pulping Conditions on Physicochemical Lignin Properties
of European Larch,” M. Hochegger et al. characterize and
assess the potential applicability of the organosolv lignin
fraction from European larch sawdust, based on eight dif-
ferent samples prepared under various reaction conditions
(reaction temperature: 420–460K and sulfuric acid loading:
0.00–1.10%) with one milled wood lignin sample as refer-
ence. $e antiradical potential, the chemical structure, and
the molecular weight distribution of the isolated lignin

exhibit a direct relationship with the examined reaction
parameters.

In the paper entitled “Effect of Metal Chlorides on the
Pyrolysis of Wheat Straw,” Y. V. Lugovoy et al. present the
influence of the addition of 10wt.% FeCl3, CoCl2, NiCl2,
ZnCl2, SnCl2, or CuCl2 on the wheat straw pyrolysis process.
Among the investigated metal chlorides, CuCl2 shows the
highest influence on the pyrolysis process of wheat straw,
which not only results in a decrease in the molecular weight
distribution of volatile products but also leads to a decrease
in the yield of gaseous pyrolysis products as well as an
increase in the specific surface area of the solid pyrolysis
residue.

In the paper entitled “Upgrading Bio-Oil Produced from
Corn Cobs andCedrela odorata via Catalytic Olefination and
Esterification with 3,7-Dimethyloct-1-ene and Butanol,” F.
A. Dawodu et al. upgrade bio-oil produced from corn cobs
and Cedrela odorata by simultaneous olefination and es-
terification using 3,7-dimethyl-1-octene and butanol as a
reagent and co-solvent, respectively. $e upgraded bio-oils
reveal a significant reduction in water and oxygen contents
and an increase in the high heating value and flammability.

In the paper entitled “One-Step Synthesis of CaO-ZnO
Efficient Catalyst for Biodiesel Production,” J. T. Arana et al.
introduce one-step preparation of CaO-ZnO microparticles
via mixing ZnO with CaCO3 and subsequent calcination,
which is disclosed to have the characteristic crystallographic
cubic structure of CaO and the hexagonal phase of ZnO. A
moderate biodiesel yield of 73% can be obtained from
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soybean oil through transesterification over the heteroge-
neous CaO-ZnO catalyst at 60°C after 6 h.

In the paper entitled “Synthesis of a New Copper-Based
Supramolecular Catalyst and Its Catalytic Performance for
Biodiesel Production,” F. Chang et al. prepare a new copper-
based supramolecular catalyst from CuSO4·5H2O and
β-cyclodextrin (β-CD) by simple chemical complex. After
reacting at 120°C for 9 h, the Cu-β-CD catalyst affords a high
biodiesel yield of 88.6% from transesterification ofXanthium
sibiricum Patr oil. As compared with the sole species copper
or β-CD, the improvement in the activity of the Cu-based
catalyst can be attributed to the synergistic catalytic role of
Cu2+ and β-CD.

In the paper entitled “Carbon-Based Catalyst from
Pyrolysis of Waste Tire for Catalytic Ethanol Dehydration
to Ethylene and Diethyl Ether,” E. Chaichana et al. in-
vestigate the utilization of waste tire as a carbon source in
the preparation of carbon-based catalysts for ethanol de-
hydration. $e carbon catalyst prepared by treatment with
HCl and calcination at 420°C displays superior ethanol
conversion of 36.2% at 400°C with selectivity of 65.9 and
33.5% toward ethylene and diethyl ether, respectively,
which can be ascribed to the relatively high surface acid
density.

In the paper entitled “Ethanol Dehydration over WO3/
TiO2 Catalysts using Titania Derived from Sol-Gel and
Solvothermal Methods,” A. Tresatayawed et al. study the
catalytic activity of WO3/TiO2 in the dehydration of ethanol
to value-added products including ethylene, diethyl ether,
and acetaldehyde. $e preparation methods (i.e., the sol-gel
and solvothermal approach) are found to essentially alter the
physicochemical properties of TiO2 supports, where the pore
structure, acidity, and WO3 distribution of the catalysts
directly affect the reactivity and product selectivity. $e
WO3/TiO2 catalyst prepared by the solvothermal method
with high acidity exhibits the highest ethanol conversion (ca.
88%) at 400°C, while the presence of WO3 offers a re-
markable increase in diethyl ether selectivity (ca. 68%) at
250°C.

In the paper entitled “Catalytic Transfer of Fructose to 5-
Hydroxymethylfurfural over Bimetal Oxide Catalysts,” Q.
Zhang et al. modify aluminum-molybdenum mixed oxide
with stearic acid to be prominent solid acid catalysts for the
direct conversion of sugars to 5-hydroxymethylfurfural
(HMF). A high HMF of 49.8% is obtained from fructose by
dehydration, with moderate HMF yields of 24.9% and 27.6%
being attained from glucose and sucrose, respectively. $e
good activity and reusability of the catalyst can be resulted
from its sufficient acidic site, mesoporous structure, high
surface area, and good stability.

In the paper entitled “Upgrading of Carbohydrates to the
Biofuel Candidate 5-Ethoxymethylfurfural (EMF),” X. Liu
and R. Wang review the reaction performance of various
catalysts (e.g., mineral salts, zeolites, heteropolyacid-based
hybrids, sulfonic acid-functionalized materials, and ionic
liquids) in the selective conversion of hexose sugars to EMF,
providing potential strategies and directions for the design
of novel catalytic materials and systems to further improve
the yield and selectivity toward EMF.

In the paper entitled “Chemocatalytic Production of
Lactates from Biomass-Derived Sugars,” H. Zhang et al.
comment on the state of the art for the synthesis of lactic acid
and its esters from sugars and real biomass like rice straw
catalyzed by homogeneous and heterogeneous acids and
bases. Emphasis is placed on the advantages of heteroge-
neous catalytic systems, and suggestions on the improve-
ment of their catalytic reactivity in the production of lactic
acid are given thereof.
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Direct conversion of fructose into 5-hydroxymethylfurfural (HMF) is achieved by using modified aluminum-molybdenum mixed
oxide (S-AlMo) as solid acid catalysts. 0e synthesized catalyst was characterized by powder XRD, nitrogen adsorption-desorption
isotherm, NH3-TPD, and SEM. As a result, the presence of strong acidity, mesostructures, and high surface area in the S-AlMo
catalyst was confirmed by nitrogen adsorption-desorption isotherm and NH3-TPD studies. A study by optimizing the reaction
conditions such as catalyst dosage, reaction temperature, and time has been performed. Under the optimal reaction conditions, HMF
was obtained in a high yield of 49.8% by the dehydration of fructose. Moreover, the generality of the catalyst is also demonstrated by
glucose and sucrose with moderate yields to HMF (24.9% from glucose; 27.6% from sucrose) again under mild conditions. After the
reaction, the S-AlMo catalyst can be easily recovered and reused four times without significant loss of its catalytic activity.

1. Introduction

With diminishing fossil fuel and degradation of the envi-
ronment, catalytic routes to the production of fuels and
chemicals from sustainable sources have aroused much
concern over past decades [1–4]. An abundant renewable and
carbon-neutral biomass resource is a promising alternative to
petroleum for the production of fuels and chemicals [5]. In
recent years, many chemicals have been successfully synthe-
sized from biomass, and among the various platform mole-
cules, 5-hydroxymethylfurfural (HMF) is considered a flexible
chemical platform owing to their versatile functions and be-
nign properties [6, 7], and it can be further oxidized into 5-
ethoxymethylfurfural (EMF), 2,5-diformylfuran (DFF), and
2,5-furandicarboxylic acid (FDCA) [8–10]. 0erefore, exten-
sive investigations have been performed for the trans-
formation of carbohydrates into HMF [11–13].

As a sustainable precursor for biofuel chemistry, HMF
is obtained mainly by dehydration of monosaccharide,

disaccharide, and polysaccharide, using homogeneous acids
(such as H2SO4 and HCl) or heterogeneous acid as catalysts
(Scheme 1). However, the major drawback of homogeneous
acid suffered from problems of equipment corrosion,
product separation, and difficult recycle and reuse. In turn,
solid acid catalysts were found to be efficient, are easy to
separate, and have reusability and lower catalyst loading;
some of them that can be produced with methods that have a
low environmental impact have received significant atten-
tion in recent years; and several types of solid acid catalysts
include metal salts [14], acidic resins [15], solid organo-
catalyst [16], ionic liquids [17], sulfonated graphene quan-
tum dots [18], and zeolites [19].

Metal oxides as heterogeneous acid catalyst typically
possess Lewis and Brønsted acid sites that have shown a
heterogeneous pathway for biodiesel production, de-
hydration, hydrolysis, isomerization, etc. Single metal oxide
has appeared as a kind of catalyst for catalytic performance
in acid-catalyzed reaction due to low-cost and their good
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thermal stability. But, the single metal oxide is often asso-
ciated with distinct disadvantages such as low catalytic ac-
tivity, repeated poor usability, tough experimental
conditions, which limit their applications. Recently, the
original idea of preparing the mixed metal oxide solid
catalysts were to enhance acid strength, increase the surface
area, and strengthen the stability of these catalysts in
comparison with single metal oxide for various organic
reactions [20, 21]. However, in few studies, mixed metal
oxides were used in dehydration of carbohydrates to HMF.
Very recently, we have already reported that AlMo oxides
are solid acids which exhibit unique acidic properties and
good stability in the esterification reaction. Based on the
above discussion, we report within this paper that modified
aluminum-molybdenum mixed oxide in the presence of
stearic acid is used as a solid catalyst for the synthesis of
HMF from fructose. 0e catalyst was characterized using
various analytical techniques such as powder XRD, NH3-
TPD, nitrogen adsorption-desorption isotherm, and SEM.
0e effect of reaction temperature, reaction time, and cat-
alyst dosage onHMF yield along with catalyst reusability was
investigated.

2. Experimental

2.1. Materials. Aluminum isopropoxide (C9H21AlO3, 98%),
MoCl5 (99.6%), stearic acid (>99%), fructose, glucose, su-
crose, and dimethylsulfoxide (DMSO) were purchased from
Sinopharm Chemical Reagent Co., Ltd; HMF of reagent
grade (99%) were purchased from Shanghai Aladdin In-
dustrial Inc. All other chemicals were of analytical grade and
used as received, unless otherwise noted.

2.2. Preparation of Aluminum-Molybdenum Mixed Oxides.
Modified aluminum-molybdenum mixed oxides were pre-
pared using stearic acid as a modifier by following the
previous methods by our group [22, 23], and the catalyst was
denoted as S-AlMo. For comparison, stearic acid-modified
aluminum oxide was also prepared by the same method, and
it was denoted as S-Al.

2.3. Characterization of Catalysts. 0e powder X-ray dif-
fraction (XRD) patterns of the catalysts were obtained using
a Rigaku D/max 2000 ultima plus diffractometer (mono-
chromatic nickel filter, Cu Ka radiation). 0e acidity of the
catalysts was measured by temperature-programmed de-
sorption (TPD) of ammonia (AutoChem 2920, Micro-
meritics, USA). Nitrogen adsorption-desorption isotherm
was determined with ASAP 2020M volumetric adsorption
analyzer (Micromeritics, USA). SEM was performed using a

field-emission scanning electron microscope (FESEM, XL-
30, Philips) at 25KV.

2.4. Catalytic Activity Measurement. Conversion of fructose
was conducted in a batch glass tube heated in the oil bath
with magnetic stirring condition. After catalysts and fructose
were placed into the batch glass tube with the organic solvent
DMSO, the reaction was started by heating the mixture to
the given reaction temperature. As to the reaction media
containing low boiling point or aqueous solvent, a sealed
stainless steel autoclave was used under other same con-
ditions. After the specified time, the resultant mixture was
cooled to room temperature, and the solids were filtered off,
then diluted with deionized water, and further analyzed by
high-performance liquid chromatography (HPLC; Agilent
1100, USA) equipped with a LiChrospher C18 column and
an UV detector (284 nm). 0e concentration of HMF was
calculated based on the standard curve obtained with the
standard substances. HMF yield was calculated according to
the following equation:

HMF yield(mol%) �
moles of HMF produced
moles of starting fructose

× 100%.

(1)

3. Results and Discussion

3.1. Characterization of S-AlMo. 0e structural properties
and acidity of S-AlMo sample prepared were characterized
by powder XRD, nitrogen adsorption-desorption, NH3-
TPD, and SEM (see Figure 1S). Powder XRD measurements
showed that the S-AlMo sample has Al2(MoO4)3 and
crystalline MoO3 peaks [24, 25] and was closely related to
active sites for dehydration reaction. Nitrogen adsorption-
desorption analysis showed that the sample gave type-IV
isotherms with type H2 hysteresis loop in the high pressure
region, characteristic of materials with mesostructure, in-
dicating that stearic acid-modified aluminum-molybdenum
mixed oxide catalyst could get the mesoporous structure,
which was consistent with our previous work [13, 22, 23]. In
addition, the Brunauer–Emmett–Teller (BET) surface area,
pore volume, and average pore size were 49.82m2·g−1,
0.17 cm3·g−1, and 14.19 nm, respectively. Compared with the
S-Al sample, the Brunauer–Emmett–Teller (BET) surface
area, pore volume, and average pore size were 21.73m2·g−1,
0.03 cm3·g−1, and 5.68 nm, respectively. Moreover, there
were two desorption profiles (100–200°C and around 750°C)
over the temperature range of 50–800°C in the NH3-TPD
profiles, suggesting the catalyst contains weak and strong
acid sites on its surface; meanwhile, the acid concentration of
S-AlMo sample (0.87mmol/g) was higher than that of S-Al
sample (0.78mmol/g). SEM also allows us to get insights
into the morphological data of catalysts, and the images
reveal that the aggregation of small particles in irregular
shapes formed a grainy structure.

3.2. Effect of the Type of Catalysts on Fructose Dehydration to
HMF. In this study, we initially explored the effects of the

OH

OH

OH

Fructose HMF

Acid catalyst

–3H2O
HO

HO
HOO O

O

Scheme 1: Synthesis of HMF from fructose dehydration.
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type of catalysts on the dehydration of fructose to HMF in
DMSO at 140°C for 60min (Figure 1). As shown in Figure 1,
it is apparent that various catalysts have diverse effects on
HMF yields, and it can be observed that the HMF yield is
lower without adding the catalyst. However, the S-AlMo
catalyst gives the highest HMF yield of 49.8%, and the S-Al
catalyst gives the low HMF yield of 35.4%. 0ese results are
in good agreement with the characterization of NH3-TPD,
where a higher number of acid concentrations led to a better
catalytic performance in dehydration reaction. 0erefore,
the S-AlMo catalyst was applied as the most active solid acid
for the synthesis of 5-HMF from fructose.

3.3. Effect of Different Solvents on Fructose to HMF
Conversion. For determination of catalytic activity, the
S-AlMo as the solid acid catalyst was carried out in different
types of organic solvent. Four types of solvents (DMSO,
DMA, DMF, and MIBK) were applied in the dehydration of
fructose to HMF at 140°C for 60min, and the results are
summarized in Table 1. In DMSO solvent, the yield of HMF
is 49.8% with fructose as raw material. In DMA, DMF, and
MIBK solvents, the yields of HMF are 10.5%, 1.7%, and 0%,
respectively (entries 1–3). 0is may be due to that DMSO
could inhibit the occurrence of side reactions such as re-
hydration of HMF into levulinic acid and formic acid [26].
Above results show that the S-AlMo catalytic system could
effectively transform fructose to HMF in the DMSO solvent.
Hence, DMSO was selected as an organic solvent for the
subsequent experiments in this work.

3.4. Effect of Reaction Time and Temperature on Fructose
Dehydration toHMF. In order to get the highest HMF yield,
the reaction conditions, such as reaction temperature and
time, were optimized. 0e results are shown in Figure 2. In
the case of fructose dehydration into HMF, the reaction
temperature and time showed a critical role in the reaction
with respect to the HMF yield. When the dehydration of
fructose was conducted at 100°C, a low HMF yield of 8.7%
was obtained after 120min. 0en, the reaction temperature
was up to 120°C, HMF yield increased from 8.7% at 100°C to
46.9% at 120°C at the same of 120min, and these results
show that a relatively higher temperature promotes the
formation of HMF. Further increasing the reaction tem-
perature to 140°C, themaximumHMF yield (49.8%) of HMF
is achieved after 60min. Meanwhile, it was clear that the
HMF yield had a slow decrease that further prolonged re-
action time at 140°C, indicating that the product HMF was
not very stable at a high temperature and a long time. It is
possible due to the rehydration of HMF into levulinic acid
(LA) or other byproducts [27–29]. Overall, a temperature of
140°C and time of 60min were proper for fructose de-
hydration to HMF using the S-AlMo catalyst.

3.5. Effect of Catalyst Dosage on Fructose Dehydration to
HMF. 0e effect of catalyst dosage on the fructose-to-HMF
transformation was studied by varying the weight of the
S-AlMo catalyst ranging from 5 to 40mg (see Table 2). As

shown in Table 2, an initial steep increase in the yield of
HMF is observed when the dosage of the catalyst is increased
up to 20mg, and a maximum yield (49.8%) can achieve.
Continuing to increase catalyst dosage, the yield of HMF
smoothly decreases; this may be due to excess catalyst

Table 1: Effect of different types of solvents on the acid-catalyzed
dehydration of fructose to HMFa.

No. Solvent Temperature (°C) Time (min) HMF yield (%)
1 MIBK 140 60 Not detected
2 DMF 140 60 1.7
3 DMA 140 60 10.5
4 DMSO 140 60 49.8
aConditions: fructose (50mg), S-AlMo catalyst (20mg), and solvent (1.0 g).
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Figure 1: Effect of the type of catalysts on fructose dehydration to
HMF. Conditions: fructose (50mg), catalyst (20mg), DMSO
(1.0 g), T�140°C, and t� 60min.
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Figure 2: Effect of reaction time and temperature on fructose
dehydration to HMF with S-AlMo catalyst. Reaction conditions:
fructose (50mg), S-AlMo catalyst (20mg), and DMSO (1.0 g).

International Journal of Chemical Engineering 3



dosages that not only provides large active sites in this re-
action system, which would accelerate the synthesis of HMF,
but also promotes more side reactions such as the formation
of levulinic acid and humins [30, 31]. 0us, we have con-
sidered 20mg as the optimized catalyst amount of S-AlMo
for fructose dehydration to HMF at 140°C for 60min re-
action time in this work.

3.6. Effect of Water Amount in the System. 0e influence of
water amount in DMSO on dehydration of fructose to HMF
is also investigated. As displayed in Figure 3, surprisingly,
the addition of water clearly led to a serious decrease of the
HMF yield. When the deionized water was increased from 0
to 0.6mL, the HMF yield decreased from 49.8% to 4.4%. It
was possible that water impaired the poisoning of acid sites,
causing the declined catalytic activity of S-AlMo and giving a
low HMF yield. To some extent, these findings were in good
agreement with the results reported by Qi et al. [32].

3.7. Synthesis of HMF from Sugars Catalyzed by S-AlMo
Catalyst. Additionally, the developed method was also used
to the synthesis of HMF with sugars as raw material, and the
results are demonstrated in Table 3. 0e moderate HMF
yield at 24.9% and 27.6% was obtained from glucose and
sucrose in the DMSO system, respectively. 0e experiment
results indicated that the S-AlMo catalyst with the presence
of basic sites (eg., Al2O3 moieties) as well as acidic sites (eg.,
Al2(MoO4)3 andMoO3) was similar to the result reported by
Li et al. [33].

3.8. Catalyst Recycling Experiments. 0e reusability of the
solid acid catalyst is very important to the low-cost and
environmentally friendly biomass transformation. 0us,
recycling of the S-AlMo catalyst was tested, and the de-
hydration of fructose into HMF was used as a model re-
action. After the reaction, the catalyst was separated by
filtration, washed, and dried prior to being reused in the next
run. 0en, the recovered S-AlMo catalyst was used to cat-
alyze the dehydration of fructose to 5-HMF over four
successive reactions under the same reaction conditions
(Figure 4). As shown in Figure 4, no significant loss in the
yield of HMF was observed over four cycles (49.8% in the
first cycle versus 36.6% in the fourth cycle), and the slight
loss of activity with respect to the first reaction cycle could be
attributed to partial oligomeric products adhering to the
surface of the catalyst [31, 34]. 0ese results clearly indicated
that the S-AlMo catalyst could be reused without

Table 2: Effect of catalyst weight on the acid-catalyzed dehydration of fructose to HMFa.

No. Catalyst weight (mg) Temperature (°C) Time (min) HMF yield (%)
1 5 140 60 27.5
2 10 140 60 39.8
3 20 140 60 49.8
4 30 140 60 28.9
5 40 140 60 26.6
aReaction conditions: fructose (50mg) and DMSO (1.0 g).
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Figure 3: Effect of water added into system on the degradation of
fructose. Reaction conditions: fructose� 50mg, S-AlMo cata-
lyst� 20mg, DMSO� 1.0 g, T�140°C, and t� 60min.

Table 3: Synthesis of HMF from sugars in DMSO system with
S-AlMo catalystsa.

No. Substrate Temperature (°C) Time (min) HMF yield (%)
1 Fructose 140 60 49.8
2 Glucose 140 180 24.9
3 Sucrose 140 180 27.6
aSugars (50mg), S-AlMo catalyst (20mg), and DMSO (1.0 g).
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Figure 4: Recyclability study of S-AlMo catalyst for fructose de-
hydration reaction. Reaction conditions: fructose� 50mg, S-AlMo
catalyst� 20mg, DMSO� 1.0 g, T�140°C, and t� 60min.
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significantly losing its catalytic activity. 0erefore, the cat-
alyst is capable under mild reaction condition.

4. Conclusions

In conclusion, stearic acid-modified aluminum-
molybdenum mixed oxide is an efficient solid acid cata-
lyst for direct conversion of fructose into HMF. 0e S-AlMo
catalyst exhibited excellent textural properties (e.g., strong
acidic sites, mesostructures, and large surface area) and
better catalytic activity for dehydration reaction. HMF was
obtained with a good yield of 49.8% by the dehydration from
fructose, and the moderate HMF yield of 24.9% and 27.6%
were also obtained from glucose and sucrose, respectively.
Moreover, the catalyst can be recycled and reused for four
cycles without significant loss in the HMF yield. 0erefore,
the S-AlMo catalyst would have promising potential for
other acid-catalyzed chemical reactions.
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Supplementary Materials

0e structural properties and acidity of S-AlMo sample
prepared were characterized by powder XRD, nitrogen
adsorption-desorption, NH3-TPD, and SEM (Figure 1S).
Powder XRD measurements showed that the S-AlMo
sample have Al2(MoO4)3 and crystalline MoO3 peaks
[24, 25] and was closely related to active sites for dehydration
reaction. Nitrogen adsorption-desorption analysis showed
that the sample gave type-IV isotherms with type H2

hysteresis loop in the high pressure region, characteristic of
materials with mesostructure, indicating that stearic acid-
modified aluminum-molybdenum mixed oxide catalyst
could get the mesoporous structure, which was consistent
with our previous work [13, 22, 23]. In addition, the
Brunauer–Emmett–Teller (BET) surface area, pore volume,
and average pore size were 49.82m2·g−1, 0.17 cm3·g−1, and
14.19 nm, respectively. Compared with the S-Al sample, the
Brunauer–Emmett–Teller (BET) surface area, pore volume,
and average pore size were 21.73m2·g−1, 0.03 cm3·g−1, and
5.68 nm, respectively. Moreover, there were two desorption
profiles (100–200°C and around 750°C) over the temperature
range of 50–800°C in the NH3-TPD profiles, suggesting the
catalyst contains weak and strong acid sites on its surface;
meanwhile, the acid concentration of the S-AlMo sample
(0.87mmol/g) was higher than that of the S-Al sample
(0.78mmol/g). SEM also allows us to get insights into the
morphological data of catalysts, and the images reveal that
the aggregation of small particles in irregular shapes formed
a grainy structure. (Supplementary Materials)
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In this study, corn cobs (CC) and Cedrela odorata (CO) sawdust which are common waste materials in Nigeria were used as raw
materials in the production of bio-oil through pyrolysis at 500°C, for 2 h.,e biochar produced in the process was sulfonated with
concentrated sulfuric acid under reflux at 150°C for 6 h and used as a solid acid catalyst for bio-oil upgrading. ,e bio-oil was
upgraded by simultaneous olefination and esterification using 3,7-dimethyloct-1-ene and butanol which served as a reagent and
cosolvent. FT-IR spectra of the activated biochar from CC and CO raw materials showed an absorbance in the range of
1032–1180 cm−1, which is indicative of asymmetric S�O bonds, and the spectra also revealed a band between 3400 and 3700 cm−1,
which indicated presence of hydrogen-bonded hydroxyl groups and thus successful activation of the biochar. ,is observed IR
absorbance was absent in the nonactivated biochar. Proximate analysis of upgraded bio-oils revealed a significant reduction in
percentage water and oxygen contents, an increase in the high heating value (HHV) and flammability. ,e chemical composition
of the bio-oils was determined using GC-MS, and it showed significant reduction in oxygenated compounds in the upgraded bio-
oil as against their high composition in raw bio-oils.

1. Introduction

,e world energy demand has increased rapidly in recent
years as a result of the steady increase in global population
and civilization. We consume vast amount of energy in our
industries, high-rise buildings (offices and hotels), and even
in our homes just to mention a few. In our everyday lifestyle,
we require, consume, and even waste energy. ,e In-
ternational Energy Outlook (IEO) backed this up with
statistics showing an all-time rise in values of global energy
consumption since 2010, despite an increase in global energy
production over the years under review [1]. Using com-
putational modeling and analysis, a projected increase in
global energy consumption was predicted and alarming
values were seen [1]. ,is requires further exploration into

other sources of energy in order to tackle the current high
energy demands required for human existence. Energy from
renewable resources such as solar, biomass, geothermal, tidal
wave, and wind is currently experiencing an increase in
growth rate (about 2.6%/year), as reported by International
Energy Outlook [1].

Searching for alternative source of energy to fossil fuel at
this crucial time is imperative as it provides an escape route
from the numerous problems such as global warming,
geopolitical friction, and environmental pollution that have
originated from the burning of fossil fuels. Wilk et al. [2]
highlighted the importance of renewable energy as a means
to attain long-term economic sustainability, environmental
benefits, and a transformation of the manufacturing and
transportation sectors. Subsequently, biomass has been
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recognized to possess a promising impact for a projected
renewable and sustainable energy future although it is still
important to develop technologies which enable the con-
version of lignocellulosic and municipal solid waste (MSW)
biomass resources into environmentally friendly energy,
from a thermodynamic efficiency and system technology
standpoints [3]. To achieve a complete transformation of
global energy consumption from fossil fuel dependency to
renewable energy, a complete paradigm shift to a sustainable
development is necessary. Due to the perceived competition
of some biomass use with food, the “waste-to-energy” idea
was born and energy was generated fromwaste; technologies
have also allowed energy to be obtained from some waste of
biomass [4].

Pyrolysis is one of the most frequently used method of
bio-oil production from biomass because of its cheap ma-
chinery, high yield of product, short time involved in
production, ease of machine operation, and flexible pro-
duction procedure [5]. ,ree major products are obtained
from biomass pyrolysis: liquids (bio-oil or tars), solid
(biochar), and low-molecular weight gases (volatiles). ,e
bio-oil produced from pyrolysis contains high water content,
high acid value, and low energy density, are unstable
overtime, has a foul smell, and are immiscible with con-
ventional hydrocarbon fuel due to high polarity [6]. Mullen
and coworkers produced bio-oil and biochar from corn cobs
and stover using a pilot-scale fluidized bed reactor. Yields of
60% bio-oil (HHV∼20MJ/kg) and ∼18.0% biochar were
obtained from the feedstock at an operating temperature of
500°C [7]. Microwave-assisted fast pyrolysis of corn cobs and
other agricultural residues were performed, and corn cobs
produced the highest yield of bio-oil (42.1 wt.%) with HHV
of 22.38MJ/kg when compared to corn stover, sawdust, and
rice straw [8]. A similar study by Biswas et al. [9] also
revealed a similar trend when corn cob, wheat straw, rice
straw, and rice husk were used under a slow pyrolysis setup.
Surprisingly, no report of bio-oil derived from Cedrela
odorata has been reported in literature. However, bio-oils
produced from corn cob and other feedstock contains high
moisture content, acid values, and oxygenated compounds,
thus limiting their utilization as fuels.

Bio-oil can be subjected to further processes called
“upgrading,” leading to formation of hydrocarbon fuels
having similar physical and chemical properties with con-
ventional fuels [10, 11]. Some methods of upgrading bio-oil
include catalytic cracking, high-pressure thermal treatment,
catalytic esterification, hydrodeoxygenation, carboxylation,
and oxygenation [12], but the esterification reaction rep-
resents the cheapest option of bio-oil upgrading.

Esterification is a chemical process to convert the car-
boxylic acids present in bio-oils to esters, acetals, and ethers
by reacting them with alcohols in the presence of an acid or
base catalyst [13]. Research has proven that esterification via
alcohol addition will reduce the acidity of the bio-oil, thereby
improving the quality and stability of bio-oil [14]. More
quality fuels can be produced from bio-oil upgrading via
simultaneous olefination and esterification reactions. Ad-
dition of olefins to the reaction system produces mainly
esters and ethers through the reaction of olefin with

carboxylic acids and aldehydes [15, 16]. In this approach,
acid-catalyzed addition reactions of carboxylic acids, phe-
nolic compounds, alcohols, and water across olefins all occur
simultaneously with esterification producing a bio-oil with
enhanced fuel properties [17]. ,e alcohol added in this
reaction functions as a coreagent, reduces phase separation,
and increases esterification and acetal formation [18].
Chatterjee and coworkers (2013) employed ethanol and 1-
octene as solvents in bio-oil upgrading in the presence of a
solid acid catalyst, resulting in a product with low water
content and acid value and increased heating value. ,is is
advantageous because hydroxyl group addition across the
olefin requires a temperature between 50°C and 130°C
[19, 20], which is usually below the temperature required in
hydrodeoxygenation or catalytic cracking processes. ,us,
catalyst coking and bio-oil polymerization can be avoided
[12]. However, the use of the low-cost commodity reagent
and solvent ethanol was not as effective as less polar alcohol,
1-butanol, at promoting olefin/bio-oil-phase compatibility
[18].

We report a new approach for bio-oil upgrading using
simultaneous olefination and esterification reactions, and
the catalysts employed were derived from biochar produced
after pyrolysis of corn cobs and Cedrela odorata sawdust.
,e biochar was subjected to sulfonation in the presence of
concentrated sulfuric acid to produce a solid acid catalyst
capable of the one-step upgrading reaction. Bio-oil obtained
from corn cobs and Cedrela odorata sawdust biomass,
having high moisture content and acid value, was subjected
to one-pot olefination and esterification reactions using 3,7-
dimethyloct-1-ene and 1-butanol as the reactant and
cosolvent. ,e resultant product was characterized using
Fourier transform infrared (FT-IR) spectrometer, gas
chromatography-mass spectrometer (GC-MS), and proxi-
mate analysis to determine bioactive composition and fuel
quality.

2. Materials and Methods

2.1. Materials. Sulfuric acid (98.0%), paraffin oil, 1-butanol
(99.0%), phenolphthalein, methanol (99.0%), and KOH
(90.0%) were obtained from the Department of Chemistry,
University of Ibadan. 3,7-Dimethyloct-1-ene (97.0%) was
purchased from (J.T. Baker chemicals).

Corn cobs (CO) were obtained from Bodija market,
Ibadan, dried at 105°C, and then pulverized using industrial
milling machine, while Cedrela odorata (CO) sawdust was
collected at the sawmill section of Forestry Research Institute
of Nigeria (FRIN) Jericho, Ibadan, and then oven-dried at
105°C to constant weight.

2.2. Pyrolysis of Biomass. ,e experimental setup consists of
a double-lagged cylindrical stainless steel reactor equipped
with an electrical source and automatic temperature con-
troller. Slow pyrolysis was adopted in the experimental
process, and the schematic diagram of the setup is presented
in Figure 1. Known grams of CC and CO biomass were
weighed and carefully fed into the pyrolysis reactor. ,e
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pyrolyzer was operated at a controlled temperature of 500°C
for 2 h at 1 atm. ,e pyrolyzer is equipped with a chamber
rod connected to the condenser which cools the vapour, and
the product is collected into an air-tight container, while the
biochar by-products were collected at the bottom of the
reactor.

2.3. Synthesis of Biochar-Based Solid Acid Catalyst.
Biochar produced during pyrolysis of biomass was collected,
sieved with a mesh size of 0.5mm, and further dried at 105°C
for 24 h. 20 g of biochar was sulfonated with 200ml con-
centrated sulfuric acid in a 1 L round-bottom flask, and the
resultant mixture was constantly stirred under reflux at
150°C for 6 h. ,e product obtained was cooled and then
washed with warm distilled water to remove excess sulfuric
ions until the pH of the filtrate was neutral (pH 7). After-
wards, the product was dried in the oven at 120°C for 8 h.
Incorporation of SO3H groups on the biochar was confirmed
by FT-IR spectroscopy, and the internal structure (amor-
phous carbon) was determined by the X-ray diffraction
technique.

2.4. Solid Acid-Catalyzed Upgrading of Bio-Oil. Catalytic
upgrading of bio-oil was carried out in the presence of solid
acid catalysts wherein the catalyst derived from CC biochar
was utilized to upgrade bio-oil obtained from CC, while the
CO biochar-based catalyst was applied in upgrading of bio-
oil obtained fromCO sawdust. Simultaneous olefination and
esterification reactions were performed in a 250ml round-
bottom flask equipped with the temperature-controlled
magnetic stirring system. A known weight of preheated
bio-oil (5 g), 23.8 g of 3,7-dimethyloct-1-ene, 1 g of butanol
(20 wt.% of bio-oil), and 1 g of sulfonated catalyst was added
into the reaction chamber and heated to 140°C under reflux
for 6 h. Mass balance calculations were used to estimate the
yield of upgraded bio-oil, gaseous products, and char.

2.5. Product Characterization. ,e proximate analysis of
moisture content, viscosity, density, acid value, pour point,
flash point, oxygen content, and flammability was carried
out in accordance with the ASTM D3175 standard

procedure. Functional groups were determined with Fourier
Transform Infrared Spectrometer (PerkinElmer BX) using
KBr pellets.

Chemical composition of bio-oil was determined by GC-
MS using Agilent 7890A series with an injector temperature
of 270°C and silica capillary column coated with 5% phenyl
methylpolysiloxane (30m× 0.32mm× 0.25 μ). Helium
(≥99.9%) was used as the carrier gas. ,e initial oven
temperature of 40°C (hold for 4min) was used, and the
temperature was then ramped at 5°C/min to 250°C and held
for 5min. ,e dilution solvent used was ethanol with a
dilution ratio of 1 : 50.

3. Results and Discussion

3.1. Yield of Bio-Oil. ,e percentage yield of bio-oil which
represents pyrolysis reaction efficiency is shown in Table 1.
,e pyrolysis products contain bio-oil, char, and non-
condensable gases, and 35.1% bio-oil was obtained from CC
while the yield of bio-oil from CO was 34.9%. Since we
employed a slow pyrolysis process, the yield of char is usually
higher compared to fast pyrolysis. As seen in Table 1, char
yields for CC and CO were 34.5% and 34.6%, respectively.
However, over 30% of the carbon material was lost as
noncondensable gases; thus, the recoverable carbon of over
65% was achieved making the process sustainable, and the
gases can be recovered using gas bags, thereby reducing
carbon emissions into the environment.

3.2. Characterization of Sulfonated Biochar. Successful in-
corporation of SO3H groups into CC and CO biochar was
confirmed using FT-IR (Figures S1–S4), and the IR bands
are shown in Tables 2 and 3. Band between 1032 and
1180 cm−1 indicates asymmetric S�O stretching, which is
observed in the sulfonated biochar that indicates the pres-
ence of an acid (H2SO4), and also bands between 3400 and
3700 cm−1 indicate hydrogen-bonded hydroxyl groups.

,e XRD patterns of the raw and acid-modified biochar
are presented in Figure 2.,e two broad peaks at 2θ�10–32°
and 2θ � 46–55° were due to the amorphous and graphitic
carbon structures, respectively. ,e structural properties of
the biochar did not change upon sulfonation, thus indicating
that sulfuric acid did not distort the internal structure of CC
and CO. ,e obtained XRD patterns are in tandem with
what have been reported in literatures [21, 22].

3.3. Upgrading Process Using Sulfonated Biochar. Bio-oil
upgrade is exceptionally a complex process because it is
composed of a wide variety of oxygenated compounds and
in some cases aliphatic or aromatic hydrocarbons and also
with substantial amount of water. Sulfonated acid catalyst
has been found to exhibit good activity and stability in
preliminary catalytic upgrading of bio-oils by simulta-
neously reacting with alcohols and olefins [16]. ,e
sulfonated catalyst also exhibits a higher water tolerance,
thereby allowing complete upgrading as compared to other
catalysts form.

1

2

4

5

6

8

9 10

7

3

Figure 1: Schematic representation of the pyrolysis. 1, feedstock; 2,
pyrolytic chamber; 3, furnace; 4, chamber rod; 5, condenser; 6, cold
water inlet; 7, cold water outlet; 8, emitted gas; 9, conical flask; 10,
pyrolytic oil.
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,e physicochemical properties of bio-oil derived from
CC and CO are shown in Table 4. ,ere was no obvious
change in appearance of bio-oils before and after upgrading
(Figure not shown), but there was a noticeable change from
the irritating heavy smoke-like smell of the bio-oil to a
sweet-like smell. ,is is due to the changes from the al-
kylation of phenolic compounds (phenolic, guiacol, and
methyl phenols) and also formation of butyl acetate and
esters during upgrading.

,e water content of the upgraded bio-oil was reduced
from 30.6% to 11.4% for CC and from 32.4% to 13.1% for
CO. ,e decrease was due to acid-catalyzed addition of
water across the olefin, leading to production of alcohol
[16]. ,is process also removed some portion of water
molecules formed during the esterification reaction and
ether and acetal formation. ,is led to the increase in the
high heating value of the bio-oil from 11.20MJ/Kg to
32.80MJ/Kg for CC and from 10.10MJ/Kg to 30.90MJ/Kg
for CO. Water removal by acid-catalyzed olefin hydration
is the key reason for the successful upgrading process. As
water concentration drops, esterification and acetal for-
mation equilibra shift towards ester and acetal products. In
turn, the formed ester and acetal and the added alcohol help
reduce the phase separation present between the hydro-
philic bio-oil and hydrophobic olefin. All of this occurs
while maintaining the heating value of raw bio-oil, alcohol,
and olefin. Also the presence of residual 1-butanol and 3,7-
dimethyloct-1-ene contributes to increase in the heating
value of the bio-oil.

Table 2: Analysis of FT-IR spectra of the raw and activated biochar
from corn cob.

S/N CC
biochar

Sulfonated
CC Band assignment

1 461.53 C-H bending
2 606.99 C-O-H bending

3 872.72 C-H out-of-plane bending
of benzene derivatives

4 1032.16,
1174.45 S�O symmetrical stretching

5 1437.61 1381.81 In-plane O-H bending and
C-O stretch of dimers

6 1602.61 1606.29 C�O stretching vibration
for -COOH groups

7 1695.10 C�O stretching
8 2356.22 2352.94 C-H bending

9 2857.14,
2925.16

2857.14,
2929.97 C-H stretching

10 3436.33 3425.73 O-H symmetrical stretching
(H-bonded)

11 3770.30 O-H stretching vibration of
hydroxyl functional groups

Table 3: Analysis of FT-IR spectra of the raw and activated biochar
from C. odorata.

S/N CO
biochar

Sulfonated
CO Band assignment

1 458.74 C-H bending
2 617.00 C-O-H bending

3 873.09 C-H out-of-plane bending
of benzene derivatives

4 1034.96,
1180.00 S�O symmetrical stretching

5 1441.69 1379.02 In-plane O-H bending and
C-O stretch of dimers

6 1596.17 1592.38 C�O stretching vibration
for -COOH groups

7 2352.94 2352.94 C-H bending

8 2857.14,
2924.36 2929.97 C-H stretching

9 3440.00 3419.00 O-H stretching vibration of
hydroxyl functional groups
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Figure 2: XRD patterns of the raw and acid-modified biochar.

Table 1: Products yield of pyrolysis of corn cobs and Cedrela
odorata biomass.

Sample
Product yield (%)

Bio-oil Char Gas
Corn cobs 35.1 34.5 30.4
Cedrela odorata 34.9 34.6 30.1

Table 4: Properties of raw and upgraded bio-oil derived from CC
and CO.

Parameters CC
bio-oil

CC
upgraded
bio-oil

CO
bio-oil

CO
upgraded
bio-oil

pH 2.2 3.4 2.4 3.8
Viscosity (kg/m·s)
(25°C) 0.1183 0.0586 0.1174 0.0538

Density (kg/m3) 1.30 0.818 1.29 0.806
Acid value (mg
KOH/g) 64.52 13.44 60.13 12.24

Flash point (°C) 250 97.5 250 80.5
HHV (MJ/kg) 11.20 32.80 10.10 30.90
Flammability Low High Low High
Pour point (°C) −4 −12 −4 −18
Moisture content
(%) 30.6 7.4 32.4 8.1

Oxygen content
(%) 32.00 21.45 35.40 24.09

Odour Irritating
smell

Sweet
smell

Irritating
smell

Sweet
smell
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,e oxygen content was lowered from 32 to 21.45% and
from 35.40 to 24.09% for CC and CO, respectively. ,is
reduction helped to increase the heating value and reduce
the microphase separation in the bio-oil [23]. ,e upgraded
bio-oil density was lowered from 1.30 to 0.818 kg/m3 and
from 1.29 to 0.806 kg/m3 for CC and CO, respectively. ,e
pH value of the bio-oil was reduced from 2.2 to 3.4 for CC
and from 2.4 to 3.8 for CO. ,e reduction in the acidity
shows that carboxylic acids present in the bio-oil has been
converted to esters through the reaction of alcohols and
olefin in the presence of the acid catalyst. ,is improves the
quality and stability of the bio-oil [24]. ,e viscosity of the
bio-oil was reduced compared to the upgraded one which
shows the influence of the low viscosity of the olefin and the
alcohol added. ,ere was an increase in the flammability of
the bio-oil which shows the effect of the olefin and alcohol.

3.4. Chemical Composition of Upgraded Bio-Oil. Crude bio-
oil has a complex array of highly oxygenated components,
which are nearly all oxygenated organic species which in-
cludes anhydrous sugars, carboxylic acids, phenols, alde-
hydes, ketones, mono- and poly-alcohols, ethers, esters,
furans, hydroxyl aldehydes, and hydroxyl ketones, which is a
major limitation factor [5, 25, 26].

Catalytic olefination and esterification reactions, where
olefins and alcohol are added to bio-oil over the solid acid
catalyst at low temperature, were employed in this study.,e
reaction produces mainly esters by the reaction of carboxylic
acids, aldehydes, and ketones present in the bio-oil with
olefins in the presence of alcohol as a solvent and coreagent.
In this process, esterification, olefin hydration, phenol al-
kylation, etherification, and hydration reactions of olefin
occur simultaneously, converting the acid compounds into
esters, ethers, and alkylated phenols. ,e products are less
hydrophilic, water is removed instead of being generated, the
hydroxyl group was reduced, and oxygen content was re-
duced, giving a higher fuel value.

Table 5 shows the chemical composition of bio-oil de-
rived from CC and CO biomass as determined by GC-MS
analysis. Bio-oil obtained from CC contains mostly oxy-
genated compounds in form of phenol (37.33%), ester
(3.80%), ketones and aldehydes (16.69%), acids (12.57%),
alcohols (9.78%), and furans (7.09%), as compared to ole-
finated CC bio-oil, which contains less phenol (12.82%) and
acids (11.03%), but there is an increase in ester formation
(46.01%). Likewise, bio-oil obtained from CO also contains
more oxygenated compounds: phenol (39.82%) and ketones
and aldehydes (21.43%), while ester (2.105%) was consid-
erably low. Upgrading caused an increase in ester (38.12%)
and alcohols (11.90), while a decline was noticed in phenol
(14.25%), ketones and aldehydes (8.35%), and acids
(12.66%). Individual chemical components of the raw and
upgraded bio-oils are presented in Tables S1–S4.

Presence of highly oxygenated compounds in the raw
bio-oil contributed to its nonsuitability as automobile fuels.
,erefore, reduction in the oxygenated compounds, acid
content, and increase in esters show a high catalyst activity,
leading to lower viscosity and hydrophilicity of the final

product. ,ese changes increase both stability and hydro-
carbon blending ability of the upgraded bio-oil.,ese results
showed that 3,7-dimethyloct-1-ene/butanol upgrading is
feasible and produces less hydrophilic fuel molecules, which
makes the olefinated bio-oil suitable for fossil fuel
substitution.

4. Conclusion

Upgrading of pyrolyzed bio-oil obtained from corn cob and
Cedrela odorata (sawdust) by catalytic olefination and es-
terification using 3,7-dimethyloct-1-ene in the presence of
butanol with the solid sulfonated catalyst prepared from the
biochar by-products was investigated to improve the prop-
erties of the crude bio-oils obtained and make it a suitable
substitute for conventional fossil fuel. ,e change in the high
heating value was moderate, in the presence of excess olefin
which reduced the water content significantly. However,
butanol helped to decrease acid content of starting raw bio-oil
by formation of esters. ,erefore, butanol remains a key
component in catalytic olefination for bio-oil upgrading. ,e
FT-IR analysis of the crude and catalyzed biochars shows the
sulfonation and hydroxyl peak, indicating the suitability of the
catalyzed biochars for the catalysis process. ,e GC-MS
analysis results show that the crude bio-oil was dominated
by oxygenated compounds, while the catalytic olefination and
esterification bio-oil are dominated with desirable com-
pounds such as esters and phenolics, thereby showing a lower
percentage of undesirable acidic compounds. ,e proximate
analysis results showed the acid-catalyzed olefination and
esterification of the crude bio-oil in the presence of butanol
were able to reduce the water content and acid value and thus
increased the heating value and calorific value of the bio-oil.
,is study has further confirmed the assertion that catalytic
olefination and esterification can significantly improve the
fuel properties of bio-oil in the presence of some requisite
such as alcohol and catalyst.

Data Availability

,edata used to support the findings of this study are included
within the article and also included within the supplementary
information file(s). Furthermore, data of this study are
available from the corresponding author upon request.

Table 5: Chemical composition of raw and upgraded bio-oil from
biomass.

Components CC raw
bio-oil (%)

CC
upgraded
bio-oil (%)

CO raw
bio-oil (%)

CO
upgraded
bio-oil (%)

Acids 12.57 11.03 17.05 12.663
Esters 3.80 46.01 2.105 38.12
Phenols 37.33 12.82 39.82 14.253
Ketone and
aldehyde 16.69 5.62 21.43 8.35

Alcohol 9.78 11.52 0 11.898
Furan 7.09 0.41 5.99 0
Octene 0.00 12.58 0 14.714
Others 5.76 0.00 4.165 0
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Biodiesel is the best candidate for fuel oil replacement, and to obtain it, heterogeneous catalysts offer large advantages: they can be
separated from the product and reused. *is work reviews a novel one-step synthesis of CaO-ZnO catalytic particles suitable for
biodiesel production. *e catalyst is synthesized using an original simple method that involves mixing of ZnO with CaCO3 and
subsequent calcination. *e CaO-ZnO microparticles obtained present an average size of 2 μm. *is material shows the
characteristic crystallographic cubic structure of CaO and the hexagonal phase of ZnO. *e temperature-programmed reduction
experiment evidences an interaction between CaO and ZnO. Moreover, the infrared spectroscopy shows typical bands of these
compounds. *e catalyst shows high biodiesel yield, up to 73% in the first cycle and 64% in the second one. In this work, the
synthesis of an efficient CaO-ZnO catalyst with a huge potential is revealed, which could be an economic alternative to
produce biodiesel.

1. Introduction

Nowadays, searching for a renewable and alternative energy
source is an important task due to the continuous increase in
energy demand, the depletion of fossil fuel resources, the
global warming, and the environmental pollution. *e
biodiesel (BD), fatty acid methyl esters (FAMEs), has been
accepted worldwide as a renewable fuel alternative to the
fossil diesel [1]. FAMEs are obtained by the trans-
esterification of triglycerides (vegetable oils or animal fats)
with methanol using catalysts [2]. FAMEs can be used as a
substrate for the preparation of additives for diesel fuels and
provide an environmentally friendly alternative to con-
ventional diesel [2–4]. It is well known that the mechanism
of the transesterification reaction to obtain biodiesel is the
same for both alcohols: ethanol and methano. However,
ethanol allows obtaining BD with better characteristics for
the diesel engine: high cetane number and small cloud point

[5–7]. Moreover, ethanol produces more environmentally
friendly biodiesel than methanol because its combustion
produces fewer amounts of CO, particles, and NOx. *ere
are several kinds of catalysts (acid, basic, heterogeneous, and
homogeneous) to produce biodiesel [8–13]. Basic homo-
geneous catalysts (sodium hydroxides or alkoxides) are
frequently used for the transesterification of triglycerides in
an industrial scale. However, these catalysts have serious
disadvantages; for example, they are neither recyclable nor
environmentally friendly and lead to formation of biodiesel
and glycerol contaminated with sodium or potassium ions
[14, 15] and they also produce soaps. Furthermore, these
catalysts are deactivated when the feedstock presents a
humidity level of more than 0.3 wt.% and/or the free fatty
acid (FFA) level are higher than 0.5 wt.% [16]. *erefore, the
use of homogeneous catalysts to produce biodiesel requires
very pure raw materials. *e nonedible oils, animal fat,
cooking oils, or waste oils used as raw materials for the
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biodiesel production are less expensive than edible oils and
reduce the cost of biodiesel production [17–20]. However,
these oils usually contain high amounts of FFAs (up to 12%
by weight) and humidity (∼3% by weight), and also a ho-
mogeneous base catalyst cannot be used for trans-
esterification [21]. In order to achieve a solution to the
abovementioned problems, the researchers have developed
heterogeneous basic catalysts, which show several advan-
tages over homogeneous ones. *e main advantages are that
they present a better catalytic performance and an easy
separation from the reaction products. Moreover, they
maintain its activity independently to the humidity content
and the quantity of FFA in the feedstock, and they can also
be recycled [4]. Additionally, the heterogeneous catalyst
most frequently used for the transesterification reaction is
calcium oxide, mainly due to its lack of toxicity and low cost
[22–25]. *e activity of pure CaO could be improved by
preparing the oxide in the nanocrystalline form [26] or by
potassium or lanthanum ion impregnation [22, 27, 28].
Hassan et al. found that a 2.0M calcium precursor has high
catalytic activity and it obtained 81% FAME yield within 3 h
of the reaction [29]. Among the transitionmetal oxides, ZnO
is another most studied catalyst [30–32]. In a recent work, a
screening of the performance of ZnO and CaO catalysts
showed that a conversion at 6 h for the transesterification
reaction using soybean oil and methanol was 38% and 24%,
respectively [33]. *e performance of the ZnO/Li catalyst
was tested using soybean oil esterified with methanol. Using
this catalyst leads to a conversion efficiency of 96% in 3 h of
reaction time [34]. Also, the preparation of CaO-ZnO has
been reported by the coprecipitation method, varying the
atomic ratio Ca/Zn [35]. *e CaO-ZnO powder mixture has
been used as a heterogeneous catalyst for the trans-
esterification of soybean oil using methanol [36–38].
However, the proposed synthesis methods involve several
steps to obtain the catalyst. In this work, a simple synthesis of
CaO-ZnO catalysts, in only one step, is proved.

2. Materials and Methods

2.1. Preparation of Catalyst (CaO-ZnO). CaO-ZnO catalysts
were prepared by adding 1 g of ZnO to 50mL of a 2M
CaCO3 aqueous solution. Such a ratio of Zn/Ca was
chosen considering exploratory assays. A further in-
crement of Zn concentration not showed a higher con-
version in the transesterification reaction. As it was
previously reported by Kumar and Ali [39], an increase of
Zn content can affect the catalyst base strength. *e
prepared suspension was stirred for 3 hours. After that,
this suspension was dried in an oven at 120°C for 24 hours.
Afterwards, the obtained solid was calcined at 850°C in a
muffle.*e catalyst synthesis was performed from ambient
temperature to 100°C with a heating rate of 4°C·min−1; in a
first plateau, the sample was kept at 100°C during
75minutes and then the temperature was raised to 850°C
at 3.5°C·min−1. Once this temperature was reached, a
second plateau was performed during 180minutes. Fi-
nally, the temperature was reduced to 20°C with a cooling
ramp of 3°C·min−1.

*e calcination temperature causes the decomposition of
carbonate as it is shown in equation (1). *is new material is
synthesized in one step. Such in situ synthesis produces an
intimate contact of the ZnO with the CaO during the
calcination.

CaCO3⟶ CaO + CO2 (1)

2.2. Catalyst Characterization. *e catalyst was character-
ized using scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), X-ray diffraction analysis
(XRD), Fourier transform infrared spectroscopy (FTIR),
BET surface area, and thermal programmed reduction
(TPR).

2.2.1. Scanning Electron Microscopy and Analysis of X-Ray
Scattering. SEM micrographs were obtained by using a
LEOGENESIS VP 1450 microscope. *e samples were
placed on aluminium pegs and sputtered with gold.*e SEM
equipment was operated under high vacuum, and the
measurements were obtained using an accelerating voltage
of 8 kV. Also, the elemental analyses were determined by
energy dispersive spectroscopy (Genesis EDS probe).

2.2.2. Particle Size Distribution. *e particle size distribu-
tion was determined employing a Sedigraph 5100 analyser.
*e device uses X-rays to detect the concentration of par-
ticles based on Stokes’ law. *e absorption of X-rays is
directly proportional to the mass of the particles. *e well-
dispersed sample was placed for the cell analysis, where a
beam of X-rays initially determines the amount of larger
particles and then it registers particles of smaller sizes.

2.2.3. X-Ray Diffraction (XRD) and :ermal Programmed
Reduction (TPR). *e diffractogram of the catalyst was
obtained on a Rigaku diffractometer operated at 30 kV and
20mA, using Kα radiation (λ� 0.15418 nm) at a speed of 3°C
min−1 between 2θ� 20° and 80°.

*e TPR analysis was performed with a differential
scanning calorimeter equipped with a cooling device
(Netzsch DSC-204-F1-Phoenix). *e catalyst (5mg) was
dried for 2 h at 650°C and reduced at 25 to 650°C
(5°C·min−1), with 5% H2/N2 mixture. *e H2 concentration
in the effluent was monitored with a thermal conductivity
detector.*e TPR curves were obtained from 100°C to 590°C
using N2 liquid, at a scanning rate of 10°C·min−1.

2.2.4. Fourier Transform Infrared Spectroscopy (FTIR). In
order to verify the presence of characteristic absorption
bands of CaO and ZnO, the FTIR spectra were collected by
using a Nicolet Impact 410 spectrometer in transmission
mode, from KBr pellets of solid samples; a total of 200 scans
were averaged at a resolution of 4 cm−1.

2.2.5. BET Surface Area. *e surface area was measured
with a Micromeritics Gemini V analyser by adsorption of

2 International Journal of Chemical Engineering



nitrogen at −196°C on 100mg of a sample previously
degassed at 250°C for 16 h under flowing N2.

2.2.6. Biodiesel Synthesis. In order to synthesize BD, ethanol
99.4% v/v (EtOH) was provided by BIO4 S.A. (Rı́o Cuarto,
Argentina); the soybean oil was kindly provided by OLCA
S.A.I.C. (General Cabrera, Argentina). *e synthesis was
performed in a two-necked round-bottom flask equipped
with a reflux condenser and a magnetic stirrer. *e heating
of the reactive mixture was conducted by using a hot water
bath (60°C) using a crystallizer with glycerol-water (90 :10 v/
v). *en 20 g of semirefined (degummed and neutral)
soybean oil and the catalyst was placed into the flask at a
ratio of 10% w/w and 30% w/w, respectively.

*e oil and the catalyst were dispersed in EtOH 99.4% v/
v. *e quantity of EtOH was calculated to achieve an oil/
alcohol molar ratio of 1 : 40. *e temperature of the mixture
was controlled at 60°C. *e reactant system was kept under
vigorous stirring (c.a. 800 rpm) for 6 hours. *e catalyst was
separated by centrifugation, and then the reaction mixture
was transferred to a 250mL decantation ampoule. At room
temperature, phase separation was observed, an upper
phase: ethyl ester (BD), and a bottom phase: glycerol. *e
latter was separated, quantified, and discarded, while the first
phase (after ethanol evaporation in a rotary evaporator:
70°C, 20 torr, 1 h) was used for BD characterization. *e
yield of biodiesel (%EE) was calculated as presented in Eq.
(2), being moil the mass of vegetable oil and mBD the bio-
diesel mass:

% EE �
mBD

moil
100. (2)

Free glycerol (FG) and total glycerol (TG) were de-
termined by AOCS method Ca 14-56. Pro-analysis chlo-
roform, glacial acetic acid 99.5% v/v, periodic acid,
potassium iodide, potassium dichromate, potassium hy-
droxide, and hydrochloric acid were purchased from
Cicarelli, while ethyl alcohol (EtOH) 95% v/v was obtained
from Porta S.A., Argentina. All measurements were per-
formed in duplicate with independent samples.

2.2.7. Catalyst Leaching Studies. *e leaching of the reactive
groups Ca(II) and Zn(II) was determined using atomic
absorption spectroscopy (Varian 50AA spectrometer). Once
the reaction was finished, the solid catalysts were separated
by centrifugation (3000 rpm, 30min).*en, the solution was
mineralized by HNO3 for 8 h. Ca(II) was determined at
422.7 nm with an N2O/acetylene mixture, whereas Zn(II)
was determined at 213.9 nm using an air/acetylene mixture.

2.2.8. Reusability. In order to study the reusability, the
catalyst regeneration was performed by washing the used
CaO-ZnO catalyst with ethyl alcohol and hexane, followed
by calcination in a muffle furnace at 300°C for 3 hours to
remove any remaining alcohol, oil, or biodiesel. *en, the
BD production was carried out following the procedure
depicted in Section 2.2.6.

3. Results and Discussion

3.1. Characterization of the Catalyst. *e synthesis pro-
cedure employed to obtain the CaO and ZnO particles
produces a relatively uniform size distribution as it is shown
in Figure 1. *e average of the particle size achieved is
approximately 2 μm.

*e SEM images (Figures 2(a) and 2(b)) of the catalyst
show that the synthesized material presents particles of
different sizes ranging from c.a. 1 μm to 20 μm. However,
most of the particles present the size of c.a. 2 μm. *e
quantitative analysis results from EDS were used to de-
termine the following composition: Ca 44.58%, Zn 20.81%,
and O 34.62%. *e image of the material indicates that the
particles are formed by agglomeration of microparticles and
nanoparticles generated during the calcination process
(Figure 2). In addition, the external rugosity enhances the
superficial area, allowing more available active sites for the
catalytic process.

*e measured specific surface area obtained was
10.3m2·g−1, and this value is in agreement with another
similar catalyst synthesized recently (7 to 11m2·g−1)
[29, 33].

*e catalyst X-ray diffraction analysis is shown in Fig-
ure 3. *e diffractogram reflects the characteristic peaks at
c.a. 34.4°, 36.2°, 47.6°, 56.7°, and 62.7°, which correspond to a
cubic crystallographic form of CaO (JCPDS 821 691), and
peaks at c.a. 31°, 34°, 36°, 47°, 27°, 64°, 67°, 68°, and 69° (JCPDS
891 397), which match to the hexagonal phase of ZnO.*ese
results confirm that the particles are formed by a combi-
nation of the two oxide phases CaO-ZnO.

In Figure 4, the TPR experiment of the mixture
(CaO+ZnO) shows the typical peaks of the CaO (at c.a.
340°C) [40] and the ZnO (at c.a. 290°C and 500°C) [41]. On
the other hand, the profile of the CaO-ZnO catalyst shows a
peak at c.a. 330°C and a shoulder at 490°C, showing a TPR
curve different than CaO+ZnO. Based on this result and
considering the XRD diffractogram data, it is possible to
ensure that the particles of the CaO-ZnO catalyst do not
present the same physicochemical characteristics compared
with the mixture of the two oxides CaO+ZnO.

*e FTIR spectrum of the catalyst is shown in Figure 5.
*e spectrum shows a weak absorption band at 875 cm−1
that reveals the presence of carbonate [42]. It has been
demonstrated that the contact of the CaO reactive surface
area with air during calcination produces a considerable
amount of CO2 and H2O. *ese compounds are adsorbed
on the CaO surface in the form of free -OH and carbonate
species (fundamental bands at 1465, 874, and 712 cm−1)
[42]. *e characteristic band of the O-H stretching vi-
bration of Ca(OH)2 is located at 3643 cm−1, and the bands
at 2965 and 2880 cm−1 are attributed to the O-H groups
from H2O [43, 44]. Moreover, the band at 1080 cm−1 is
attributed to the Zn-O-H bending vibration [36]. *e
absorption peaks recorded at 400–600 cm−1 could be
considered to be of Zn-O stretching [45]. Since the infrared
spectrum shows the characteristic band of ZnO and CaO, it
is possible to ensure that catalysts are formed by both
compounds.
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3.2. Biodiesel Synthesis. *e biodiesel synthesis was per-
formed as described in the experimental section. After the
reaction, the phases were separated, the excess of alcohol was

removed, and the amounts of both phases were weighed to
estimate the conversion of esters according to equation (2).
*e results are shown in Table 1.

From the analysis of the results, it can be concluded that
a change in the catalyst/oil ratio (10 and 30% w/w) does not
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Figure 2: SEM images of the fresh catalyst.
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improve the BD conversion (Table 1). For this reason, it is
more efficient and economical to produce BD with only 10%
w/w catalyst.

Considering that the regeneration and reuse of the
catalyst is one of the most important aspects in industrial
applications, the catalyst reusability for BD production
was studied. *e CaO-ZnO catalyst reused yields 64% EE
(Table 1). *ese results show that the catalyst presents high
performance and it is possible to reuse it without a sig-
nificant activity loss.

*e Ca(II) and Zn(II) concentration obtained by
atomic absorption spectroscopy in the reaction mixture
was 0.31% w/w and 0.15% w/w, respectively. *ese results
allow concluding that the leaching of the catalyst is neg-
ligible and the decrease in the yield may be due to the
catalyst poisoning.

For the experiment with 10% catalyst, the found values of
free and total glycerol, according to AOCSmethod Ca 14-56,
for the fresh catalyst (TG 1.18± 0.03%, FG 0.83± 0.01%) and
the washed catalyst (TG 1.40± 0.03%, FG 1.00± 0.02%),
were similar. *ese results demonstrate the good perfor-
mance of the reused catalyst for the BD production.

Furthermore, the SEM image of the reused (washed)
catalyst does not show structural changes in the surface as
compared to the fresh catalyst (Figure 6).

Alba-Rubio et al. have reported a similar zinc oxide
catalyst manufactured from the thermal decomposition of
zinc oxalate impregnated with different amounts of calcium
oxide [46]. *e ZnO-CaO catalysts synthesized by these
authors were thermally activated at 1073 K. *e FAME
yield was ≈80% in 5 h (using ZnO and CaO 4wt.%)

and ≈50% (using ZnO and CaO 6wt.%) in 3 h using
methanol [46, 47].

It is known that the synthesis of esters using methanol
produces better yields than using ethanol. Nearly employing
half quantity of the catalyst and one hour less of reaction, the
final yield is almost the same as that obtained in our ex-
periments. However, the efforts to substitute nonrenewable
(fossil) raw materials for sustainable ones, such as ethanol,
are well known [48].

Recently, Hassan et al. [29] found similar results. *e
synthesis of FAMEs catalyzed by CaO showed conversions
of 64–81% employing different concentrations of precursors
in the catalyst synthesized by the sol-gel method. *e BD
reaction conditions were as follows: 60°C for 3 hours, ratio of
palm oil to methanol 1 : 9, and 4% of CaO. *e similar
conversions achieved by these authors, with a lower con-
centration of catalyst and a lower alcohol-to-oil ratio
compared to this work, can be explained with greater effi-
ciency due to the active sites distributed in an improved
mesoporous structure produced by the synthesis route of the
used catalyst and the use of methanol instead of ethanol,
which is well known as a less efficient alcohol for the
transesterification reaction [29, 48].

*e catalyst prepared by Navas et al. [33] was synthesized
by precipitation of the precursors: calcium, magnesium, and
zinc nitrates in the presence of alumina and then by calci-
nation at 600–750°C. *e biodiesel synthesis was carried out
using 5wt.% catalyst under the following reaction conditions:
oil-to-methanol ratio 1 : 6, 6 hours of reaction time, and 60°C.
It is remarkable how the presence of alumina increases the
FAME conversion for all the precursors used, mainly forMgO
(13%–60%). In the case of CaO catalyst, the conversion varies
from 38%without alumina to 50% by adding alumina prior to
the calcination step. It seems that the supported oxides in the
alumina provide higher concentration of basic sites and the
catalyst is more efficient [47].

*e results presented in this work are comparable to
those published elsewhere and show an acceptable perfor-
mance of ethanol as alcohol for the transesterification of
vegetable oils using this new heterogeneous CaO-ZnO
catalyst prepared in a single step.

*ese promising results can be taken as a starting point
for new developments and optimization of reaction con-
ditions, catalyst preparation, and heterogeneous trans-
esterification reaction.

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00
4000 3500 3000 2500 2000 1500 1000 500

Ab
so

rb
an

ce
 (a

.u
.)

Wavenumber (cm–1)

Figure 5: Infrared spectra of the CaO-ZnO catalyst.

Table 1: Percentage of ethyl esters generated by biodiesel synthesis
using mixed CaO-ZnO as a catalyst.

Catalyst % EE
Fresh (10%) 73± 0.5
Fresh (30%) 77± 0.6
Washed (10%) 64± 0.7
Reaction conditions: oil/alcohol molar ratio 1 : 40, 60°C, and 800 rpm for
6 hours.

Figure 6: SEM image of the recovered catalyst.
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4. Conclusion

In the present study, an easy one-step synthesis of a novel
material to generate a biodiesel catalyst is shown. In addi-
tion, it is demonstrated that ethanol is an appropriate al-
cohol to use as a short-chain alcohol in substitution to
methanol.*e CaO-ZnO particles of the synthesized catalyst
are 2 μm in size. *e procedure of synthesis presents an
enormous advantage over other techniques due to the CaO-
ZnO catalyst is manufactured in only one step. Moreover,
this catalyst presents a good performance for the biodiesel
synthesis using ethanol. Also, the catalyst can be reused as it
maintains its catalytic activity and morphological properties.
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In this paper, the results of the study on the influence of the addition of 10 wt.% of FeCl3, CoCl2, NiCl2, ZnCl2, SnCl2, and CuCl2 on
the wheat straw pyrolysis process are presented. .e studied chlorides were found to affect the pyrolysis process; however, the
highest activity was observed while using CuCl2. .e presence of the copper chloride led to the decrease in the temperature of the
initial destruction of hemicellulose fraction of wheat straw by 64°S. Besides, the use of CuCl2 allowed increasing the yield of liquid
and solid pyrolysis products as well as decreasing the molecular weight distribution of the volatiles. Moreover, the increase in the
hydrogen and decrease in carbon dioxide concentration were also observed in the presence of copper chloride. .e analysis of the
solid residue obtained in the wheat straw pyrolysis in the presence of CuCl2 showed the increase in the specific surface area of the
carbon residue from 24 up to 63.5m2/g in comparison with that obtained for the noncatalytic process.

1. Introduction

.e limitation of natural fuels and the environmental
problems rised during their use increase the interest in the
processing of biomass in order to produce transportation
fuels, energy sources, and chemicals [1]. .e advantages of
biomass application compared to fossil fuels are low sulfur
and nitrogen content, as well as the absence of the effect on
the CO2 balance in the atmosphere. Agricultural wastes from
plants are the available biomass source which is produced
annually in large amounts throughout the world [2]. In
developing countries, a large amount of agricultural waste is
currently used either as a raw material for the paper industry
or as a source of animal feed. .e collection and disposal of
such wastes are complex and expensive processes. .us, the
degree of its rational use remains sufficiently low.

In the Russian Federation, the amount of crop waste,
which can be effectively used for energy purposes without
concurrence with the agricultural needs, exceeds 50 million
tons of fuel equivalent per year [3]. .e highest amount of
grains produced in the Russian Federation belongs to wheat
(more than 55%). Meanwhile, the yield of the straw is in the
range from 80 to 130% of wheat grain production [4].

According to history, agricultural plant waste can be
used to generate heat and electricity. .is is confirmed by a
large number of industrial plants in countries such as
Denmark, Sweden, Spain, Germany, Poland, Canada, the
USA, and China [5]. .us, the development of the funda-
mental principles of effective processing methods allowing
the use of biomass for energy purposes is an urgent task.

Despite the existence of different methods and ap-
proaches to the processing of agricultural plant waste, sci-
entists are currently attracted by various modifications of the
pyrolysis methods since traditional pyrolysis is not fully
capable of solving the problems of the efficient conversion of
plant biomass waste for energy purposes [6]. .e compo-
sition of the pyrolysis products for the plant biomass
strongly depends on the feedstock composition, in partic-
ular, the content of cellulose, hemicelluloses, and lignin.
First, hemicelluloses undergo thermal destruction at a
temperature of 170–260°C; then, the cellulose is decomposed
at 240–350°C. At last, the decomposition of lignin takes place
at 280–500°C..e highest amount of the gaseous products is
formed during the thermal decomposition of poly-
saccharides. Lignin is the most stable component of biomass
because of its aromatic composition and a sufficiently high
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degree of polymerization [1]. In comparison with the wood
biomass, the plant biomass including the agricultural wastes
is characterized by the high ash and extractive content. .is
can lead to the acceleration of the plant biomass pyrolysis as
well as promote the formation of carbon-containing residues
[2]. .e final products of the pyrolysis of plant biomass can
be applied as the heat suppliers, gaseous and liquid fuels, and
the feedstock for chemicals. For example, during the thermal
destruction of cellulose and hemicelluloses, a large number
of gaseous hydrocarbons (methane, ethane, ethylene, etc.),
hydrogen, and carbon monoxide and dioxide, as well as
methanol and acetic acid, are formed. .e decomposition of
lignin components leads to the formation of phenolic and
aromatic compounds. .e carbon-containing residue can be
applied as the absorbent or filler [1–6]. Moreover, the solid
residue containing transition metals can be applied as ef-
fective catalysts.

.e increase in the efficiency of pyrolysis processes, as well
as the quality of the final products obtained, can be reached by
the use of catalysis..erefore, the study of the effect of various
compounds on the process of thermal destruction of plant
biomass is an important task [7]. .e catalyst in the pyrolysis
process not only affects the reaction rate but can serve as the
heat supplier that leads to the decrease in the process tem-
perature. Besides, the catalyst increases the selectivity to the
desired products as well as allows its upgrading. Nowadays,
there are numerous studies on the pyrolysis catalysts. Among
the different catalysts applied in the biomass pyrolysis process,
the soluble salts and oxides of the alkali and transition metals
are the most frequently used [8–31]. It is well known that the
alkali metal chlorides, particularly K which is present in the
plant biomass, increase the rate of the cellulose destruction
and promote char formation [8–10]. .e presence of NaCl
decreases the pyrolysis temperature and increases the yield of
low-molecular products [11–14]. .e chlorides of alkaline
earth metals mainly decrease the pyrolysis temperature
[12,15–20]. .e treatment of the plant biomass with the
solution of ZnCl2 increases the yield of furfural and formic
acid. Besides, zinc chloride accelerates the dehydration re-
actions [21–24]. .e chlorides of manganese, iron, nickel,
cobalt, and copper increase significantly the formation of
carbon-containing residue and decrease the pyrolysis tem-
perature [25, 26]. Moreover, the acid character of the tran-
sition metal chlorides significantly accelerates the pyrolysis
reactions, leading to the changes in the gaseous product
composition [27, 28]. It should be noted that the data on the
effect of these compounds are available for the individual
components of plant biomass (hemicellulose, cellulose, and
lignin). However, the effect of the metal chlorides on the
pyrolysis of real feedstock practically was not studied. .us,
the study of the effect of transition metal chlorides (FeCl3,
CoCl2, NiCl2, ZnCl2, SnCl2, and CuCl2) on the process of
pyrolysis of wheat straw is of theoretical and practical interest.

2. Materials and Methods

.e wheat straw used in the current work as a feedstock was
collected in July 2017 in the Bologoe district of Tver region,
Russia. As the composition of the raw material plays an

important role in the pyrolysis process, the determination of
moisture and ash content was carried out. Moreover, the
content of the main components of wheat straw—extractives,
hemicellulose, cellulose, and lignin—was estimated by ex-
traction according to the methods described in [32].

In order to estimate the moisture content in the wheat
straw, a weighed portion of the feedstock particles with the
mean size of 0.45mm was dried at 150°C for 1.5 h till the
constant mass in a calcinatory. .e cooled samples were
weighed, and the moisture content (W) was calculated as the
relative differences in the weight of initial and dried samples:

W �
m−m1(  · 100

m
, (1)

wherem is the feedstock weight in g andm1 is the feedstock
weight after drying in g.

.e ash content was measured as the following: a
weighed portion of the feedstock particles with the mean size
of 0.45mm was placed in a calcinatory; then, the calcinatory
was covered by a cone of the ash-free filter and placed in a
muffle furnace at a temperature 550–650°C for 1 h. .e ash
content (X) was calculated according to

X �
m1 · 100 · 100

m2 · (100−W)
, (2)

wherem1 is the ash weight in g,m2 is the feedstock weight in
g, and W is the moisture content in %.

For the measurement of the content of the extractives, a
weighed portion of the feedstock particles with the mean size
of 0.45mm was boiled in 50mL of 70% ethanol for 2 h using
reflux condenser; then, the mixture was cooled to the room
temperature and filtered. .e obtained filtrate was evapo-
rated, and the dried residue was weighed. .e extractive
content (E) was calculated using

E �
m · 200 · 100

m1 · (100−W)
, (3)

where m is the weight of the dried residue in g, m1 is the
feedstock weight in g, and W is the moisture content in %.

In order to estimate the effect of transition metal salts on
the pyrolysis process of wheat straw, the following com-
pounds were selected: ZnCl2·6H2O, SnCl2·4H2O, CuCl2·
2H2O, NiCl2·6H2O, CoCl2·6H2O, and FeCl3·6H2O. .e salts
were used in dry form by direct application into the samples
of wheat straw. .e salt concentration in the sample varied
from 1 to 10wt.% according to the preliminary experiments
and literature data..e influence of the CuCl2 concentration
on the pyrolysis process was studied. In order to estimate the
activity of a copper ion in the wheat straw pyrolysis, the
thermogravimetric study of the influence of copper salts
(CuSO4·5H2O, Cu2OH2CO3) was performed.

.e pyrolysis process of samples containing the in-
organic salts and the sample without additives was studied
using a NETZSCH TG 209 F1 thermal analyzer. .e con-
ditions of thermogravimetric analysis were similar for all
samples. .e process was carried out in an inert argon at-
mosphere in the temperature range from 50 to 600°C with a
heating rate of 5°C/min. .e composition of the volatile
products obtained in the thermal destruction process was
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studied using the NETZSCH QMS 403 D MS device for a
sample containing 10wt.% of CuCl2 and the wheat straw
without additives.

Based on the preliminary results, copper chloride was
also chosen for the experiments in a laboratory pyrolysis
unit. .e experimental setup (Figure 1) consists of the pe-
riodic steel reactor (length 150mm, diameter 30mm, and
wall thickness 3mm) with a fixed substrate layer, electric
furnace, sealing trap, and eudiometer [32]. .e pyrolysis
process was carried out at a temperature of 550°C for one
hour in a nitrogen atmosphere. .e solid and liquid product
masses were calculated via differences between the reactor
and the liquid trap masses, respectively. .e relative error of
the mass measurements of pyrolysis products was 0.5 wt.%.

.e composition of the gaseous pyrolysis products
formed in the thermal decomposition of the wheat straw
samples with 10wt.% CuCl2, as well as the sample without
additives, was studied by the chromatographic de-
termination using a unique analytical complex including gas
chromatographs (Crystallux 4000M, GAZOKHROM 2000)
and a specially developed analyzer of the specific heat of
combustion on the base of a flame-temperature detector..e
chromatographic analysis of hydrocarbons in the gaseous
mixture was carried out on the chromatograph Crystallux
4000M under the following conditions: the consumption of
gas carrier (nitrogen) 120mL/min; gas-carrier pressure
1.5 kgs/sm3; duration of the analysis 30min; sample volume
1mL; carrier silica gel 0.4mm; column length 1m; column
temperature 50°C; detector temperature 100°C. Volume
concentrations of nitrogen, carbon oxide, and methane were
analyzed on the chromatograph GAZOKHROM 2000. .e
flow rate of the gas carrier (helium) was 30 cm3/min, sample
volume of the gas was 0.5 cm3, and thermostat temperature
was 40°C [33].

Solid pyrolysis residues were analyzed by X-ray fluo-
rescence analysis (XFA), X-ray photoelectron spectroscopy
(XPS), and low-temperature nitrogen adsorption. XFA was
used for the study of catalyst metal migration into the solid
carbon residue. .e metal content in the solid pyrolysis
product was analyzed using a Spectroscan-Maks-GF1E
spectrometer (Spectron, St-Petersburg, Russia) equipped
with Mo anode, LiF crystal analyzer, and SZ detector. .e
analysis was based on the Co Ka line. XPS was used to
analyze the surface chemical compositions of the solid
carbon-containing pyrolysis product. .e spectra were
obtained with a spectrometer (ES 2403 M-Y IAI RAS).
Characteristic MgKa radiation (hν� 1253.6 eV) was used.
.e radiation power was 100W. .e spectra were recorded
at pressures below 10−9 Torr. .e specific surface area of the
solid pyrolysis product was measured using a Coulter SA
3100 Series Surface Area and Pore Size Analyzers (Beckman
Coulter Company). .e analysis was conducted for four
hours at 200°C, a pressure of 10−5 to 10−6 Pa, and under
constant nitrogen flow at a rate of 1mL·min−1 [32].

3. Results and Discussion

.e composition of the wheat straw varies depending on the
habitat and growth conditions as well as the season of

collection. Difference between the compositions of the
feedstock can be significant. .us, we provided experiments
on the estimation of the moisture, ash, extractive content,
and the composition of main biomass compounds (Table 1).
.e experimental data obtained in the current work are in
accordance with the literature data [34–38]. .e moisture
and ash content of wheat straw was found to be 7.2± 0.1 and
4.7± 0.1 wt.%, respectively. .e content of extractives in the
wheat straw was estimated as 5.6± 0.1 wt.%. .e amount of
hemicellulose in the raw material, which was calculated as
the difference between the weight of the sample before and
after the extraction of the sample, was equal to
41.1± 0.1 wt.%. .e cellulose content was determined by the
weight difference of the biomass components and the initial
wheat straw weight. .us, the cellulose content in the wheat
straw was found to be 31.7± 0.1 wt.%. .e total lignin
content (9.8± 0.1 wt.%) was determined to be the sum of
acid-insoluble lignin and acid-soluble lignin.

.e mechanism of the metal chloride impact in the
thermal destruction process can be described by the for-
mation of carbocations according to the scheme presented in
Figure 2 [33]. .e studied metal salts are the aprotonic acid
centres with the medium strength which are characterized
by the relatively high activity and high selectivity in the
processes of thermal destruction of hydrocarbon materials
[38]. .e difference between the influences of the studied
chlorides on the wheat straw pyrolysis process consists of the
difference in the electronic structure of the metals used
which determines the difference in the catalytic properties.

According to the scheme presented in [39, 40], the
possible mechanism of the catalytic effect of the aprotonic
acid sites of metal chlorides can be described by the scheme
(Figure 3).

In order to account for the previously presented
mechanisms, the activation of the surface cellulose molecule
by metal chlorides should include both solid-state hydrolysis
and the glycosidic bond cleavage [41].

In order to estimate the influence of metal chlorides on
the wheat straw pyrolysis, the preliminary thermogravi-
metric experiments of the feedstock without catalysts and
with 10wt.% of salts were performed. As shown by the
experimental data (Figure 4), all the studied metal chlorides
differently influenced the pyrolysis process of wheat straw.
Basically, the presence of metal chlorides had the highest
effect on the shift towards lower temperatures of the
hemicellulose destruction and the lowest impact on the
cellulose destruction temperature..us, based on the shift of
the hemicellulose destruction temperature peaks towards
lower temperatures, the studied transition metal chlorides
can be ranked in order of decreasing effects: CuCl2> SnCl2>
ZnCl2> FeCl3>CoCl2>NiCl2. In terms of the effect on the
shift of the cellulose destruction temperature peak towards
lower temperatures, the studied transition metal chlorides
can be arranged in a row slightly different from the above-
presented: CuCl2> FeCl3>ZnCl2> SnCl2>NiCl2>CoCl2.

It should be noted that in the case of using FeCl3 and
ZnCl2, besides the shift of the hemicellulose weight loss peak
towards lower temperatures, a broadening of the peak was
observed. .is may be due to the nonselective effect of these
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substances on the various components of hemicellulose,
which ultimately led to a “blurring” of the destruction
process for this component and, accordingly, reduced the
maximum rate of destruction.

In the presence of ZnCl2, CoCl2, and NiCl2, a decrease in
the mass of the solid carbon residue of wheat straw pyrolysis
by 14.2± 0.05, 5.7± 0.03, and 2.8± 0.02 %, respectively, was
observed. In the case of using CuCl2, FeCl3, and SnCl2, the
weight of the solid residue, in contrast, increased by
15.2± 0.05, 14.4± 0.05, and 4.7± 0.02%, respectively. .is
calculation took into account the weight loss of the chlorides
used during heating under conditions similar to the
experiment.

As copper ion has the highest impact in the wheat straw
destruction temperature, it was chosen for the further ex-
periments. According to the data described in [40], based
on the decrease in the biomass thermal destruction tem-
perature and the apparent activation energy, inorganic salts
can be ranked as the following: CuSO4>NaOH>Na2CO3>
NiCl2>ZnCl2>NaCl..is data confirms the high activity of
copper compounds in the plant biomass pyrolysis. .e
experiments on the influence of the copper salts on the
wheat straw pyrolysis process (Figure 5) allowed ranking

the Cu-containing catalysts as follows: CuCl2>CuSO4>
Cu2OH2CO3.

As it is seen in Figure 5, among the studied compounds,
copper chloride has the highest activity in the wheat straw
pyrolysis process. .is can be explained by the higher
strength of the acid aprotonic center of Cu2+ in the copper
chloride [33, 42].

As it was shown by the results of mass spectrometry
study of volatile products of wheat straw pyrolysis in the
presence of CuCl2, a decrease in the molecular weight
distribution and a decrease in the molecular weight of
volatile products were observed. It may be of practical in-
terest in purifying volatile products from the resins
(Figure 6).

.e catalyst content strongly influences the pyrolysis
process. In order to estimate the effect of copper chloride
content on the wheat straw thermal destruction, the con-
centration range of 1–10wt.% was chosen according to the
literature [43]. .e thermogravimetric study (Figure 7)
showed that 10wt.% of CuCl2 was optimal for the wheat
straw pyrolysis using laboratory setup.

As CuCl2 had the highest effect on the process of wheat
straw destruction, this chloride with the concentration of

6

5

4
32

1

Figure 1: Laboratory equipment for the pyrolysis process: (1) nitrogen purging; (2) electric furnace; (3) reactor; (4) sealing trap; (5)
temperature controller; and (6) eudiometer.

Table 1: Wheat straw composition according to the literature and experimental data.

Parameter Experimental results
Literature data

[34] [35] [36] [37]
Moisture content (wt.%) 7.2± 0.1 — — 10.23 8.30
Ash content (wt.%) 4.7± 0.1 12.78 8.0 6.99 4.77
Calorific value (MJ/kg) 18.04± 0.01 17.10 — 17.38 17.73
Extractives (wt.%) 4.5± 0.1 — 5.4 — —
Hemicelluloses (wt.%) 41.1± 0.1 — 23.60 — 26.30
Cellulose (wt.%) 31.6± 0.1 — 32.30 — 45.2
Lignin (wt.%) 9.8± 0.1 — 17.10 — 10.90
Elemental composition (wt.%)
C 41.6± 0.1 42.49 — 45.48 47.12
H 4.8± 0.1 5.12 — 6.12 5.78
N 0.6± 0.1 0.68 — 0.52 0.47
O 39.7± 0.1 36.52 — 39.96 40.20
S 0.2± 0.05 0.39 — 0.13 0.19
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Figure 2: Scheme of the pyrolysis mechanism in the presence of metal chlorides.
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Figure 3: Scheme of the pyrolysis mechanism in the presence aprotonic acid centers.
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Figure 4: DTG curves obtained as a result of pyrolysis of wheat straw in the presence of copper, tin, and zinc chlorides (a); iron, cobalt, and
nickel chlorides (b); and a sample of straw without additives.
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10wt.% was used in the study at the laboratory pyrolysis
unit. It should be noted that in the case of a noncatalytic
pyrolysis process, the weights of gaseous, liquid, and solid
products were found to be 35.9, 26.1, and 38.0 wt.%, re-
spectively. .e use of copper chloride (10wt.%) led to an
increase in the weight of liquid and solid products by the
factor of 1.35 and 1.11, respectively, by reducing the weight
of gaseous products by the factor of 1.36. It is noteworthy
that no decrease in the volume of gaseous products was
observed. .is should logically lead to a decrease in the
average molecular weight of the pyrolysis gas, which is
confirmed by chromatographic analysis of gaseous products.
In the presence of CuCl2, the hydrogen content during the
process increases from 5 to 20 vol. %; meanwhile, the total
CO2 content in the gaseous products decreases from 11.5 to
0.3 vol.%.

.e analysis of solid carbon residue obtained in the
wheat straw pyrolysis experiment in the presence of CuCl2

by the XPS method results in a survey photoelectron spectra
shown in Figure 8(a) and high-resolution photoelectron
spectra of the Cu 2p sublevel shown in Figure 8(b). Carbon,
nitrogen, oxygen, copper, calcium, silicon, phosphorus,
chlorine, and potassium were found on the surface of the
solid carbon residue. Carbon, oxygen, calcium, silicon,
phosphorus, and chlorine were found in a large amount that
can be explained by the presence of these elements in the raw
material.

.e analysis of Cu 2p3/2 high-resolution spectra shows
that copper chloride added to a wheat straw as a catalyst was
completely transformed into metallic copper (932.4 eV) and
copper oxide (933.7 eV), as well as partially oxidized copper
(933.0 eV).

.e analysis of high-resolution photoelectron spectra for
C 1s sublevel (Figure 9) allows concluding that the major
amount of carbon on the solid residue surface is presented
by the graphite and some aromatics (284.6 eV), as well as the
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Figure 5: DTG curves obtained as a result of pyrolysis of wheat straw in the presence of copper salts.
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Figure 6: Mass spectrometric study of volatile products of wheat straw pyrolysis without additives (a) and with 10wt.% CuCl2 (b).
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alcohol compounds (285.7 eV) and carbonyl and carboxylic
groups (286.7 and 289.0 eV).

.us, the solid residue obtained by wheat straw pyrolysis
in the presence of copper chloride, the carbonaceous matrix
containing graphite, and condensed aromatic rings im-
pregnated by copper phase was produced.

.e study of the solid carbon residue of wheat straw
pyrolysis using the XFA method showed that the copper
content in the solid pyrolysis residue was 0.31wt.%. It may
indicate a slight copper migration into the internals of the
carbon residue.

.e results of the study of solid residues obtained in the
pyrolysis without the catalyst and in the presence of CuCl2

showed that the presence of the catalyst leads to the increase
in the specific surface area from 24± 0.1 to 63.5± 0.1m2/g
due to an increase in the total pore volume. .e pore size
distribution and the surface area of the wheat straw and the
carbon-containing residue obtained during noncatalytic and
catalytic pyrolysis are presented in Table 2.

4. Conclusions

.e studied metal chlorides were found to accelerate the
thermal decomposition of the hemicellulosic components of
wheat straw in different degrees. CuCl2 had the highest
influence on the pyrolysis process of wheat straw. .e use of
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Figure 7: .ermogravimetric study of the CuCl2 concentration effect on the wheat straw pyrolysis: (a) concentration range 2–5wt.%; (b)
concentration range 10–15wt.%.
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Figure 8: Survey photoelectron spectra of wheat straw pyrolysis solid carbon residue in the presence of CuCl2 (a) and high-resolution
photoelectron spectra of the Cu 2p3/2 sublevel (b).
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Figure 9: High-resolution photoelectron spectra of the C 1s sublevel.

Table 2: Analysis of the porosity of the initial wheat straw and pyrolysis solid residues.

Sample Wheat straw Carbonaceous residue of wheat
straw pyrolysis

Carbonaceous residue of wheat
straw pyrolysis +CuCl2 10 wt. %

Pore diameter range (nm) Pore volume (mL/g) (%) Pore volume (mL/g) (%) Pore volume (mL/g) (%)
Under 6 0.00648 28.94 0.00642 27.41 0.01639 27.80
6–8 0.00311 13.90 0.00305 13.02 0.00844 14.32
8–10 0.00164 7.31 0.00167 7.14 0.00449 7.61
10–12 0.00176 7.87 0.00176 7.51 0.00481 8.16
12–16 0.00172 7.66 0.00188 8.05 0.00541 9.18
16–20 0.00163 7.29 0.00173 7.38 0.00479 8.12
20–80 0.00471 21.05 0.00544 23.23 0.01116 18.93
Over 80 0.00134 5.98 0.00147 6.26 0.00346 5.88
Total 0.02240 100.0 0.02341 100.00 0.05896 100.00
t-Plot surface area (m2/g) 20.6± 0.1 24.0± 0.1 63.5± 0.1
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copper chloride during the pyrolysis resulted in a decrease in
the molecular weight distribution of volatile products, as
well as a decrease in the yield of gaseous pyrolysis products
due to an increase in the yield of liquid and solid products.
.e use of copper chloride also led to an increase in the
specific surface area of the solid pyrolysis residue, which is
probably due to the intense coke formation. XPS data in-
dicate a change in the composition of CuCl2 during the
pyrolysis of wheat straw. .is indicates the initiating role of
this compound in the presented process. .e resulting
copper-containing carbon residue can potentially be used as
a catalyst for the conversion of furfuryl alcohol to 2-
methylfuran.
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-e present study aims to investigate the catalytic ethanol dehydration to higher value products including ethylene, diethyl
ether (DEE), and acetaldehyde.-e catalysts used for this reaction wereWO3/TiO2 catalysts havingW loading of 13.5 wt.%. For
a comparative study, the TiO2 supports employed were varied by two different preparation methods including the sol-gel and
solvothermal-derived TiO2 supports, denoted as TiO2-SG and TiO2-SV, respectively. It is obvious that the different preparation
methods essentially altered the physicochemical properties of TiO2 supports. It was found that the TiO2-SV exhibited higher
surface area and pore volume and larger amounts of acid sites than those of TiO2-SG. As a consequence, different char-
acteristics of support apparently affected the catalytic properties of WO3/TiO2 catalysts. As expected, both catalysts WO3/TiO2-
SG and WO3/TiO2-SV exhibited increased ethanol conversion with increasing temperatures from 200 to 400°C. It appeared
that the highest ethanol conversion (ca. 88%) at 400°C was achieved by the WO3/TiO2-SV catalysts due to its high acidity. It is
worth noting that the presence of WO3 onto TiO2-SV yielded a remarkable increase in DEE selectivity (ca. 68%) at 250°C. In
summary, WO3/TiO2-SV catalyst is promising to convert ethanol into ethylene and DEE, having the highest ethylene yield of
ca. 77% at 400°C and highest DEE yield of ca. 26% at 250°C. -ese can be attributed to proper pore structure, acidity, and
distribution of WO3.

1. Introduction

Recently, catalytic ethanol dehydration to produce ethylene
and diethyl ether (DEE) has been paid attention due to its
cleaner technology and efficient utilization of ethanol, which
is a renewable raw material obtained from fermentation of
biomass. For instance, the production of ethylene from
ethanol is considered as an alternative way to produce
ethylene, which is currently produced by the catalytic
thermal cracking of petroleum feed stocks such as naphtha
and dehydrogenation of ethane from natural gas. In fact,
dehydration of ethanol to ethylene is a cleaner technology
due to lower operating temperature, uncomplicated process,
and less impurity. It is well known that ethylene is one of the
most important raw materials for petrochemical industry,

which is used as a starting material for production of
polyethylene, ethylene oxide, vinyl acetate, ethyl benzene,
etc. Considering the production of commercialized DEE at
present, although it is produced from dehydration of eth-
anol, the process is not benign since it uses mineral liquid
acids such as H2SO4 to catalyze the reaction. -us, further
separation and purification are required. In this case, the
solid acid catalysts are preferred since they are reusable and
easy to separate from the product. Although the use of DEE
is much lesser than ethylene, it is very important chemical.
In particular, DEE is mainly employed as a solvent for
fragrance and pharmaceutical industries. In transport fuel
function, DEE is applied as an ignition-improving additive
in engines according to its high volatility and cetane and
octane number. -e blending of DEE in diesel improves the
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performance-emission characteristics with thermal effi-
ciency and reduced emission of NOx, CO, and HC [1].
Hence, the production of ethylene and DEE from ethanol
using suitable solid catalysts is very captivating.

-eoretically, the catalytic ethanol dehydration to eth-
ylene and DEE requires acid sites. -is reaction essentially
undergoes via thermodynamic and kinetic controls. -e
formation of ethylene is dominated by high reaction tem-
perature since it is an endothermic reaction, whereas DEE
mainly occurs at lower reaction temperature due to its
exothermic reaction. However, during dehydration of eth-
anol, a side reaction such as dehydrogenation can occur
resulting in the formation of acetaldehyde as a byproduct.
From previous works, many solid acid catalysts have been
investigated in ethanol dehydration reaction including the
transition metal oxides [2–4], zeolites [5], silica-alumina
[6, 7], and heteropolyacids [8]. Many researchers found
that the transition metal oxides such as TiO2, ZrO2, SiO2,
and Nb2O5 play an important role in heterogeneous catalysis
acting as an active phase, promoter, or support of solid
catalysts. -ose solid catalysts have been developed on
structure characteristics and acid properties to build up the
product selectivity, catalytic activity, and stability. Among
the transition metal oxides, TiO2 has been widely used as a
support in heterogeneous catalysts due to its suitable surface
areas, thermal stability and mechanical resistance [9, 10].
Furthermore, the modification by doping of the active noble
and transition metals such as Cs [11], Au/Ag/Cu [12], Al
[13], Ru [14], Pt, Pd [15], Mo [16], and W [17, 18] into
catalyst supports apparently affected the catalyst selectivity
and activity.

In addition, the presence of tungsten (W) metal was
found to be very interesting since it contributes Brønsted
acid site and increases the catalyst stability and activity
[19–21]. It is reported that WO3/TiO2 catalyst is widely used
in various reactions and processes including glycerol hy-
drogenation, reforming, oxidation of dibenzothiophene
[22], selective catalytic reduction [23], dehydration [24], and
photoelectrocatalytic degradation [25]. Phung et al. [26] also
reported that WO3/TiO2 is promising for the catalytic de-
hydration of ethanol to ethylene and especially DEE at low
temperature. -ey reported that the addition of tungsten on
transition metal oxide provided the Brønsted acids sites that
are active to the ethanol dehydration reaction to produce
ethylene and DEE and also prevent the formation of
byproducts such as acetaldehyde and higher hydrocarbons.
In addition, with various tungsten loadings on TiO2, ZrO2
and SiO2 support, theWO3/TiO2 catalyst was found to be the
most active in this reaction giving the highest yield of DEE.
However, besides the active metals, one needs to consider on
the properties of a wide variety of supports themselves. -e
variations of support characteristics mostly arise from dif-
ferent preparation methods. -ere are many reports fo-
cusing on using different methods to prepare various metal
oxide supports including the sol-gel [27, 28] and sol-
vothermal methods [29, 30]. In most cases, they found that
different preparation methods can alter the properties of
support and consequently, different catalytic properties were
observed. -erefore, the effect of different preparation

methods on the properties of support is crucial for better
understanding.

Similarly to Phung et al. [26] study, the WO3/TiO2
catalyst was employed in ethanol dehydration reaction.
-ey examined the difference in some support metal oxides
such as ZrO2 and SiO2. However, the main goal of this
present study is to develop a better understanding on
different preparation methods including the sol-gel and
solvothermal methods to synthesize the TiO2 supports for
WO3 catalysts used in catalytic ethanol dehydration to
ethylene and DEE. -e different characteristics of TiO2
supports and WO3/TiO2 catalysts were determined using
various characterization techniques.-e change in catalytic
properties was also investigated via the catalytic ethanol
dehydration in a fixed-bed microreactor at the temperature
range of 200 to 400°C. Ethanol conversion and product
selectivity of different WO3/TiO2 catalysts were reported
and discussed further.

2. Experimental

2.1. Materials. Chemicals used for preparation of the cat-
alysts were titanium ethoxide (Ti∼ 20%) purchased from
Aldrich, ethanol (99.99%) from Merck Company Ltd., ti-
tanium (IV) n-butoxide (97%), 1,4–butanediol, and tungsten
(VI) chloride (99.9+%metals) fromAldrich. For the reaction
study, ultrahigh purity nitrogen gas (99.99%) from Linde
(-ailand) Public Company Ltd. was employed.

2.2. Preparation of TiO2 Supports and WO3/TiO2 Catalysts.
In this study, TiO2 supports were synthesized using two
different methods including the sol-gel and solvothermal
methods as reported by Panpranot et al. [29] for a com-
parative study. For the sol-gel method, titanium ethoxide
was used as the precursor. First, the precursor was dissolved
in the excess ethanol before added to deionized water with
the molar ratio of 165. -e mixture solution was stirred
under 20 rpm/min at room temperature at least for 2 h. -e
white precipitates of hydrous oxides formed instantly and
separated by centrifugation. -e product was redispersed in
the ethanol at least 5 times following with centrifugation.
-e sample was dried and calcined at 450°C for 2 h at the
heating rate of 10°C/min. Finally, the white powder of TiO2
prepared by the sol-gel method was obtained and denoted as
TiO2-SG.

For the solvothermal method, 25 g of titanium (IV) n-
butoxide (TNB) was used as the precursor. TNB was sus-
pended in 100ml of 1,4-butanediol in a test tube and placed
in the autoclave. -e autoclave was completely purged with
nitrogen at a pressure of 30 bars before increasing the
temperature to 320°C at a heating rate of 2.5°C/min and
further held at that temperature for 6 h. Autogenous pres-
sure during the reaction gradually increased as the tem-
perature increased. After the reaction, the autoclave was
cooled down to room temperature. -e white powder was
collected and then washed with ethanol followed by cen-
trifugation at least 5 times. -e powder was dried overnight
at 110°C, and finally the white powder of TiO2 prepared
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by the solvothermal method was obtained and denoted as
TiO2-SV.

In order to prepare the WO3/TiO2 catalysts having W
loading of 13.5 wt.%, the simple incipient wetness impreg-
nation was used. -e TiO2-SG and TiO2-SV supports ob-
tained as mentioned above were used. It was accomplished
using the tungsten (VI) chloride as a precursor, followed by
drying the catalyst sample overnight at 110°C and calcined at
400°C with a heating rate of 10°C/min for 3 h. Consequently,
the obtained WO3/TiO2 catalysts are denoted as WO3/TiO2-
SG and WO3/TiO2-SV upon the TiO2 supports employed.

2.3. Catalysts Characterization. -e support and catalysts
were characterized by several techniques, which are as
follows.

2.3.1. Powder X-Ray Diffraction (XRD). -e SIEMENS
D-5000 X-ray diffractometer using CuKα radiation (λ�

1.54439 Å) was used to determine the crystalline phase
structure of supports and catalysts. -e crystalline domain
sizes were calculated from the Scherrer equation. -e sup-
ports and catalysts were scanned at a rate of 2.4min−1 in the
range 2θ from 20 to 80 degrees with the resolution of 0.02°.

2.3.2. N2 Physisorption. -e adsorptiometer Micromeritics
ASAP 2010 automated system instrument was used to de-
termine surface area (BETmethod), pore volume/diameter,
and pore size distribution (BJH method) by nitrogen gas
adsorption-desorption at liquid nitrogen temperature at
−196°C.

2.3.3. Temperature-Programmed Desorption of Ammonia
(NH3-TPD) and Carbon Dioxide (CO2-TPD). -e Micro-
meritics Chemisorb 2750 Pulse chemisorption system in-
strument was employed to identify the acidity and basicity
on supports and catalysts. -e 0.03 g quartz wool and 0.05 g
catalysts were packed in a quartz tube and pretreated at
500°C under He flow for 1 hr. Next, the catalyst surface was
saturated with NH3 or CO2 in He at 40°C for 30min. -en,
the excess adsorbed gas (the physisorbed NH3 or CO2) was
purged with He until the baseline was constant. Afterwards,
the catalysts was heated from 40°C to 500°C at a heating rate
of 10°C/min to desorb NH3 or CO2. -e amount of NH3 or
CO2 in effluent was measured via the thermal conductivity
detector (TCD) signal as a function of temperature.

2.3.4. Scanning Electron Microscopy (SEM) and Energy
Dispersive X-Ray Spectroscopy (EDX). -eSEMmodel JEOL
mode JSM-6400 and EDX with stand Link Isis series 300
program were operated for analysis the morphology, ele-
ment composition, and distributions over supports and
catalysts.

2.3.5. X-Ray Fluorescence Analysis (XRF). -e Olympus
model Vanta M Series was performed to determine the
amount of tungsten loading on catalysts. XRF spectrometer

has an X-ray tube with Rh anode. -e spectra were collected
during 120 s, with the tube operating with a current of
100 µA and a voltage of 40 kV.

2.3.6. Catalytic Ethanol Dehydration Reaction. Essentially,
the ethanol dehydration reaction system reported by
Krutpijit and Jongsomjit was used [31]. It was performed in a
fixed-bed continuous flow microreactor having an inside
diameter of 0.7 cm and length of 33 cm length. First, 0.01 g of
quartz wool and 0.05 g of catalyst (or support) were packed
in the middle of reactor. -e catalyst was preheated by
flowing N2 with a flow rate of 60ml/min at 200°C for 1 h
under atmospheric pressure to remove the moisture and
impurity on surface of catalyst prior reaction. Afterwards,
the reaction was started by feeding vaporized ethanol and N2
stream as carrier gas. -e ethanol flow rate was maintained
at 1.45ml/h (weight hourly space velocity (WHSV)� 22.9
(gethanol·gcat−1·h−1)) controlled by a syringe pump injection.
-e reaction was operated at temperature varied from 200 to
400°C. After reaching steady-state condition, the reaction
product compositions at reactor effluent were analyzed by a
Shimadzu gas chromatography (GC8A) with flame ioniza-
tion detector (FID) using DB-5 capillary column. Nitrogen
with the pressure at 260 kPa was used as carrier gas in GC
using the temperature of injector and detector at 150°C. -e
ethanol conversion was defined as follows:

XEtOH �
nEtOH(in) − nEtOH(out)

nEtOH(in)

× 100. (1)

-e selectivity to i product was defined as follows:

Sethylene �
nethylene

 ni

× 100,

SDEE �
nDEE

 ni

× 100,

Sacetaldehyde �
nacetaldehyde

 ni

× 100.

(2)

-e yield to i product was defined as follows:

Yethylene �
Sethylene × XEtOH

100
,

YDEE �
SDEE × XEtOH

100
,

Yacetaldehyde �
Sacetaldehyde × XEtOH

100
,

(3)

where nEtOH(in) and nEtOH(out) are defined as the molar flow
rate (mmol/min) of ethanol in feed and product, re-
spectively. nEthylene, nDEE, nAcetaldehyde, and  ni were defined
as the molar flow rate of ethylene, DEE, acetaldehyde, and
total products (mmol/min), respectively.

3. Results and Discussion

3.1.Characteristics. -eXRD patterns of both TiO2 supports
and WO3/TiO2 catalysts are illustrated in Figure 1.
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Considering the XRD patterns of the supports including
TiO2-SG and TiO2-SV, they exhibited the similar XRD
patterns having the strong diffraction peaks located at 2θ
degree of 25° (major), 38°, and 48°, which are assigned to the
tetragonal anatase phase of crystalline TiO2 [32, 33]. When
the support was impregnated with 13.5 wt.% of tungsten,
the XRD patterns were also similar with those of titania
supports. -e intensities were lower indicating the smaller
crystallite size of WO3/TiO2 catalysts than the TiO2 sup-
ports. Besides, the low intensity peaks were observed at 24°
and 34° for both WO3/TiO2-SG and WO3/TiO2-SV cata-
lysts, which were assigned to the formation of the WO3
crystals with tetragonal phase [34, 35]. When compared the
intensity of XRD peaks between WO3/TiO2-SG and WO3/
TiO2-SV, it appeared that WO3/TiO2-SG exhibited lower
intensity thanWO3/TiO2-SV suggesting that the crystalline
size of the former was smaller than the latter. Based on the
Scherrer equation, the average crystalline size of WO3/
TiO2-SG was smaller thanWO3/TiO2-SV as seen in Table 1,
where the TiO2 crystalline size was in the range of
10.7–14.3 nm.

-e BETsurface area (SBET), pore volume, and pore size
diameter of TiO2 supports and WO3/TiO2 catalysts ana-
lyzed by N2 physisorption are shown in Table 1. -e results
revealed that the TiO2-SG exhibited smaller surface area
(73m2/g) and pore volume (0.13 cm3/g) than those of TiO2-
SV BET surface area (85m2/g) and pore volume (0.42 cm3/
g). -e large surface area essentially enhances catalytic
activity in ethanol dehydration by increasing possibility of
ethanol to attach on the acid site [28]. In addition, the
surface area, pore volume, and pore size diameter de-
creased with the presence of tungsten due to some pore
blockage [36].

Figure 2 showed the N2 adsorption-desorption iso-
therms at −196°C for the TiO2 supports and WO3/TiO2
catalysts. -e results displayed the Type IV adsorption
isotherms with the H1 hysteresis loop indicating the
mesoporous structure according to the IUPACS. After

loading tungsten to obtain WO3/TiO2-SG and WO3/TiO2-
SV, it was found that the Type IV isotherm was still
observed. -e hysteresis loop moved toward lower pres-
sure for WO3/TiO2-SG and WO3/TiO2-SV suggesting that
the addition of tungsten onto TiO2 support catalyst
resulted in decreased pore volume. -e pore size distri-
bution (PSD) for the TiO2 support catalysts and catalysts
are shown in Figure 3. All catalysts were in the average
pore diameter range of 2–50 nm classified as mesoporous
particles. -e TiO2-SG showed the narrower pore size
distribution than that of TiO2-SV. -e average pore sizes
for all samples calculated by Barrett–Joyner–Halenda
(BJH) are shown in Table 1, which were corresponding to
the results from N2 adsorption-desorption isotherm as
seen from Figure 2.

-e morphology of supports and catalysts prepared by
different methods showed the different morphologies. -e
TiO2-SG formed irregular shape particles, while TiO2-SV
formed small agglomerated spherical and porous parti-
cles. When impregnated with tungsten on TiO2-SG and
TiO2-SV supports, both samples exhibited more porous
particles. -is suggested that the presence of tungsten into
TiO2 resulted in an increase of porosity. -e EDX map-
ping of WO3/TiO2-SG and WO3/TiO2-SV catalysts are
illustrated in Figure 4. It shows the elemental distribution
of Ti, O, and W dispersing on the external surface of
catalysts.

-e tungsten was well dispersed at the outer surface of
both TiO2-SG and TiO2-SV. -e weight ratios of W/Ti are
also listed in Table 2. -e amount of tungsten present at
outer surface of TiO2-SG was larger than TiO2-SV. Never-
theless, according to the XRF analysis the amount of
tungsten in the bulk of TiO2-SV catalyst was larger than
TiO2-SG indicating that the distribution of tungsten for
TiO2-SV catalyst was mostly located inside the pore of
catalyst.

It is well known that acidity is the key factor relating
to the activity of dehydration catalysts. -e acidity of
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Figure 1: X-ray powder diffraction patterns of supports and catalysts.
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supports and catalysts was evaluated by NH3-temperature-
programmed desorption as shown in Figure 5. As observed,
the NH3-TPD profiles for all samples exhibited the broad
desorption peaks in range of 150–500°C.

It is known that the NH3-TPD desorption temperature
of acidic sites are classified as 3 categories. -e desorption of
NH3 between 150 and 300°C is assigned as weak acidic sites,
whereas the desorption between 300 and 450°C is moderate
acid sites and the desorption above 450°C is strong acid sites
[37]. As seen in Table 3, it indicated that the TiO2-SG
exhibited lower amount of acid site than the TiO2-SV.
However, with tungsten loading on both supports, it showed
significant increase in weak and total acid sites for both

WO3/TiO2-SG and WO3/TiO2-SV catalysts, which is nec-
essary for enhancing the production of ethylene and DEE
[38, 39]. In addition, it can be observed that the WO3/TiO2-
SV catalyst exhibited the highest amount of total acid sites at
3645 µmol/g cat.

Considering the CO2-TPD profiles as shown in Figure 6,
the desorption peak displayed the narrow desorption in the
temperature range of 50–200°C. Both TiO2 supports
exhibited low temperature CO2 desorption around 87°C
assigned to weak basic sites [40, 41].-e addition of tungsten
into support catalysts resulted in a decrease of peak intensity
around 80°C. It also revealed that WO3/TiO2-SG had the
higher amount of basicity site than WO3/TiO2-SV as seen in
Table 4.

-e amounts of carbon deposition after reaction ob-
tained by EDX measurement are shown in Table 5. -e
WO3/TiO2-SG andWO3/TiO2-SV exhibited higher amounts
of carbon deposition than those of the TiO2 supports due to
their higher acidity. It is well known that high acidity yields
high amount of carbon deposition.

3.2. Ethanol Dehydration Reaction. To investigate the cata-
lytic activity and product distribution for all catalysts, the
ethanol dehydration reaction in gas phase at atmospheric
pressure and temperature ranging from 200°C to 400°C was
performed. As seen in Table 6, the ethanol conversion for all
samples increased with increasing reaction temperature
indicating no deactivation of supports and catalysts. -e
highest ethanol conversion was achieved at 400°C for all
samples. -e ethanol conversion was found in order of
WO3/TiO2-SV (87.6%)>TiO2-SV (56.3%)>WO3/TiO2-SG
(45.4%)>TiO2-SG (33.9%), which are related to total
amount acid sites of catalysts. It should be noted that the
conversion of TiO2-SV was still higher than that of WO3/
TiO2-SG, which is quite interesting.

-e selectivity to ethylene, DEE, and acetaldehyde are
presented in Table 6. It can be observed that the TiO2
rendered acetaldehyde as a major product. However, with
the introduction of tungsten into TiO2 supports, ethylene
and DEE are turned out to be the major products at different
temperature. In general, ethanol dehydration reaction can
produce ethylene and DEE in 2 competitive pathways:

C2H5OH⟶ C2H4 + H2O + 44.9 kJ/mol (4)

2C2H5OH⟶ C2H5OC2H5 + H2O− 25.1 kJ/mol (5)

-e reaction (4) is endothermic and favors the mod-
erate to high temperature between 320°C and 500°C, while
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Figure 2: Nitrogen adsorption-desorption isotherms for supports
and catalysts.

Table 1: Physical properties of TiO2 supports and catalysts.

Sample SBET (m2/g) Pore volume (cm3/g) Pore diameter (nm) Crystallite TiO2 sizea (nm) Crystallite WO3
sizea (nm)

W contentb

(wt.%)
TiO2-SG 73 0.13 4.8 12.4 — —
TiO2-SV 85 0.42 16.5 15.3 — —
WO3/TiO2-SG 61 0.11 5.1 10.7 6.1 16.3
WO3/TiO2-SV 78 0.30 13.0 14.3 9.0 18.9
aMeasured by XRD using the Scherrer equation, bmeasured by XRF.
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Figure 4: Elemental distribution by EDX mapping for (a) WO3/TiO2-SG and (b) WO3/TiO2-SV catalyst.

Table 2: Elemental compositions (wt.%) on external surface of catalysts obtained from EDX.

Sample O Ti W Cl W/Ti
TiO2-SG 44.67 55.33 n.a. n.a. n.a
TiO2-SV 44.37 55.63 n.a. n.a. n.a
WO3/TiO2-SG 30.71 35.17 33.84 0.28 0.96
WO3/TiO2-SV 39.00 48.25 12.36 0.39 0.26
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Figure 5: NH3-TPD profiles of TiO2 supports and WO3/TiO2 catalysts.
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reaction (5) is exothermic and favors the low to moderate
temperature between 150°C and 300°C [42]. -e formation
of the ethylene occurs by acid catalyst protonating to hy-
droxyl group of ethanol molecule (proton transfers from
acid to O atom to form alkyloxonium ion), and then the
water molecules is generated. Subsequently, an ethoxide
surface group forms and deprotonates its methyl group to
produce the ethylene. -e DEE formation proceeds via ei-
ther dissociative pathway or associative pathway [43]. -e

dissociative pathway is happened by one ethanol adsorption
on catalyst and water elimination providing an adsorbed
ethyl group. After that, the ethyl group reacts with the
second ethanol and finally the DEE is formed. -e asso-
ciative pathway takes place from coadsorption of two eth-
anol reacted and formed into DEE. It is recognized that the
dehydration of alcohol essentially takes place on Brønsted
acid sites [39, 44], while Lewis acid sites rarely contribute for
this reaction [45, 46]. -e mechanism of ethanol de-
hydration to ethylene and DEE over the WO3/TiO2 catalysts
is illustrated in Schemes 1 and 2, respectively. Besides, ac-
etaldehyde is produced under the side reaction or de-
hydrogenation reaction in reaction (6), which is favored on
the basic sites:

C2H5OH⟶ C2H4O + H2 + 52.4 kJ/mol (6)

According to the experiment, it was observed that
TiO2-SG and TiO2-SV support catalysts still showed high
acetaldehyde selectivity at ca. 81°C and ca. 71°C, re-
spectively. -is is perhaps due to the high reaction tem-
perature or the heat treatment effect to an oxidation of
Lewis oxygen in pure TiO2 structure with the basic site is
more dominant than acid as seen from the pure SBA-15
catalyst used in ethanol dehydration reported by Autthanit
and Jongsomjit in 2018 [47]. -e mechanism of ethanol
dehydrogenation to acetaldehyde over TiO2 support is
illustrated in Scheme 3. Acetaldehyde occurs by ethanol
molecule firstly adsorbed on the catalyst surface. An

Table 3: -e amount of surface acidity of supports and catalysts measured by NH3-TPD.

Sample
NH3 desorption (µmol/g cat)

Total acidity (µmol/g cat)
Weak Medium Strong

TiO2-SG 895 662 717 2274
TiO2-SV 1152 1232 841 3224
WO3/TiO2-SG 1030 1054 681 2765
WO3/TiO2-SV 1558 1263 823 3645
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Figure 6: CO2-TPD profile of TiO2 supports and WO3/TiO2 catalysts.

Table 4: -e amount of surface basicity of supports and catalysts
measured by CO2-TPD.

Sample
CO2 desorption (µmol/g cat) Total basicity

(µmol/g cat)Weak Medium/strong
TiO2-SG 27 4 31
TiO2-SV 18 2 20
WO3/TiO2-SG 6 1 7
WO3/TiO2-SV 4 0 4

Table 5: -e amount of carbon elemental compositions (wt.%) on
external surface supports and catalysts after reaction obtained from
EDX (the spent catalyst used in the reaction condition at
T� 200–400°C for 8.5 hr).

Sample TiO2-SG TiO2-SV WO3/TiO2-SG WO3/TiO2-SV
C (%) 1.0 1.2 1.8 4.5
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ethoxy group is further generated and converted into
acetaldehyde. When impregnated the tungsten on the TiO2
supports, it revealed increased ethylene selectivity at high
temperature and increased DEE selectivity at low tem-
perature. -e ethylene and DEE selectivities over WO3/
TiO2-SV catalyst were higher than those of WO3/TiO2-SG
catalyst. It was found that the highest ethylene selectivity of
ca. 88% under the reaction temperature at 400°C and the
highest DEE selectivity of ca. 68% under the reaction
temperature at 250°C for WO3/TiO2-SV. -e factor to
increase the ethylene and DEE selectivity is the high

amount of weak acid or Brønsted acid, which is the active
site for ethanol dehydration after adding the tungsten on
TiO2 supports. As shown in Table 3, the weak acid sites for
WO3/TiO2 catalyst were significantly higher than TiO2
support catalyst, whereas the strong acid sites for TiO2
were higher than the WO3/TiO2 catalyst. It is familiar that
amount of weak acid site is probably correlated to
Brønsted acid site, while the Lewis acid site may correlate
to the strong acid site [47].

Besides two products, the acetaldehyde was formed as
byproduct over WO3/TiO2-SG and WO3/TiO2-SV catalysts.

Table 6: Ethanol conversion, product selectivity, and product yield as a function of reaction temperature (the reaction condition:
T� 200–400°C, WHSV� 22.9 gethanol·gcat−1·h−1, and catalyst weight� 0.05 (g)).

Catalyst Temp (°C) Ethanol conversion (%)
Product selectivity (%) Product yield (%)

Ethylene DEE Acetaldehyde Ethylene DEE Acetaldehyde

TIO2-SG

200 4.5 0.0 0.0 100.0 0.0 0.0 4.5
250 8.6 1.8 0.0 98.2 0.2 0.0 8.5
300 13.2 4.0 2.6 93.4 0.5 0.3 12.3
350 32.3 11.4 1.6 87.0 3.7 0.5 28.1
400 33.9 17.7 0.9 81.4 6.0 0.3 27.6

TIO2-SV

200 21.1 0.0 0.0 100.0 0.0 0.0 21.1
250 23.2 0.0 0.0 100.0 0.0 0.0 23.2
300 35.7 2.5 2.1 95.3 0.9 0.8 34.1
350 54.3 9.7 2.4 87.8 5.3 1.3 47.7
400 56.3 25.5 3.4 71.1 14.4 1.9 40.0

WO3/TiO2-SG

200 12.4 4.7 37.4 57.9 0.6 4.6 7.2
250 16.4 17.1 40.9 42.0 2.8 6.7 6.9
300 25.0 39.5 10.4 50.1 9.9 2.6 12.5
350 33.4 54.5 3.3 42.3 18.2 1.1 14.1
400 45.4 64.6 1.3 34.1 29.3 0.6 15.5

WO3/TiO2-SV

200 33.2 5.2 42.6 52.2 1.7 14.2 17.3
250 37.7 22.4 67.7 10.0 8.4 25.5 3.8
300 51.8 52.6 42.4 5.0 27.3 22.0 2.6
350 71.7 76.4 17.8 5.8 54.8 12.8 4.1
400 87.6 88.2 3.5 8.3 77.2 3.1 7.3
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Scheme 1: Ethanol dehydration to ethylene over WO3/TiO2 catalyst.
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-e acetaldehyde selectivity over WO3/TiO2-SG was higher
than that of WO3/TiO2-SV relating to higher amounts of
basic site present in WO3/TiO2-SG catalyst. -e mass bal-
ance (carbon balance) in the reaction test typically closed to
90%. Such a deviation may occur due to mainly from coke
formation.

-e comparison of product yield for each temperature
over supports and catalysts is reported in Table 6. It showed
that presence of tungsten essentially improved the ethylene
and DEE yield.-e highest ethylene yield was found to be ca.
77% at 400°C overWO3/TiO2-SV. Moreover, it was observed
that the highest DEE yield of ca. 26% at 250°C was obtained

with WO3/TiO2-SV. However, DEE yield was rather small
due to the low conversion at low temperature. It should be
mentioned that the highest acetaldehyde yield of ca. 48% at
350°C obtained from TiO2-SV was observed, which is quite
interesting.

4. Conclusion

-e WO3/TiO2-SV catalyst is promising for dehydration of
ethanol to ethylene and DEE having the highest ethylene of
77% at 400°C and the highest yield of 26% at 250°C. It
showed that the more efficient method to synthesize TiO2
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Scheme 2: Ethanol dehydration to DEE with (a) dissociative and (b) associative pathways over WO3/TiO2 catalyst.
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support was the solvothermal method due to high acidity
and surface area. It is worth noting that the TiO2-SV itself
also rendered the highest yield of acetaldehyde at 48% at
350°C. -is support can be potentially used as support for a
catalyst in dehydrogenation of ethanol to acetaldehyde.
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[37] M. Almohalla, I. Rodŕıguez-Ramos, and A. Guerrero-Ruiz,
“Comparative study of three heteropolyacids supported on
carbon materials as catalysts for ethylene production from
bioethanol,” Catalysis Science & Technology, vol. 7, no. 9,
pp. 1892–1901, 2017.

[38] T. Kamsuwan and B. Jongsomjit, “A comparative study of
different Al-based solid acid catalysts for catalytic dehydration

of ethanol,” Engineering Journal, vol. 20, no. 3, pp. 63–75,
2016.

[39] H. Xin, X. Li, Y. Fang et al., “Catalytic dehydration of ethanol
over post-treated ZSM-5 zeolites,” Journal of Catalysis,
vol. 312, pp. 204–215, 2014.

[40] K.-M. C. David Raju Burri, S.-C. Han, A. Burri, and S.-E. Park,
“Dehydrogenation of ethylbenzene to styrene with CO2 over
TiO2-ZrO2 bifunctional catalyst,” Bulletin of the Korean
Chemical Society, vol. 28, no. 1, pp. 53–58, 2007.

[41] D. Chen, D. Mao, J. Xiao, X. Guo, and J. Yu, “CO2 hydro-
genation to methanol over CuO-ZnO-TiO2-ZrO2: a com-
parison of catalysts prepared by sol-gel, solid-state reaction
and solution-combustion,” Journal of Sol-Gel Science and
Technology, vol. 86, no. 3, pp. 719–730, 2018.

[42] S. L. Chong, J. C. Soh, and C. K. Cheng, “Production of
ethylene from ethanol dehydration over H3PO4- modified
cerium oxide catalyst,” Malaysian Journal of Analytical Sci-
ences, vol. 21, no. 4, pp. 839–848, 2017.

[43] W. Alharbi, E. Brown, E. F. Kozhevnikova, and
I. V. Kozhevnikov, “Dehydration of ethanol over heteropoly
acid catalysts in the gas phase,” Journal of Catalysis, vol. 319,
pp. 174–181, 2014.

[44] E. Hong, H.-I. Sim, and C.-H. Shin, “-e effect of Brønsted
acidity of WO3/ZrO2 catalysts in dehydration reactions of C3
and C4 alcohols,” Chemical Engineering Journal, vol. 292,
pp. 156–162, 2016.

[45] W. R. Moser, R. W. -ompson, C.-C. Chang, and H. Tong,
“Silicon-rich H-ZSM-5 catalyzed conversion of aqueous
ethanol to ethylene,” Journal of Catalysis, vol. 117, no. 1,
pp. 19–32, 1989.

[46] C. P. Nash, A. Ramanathan, D. A. Ruddy et al., “Mixed alcohol
dehydration over Brønsted and Lewis acidic catalysts,” Ap-
plied Catalysis A: General, vol. 510, pp. 110–124, 2016.

[47] C. Autthanit and B. Jongsomjit, “Production of ethylene
through ethanol dehydration on SBA-15 catalysts synthesized
by sol-gel and one-step hydrothermal methods,” Journal of
Oleo Science, vol. 67, no. 2, pp. 235–243, 2018.

International Journal of Chemical Engineering 11



Research Article
Carbon-Based Catalyst from Pyrolysis of Waste Tire for Catalytic
Ethanol Dehydration to Ethylene and Diethyl Ether

Ekrachan Chaichana,1 Weeraphat Wiwatthanodom,2 and Bunjerd Jongsomjit 2

1Research Center of Natural Materials and Products, Chemistry Program, Faculty of Science and Technology,
Nakhon Pathom Rajabhat University, Muang, Nakhon Pathom 73000, %ailand
2Center of Excellence on Catalysis and Catalytic Reaction Engineering, Department of Chemical Engineering,
Faculty of Engineering, Chulalongkorn University, Bangkok 10330, %ailand

Correspondence should be addressed to Bunjerd Jongsomjit; bunjerd.j@chula.ac.th

Received 12 November 2018; Revised 1 January 2019; Accepted 8 January 2019; Published 5 February 2019

Guest Editor: Hu Li

Copyright © 2019 Ekrachan Chaichana et al. *is is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

*is work investigated the use of waste tire as a source of carbon in preparation of carbon-based catalysts for applying in
ethanol dehydration. *e pyrolysis of waste tire was performed to obtain the solid carbon, and then it was treated with two
different acids including HCl and HNO3 prior to the activation process with different temperatures to gain suitable carbon
catalysts. All carbon catalysts were characterized using nitrogen physisorption, XRD, FTIR, and acid-base titration. *e
catalysts were tested for catalytic ethanol dehydration in a micropacked-bed reactor under the temperature range from 200°C to
400°C. It revealed that the ethanol conversion increased with increasing the reaction temperature for all catalysts. *e carbon
catalyst treated with HCl and calcined at 420°C (AC_H420) exhibited the highest ethanol conversion of 36.2% at 400°C having
ethylene and diethyl ether selectivity of 65.9 and 33.5%, respectively. *e high activity of this catalyst can be attributed to the
high acid density at the surface (18.5 μmol/m2), which was significantly higher than those of most other catalysts (less
than 8.0 μmol/m2).

1. Introduction

It has been reported that global tire manufacturing output is
estimated to be over 17 million tons in 2016 and is growing
nearly by 4% per year through 2022 [1]. *is leads to large
amounts of waste tires produced annually. A commonway for
disposal of these waste tires is land filling. However, due to
their large volume and high void space (about 75%), they
consume a considerable amount of space if directly dumped
into landfill [2]. Burning waste tires also release various
harmful gases such as CO2 and CO, and volatile organic
compounds such as benzene, styrene, butadiene, and phenol-
like substances [3].

One of the most interesting and dynamically developing
methods for reducing waste tires is a pyrolysis process [4].
*e pyrolysis process is not only the waste disposal, but also
produces alternative fuel for internal combustion engines.
In addition, the pyrolysis is nontoxic without emission of

harmful gas, unlike incineration [5]. *e proportions of
pyrolysis products including gas, oil, and solid carbon de-
pend on the rate of temperature rise, time of decomposition,
temperature, and pressure [6].

In general, flash pyrolysis process (heating rate around
100°C/s to 10,000°C/s) produces 45–75wt% of liquid, 15–
25wt% of solid, and 10–20wt% of noncondensable gases [7].
*e obtained pyrolysis gas and liquid can be efficiently used
as fuel. In general, the pyrolysis liquid has an average heating
value of 12MJ/kg and the pyrolysis gas has an average
heating value of 23–26.3MJ/kg. For the obtained pyrolysis
solid (solid carbon), it can be used to produce low-grade
carbon black, and also adsorbent materials after applying an
activation step (known as activated carbon, AC) [8]. *us,
the use of solid carbon from waste tire as a catalyst or a
catalyst support is also an alternative way for valorization of
waste tires. Sanchez-Olmos et al. [9] prepared a new acid
catalyst based from a solid carbon from waste tire pyrolysis.
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*e solid carbon was functionalized using sulfuric acid as
source of −SO3H acid groups prior using in biodiesel
production. It was found that this catalyst exhibited a high
catalytic performance, which required shorter times, low
temperature, and significantly a low amount of methanol
compared to other studies for the biodiesel production.
Hood et al. [10] compared waste tire-derived carbons pre-
pared using two different methods including the treatment
with concentrated sulfuric and a newly developed method
involving the sequential treatment with L-cysteine, dithio-
threitol, and H2O2 under mild conditions.*e catalysts were
applied for the waste to biofuel conversion. It was found that
both catalysts could also effectively convert oleic acid or a
mixture of fatty acids and soybean oil to usable biofuels.

In addition, one of the interesting reactions in which
carbon-based catalyst from pyrolysis could be employed is
catalytic ethanol dehydration that converts ethanol into
ethylene and diethyl ether (DEE) [11–14]. *is reaction
undergoes via suitable solid acid catalysts. Ethylene is one
of the most usable upstream chemicals, while DEE is
mostly used as a solvent in chemical processes including
fragrance and pharmaceutical processes. However, only a
few research works studied in the catalytic ethanol de-
hydration with using the carbon-based catalyst. Bedia et al.
[15] used acid carbon catalyst derived from olive stone
activated with phosphoric acid (H3PO4) for catalytic de-
composition of ethanol, which yields mainly dehydration
products, mostly ethylene with lower amounts of diethyl
ether. It was also found that characteristic of the carbon
catalyst such as surface functional groups significantly
affected the catalytic activity during the reactions. *e
mentioned characteristics varied with the activation
temperature and the chemical concentration in impreg-
nation step. *erefore, adjusting conditions in preparation
processes of carbon catalyst can tailor the reaction and
obtain the desired products.

Hence, in this study, waste tires were used to prepare
carbon-based catalysts via pyrolysis with various conditions
including activation temperatures and types of treatment
acid (HCl and H2SO4). All prepared carbons were then
activated with H3PO4 prior to sulfonating with H2SO4 to
obtain the acidic carbon-based catalysts for ethanol de-
hydration to ethylene and diethyl ether. *e carbon catalysts
were characterized with different techniques such as N2
physisorption, acid-based titration, Fourier transform in-
frared spectroscopy (FTIR), and X-ray diffraction (XRD).
*e catalysts were then tested in the gas-phase ethanol
dehydration under a reaction temperature of 200°C to 400°C.
*e catalytic performance for all catalysts in terms of cat-
alytic activity and product selectivity was determined and
further discussed.

2. Materials and Methods

2.1. Materials. Waste tires were obtained from the local
supplier in Bangkok, *ailand. Hydrochloric acid (HCl),
nitric acid (HNO3), and phosphoric acid (H3PO4) were
purchased from QRëC, New Zealand. *e proximate
analysis of waste tire is shown in Table 1.

2.2. Pyrolysis of Waste Tire. Waste tires were washed, dried,
and cut into pieces. *ey were then pyrolyzed at 400°C in
nitrogen with a heating rate of 10°C/min and held at that
temperature for 1 h. Products from pyrolysis included three
phases: liquid (bio-oil), solid (carbon), and gas. In this study,
only solid carbon was further investigated.

2.3. Preparation of CarbonCatalyst. At first, waste tires were
pyrolyzed at 420°C in 0.5 batch reactor with N2 flowing at
50mL/min. *e pyrolysis process was conducted as illus-
trated in Scheme 1.

All solid material from the pyrolysis of waste tires known
as solid carbon was brought into a magnetic separator to
remove the tire wire. After that, the carbon was treated with
3M hydrochloric (HCl) or nitric acid (HNO3) at 125°C for
1 h, neutralized with water, and dried.*e activation process
was carried out with 1M phosphoric acid (1 : 2 w/v) at three
different temperatures including 420, 520, and 620°C for 3 h
in a vacuum oven.

Six carbon catalysts are donated as follows:

AC XY, (1)

where X refers to hydrochloric (H) or nitric acid (N)
treatment and Y is the activation temperatures. For instance,
AC_H420 refers to the catalyst obtained using hydrochloric
acid, activated at 420°C.

2.4. Sulfonating of Catalyst. *e prepared carbon catalyst
was mixed with sulfuric acid (98 %) in the ratio of 1 g carbon
per 1mL acid. *e mixture was stirred at 125°C for 20 h. *e
obtained catalyst was washed with water until it become
neutral, and then dried at 125°C for 6 h.

2.5. Characterization of Carbon Catalyst

2.5.1. Nitrogen Physisorption. *e surface area and pore
characteristics of all catalysts were determined by the ni-
trogen physisorption technique using Micromeritics ASAP
2020 surface area and porosity analyzer. *e catalyst sample
was thermally heated at 150°C for 1 h before nitrogen ad-
sorption at the temperature of −196°C.

2.5.2. Iodine Adsorption Test. *e adsorption of iodine was
determined using 0.5N standardized iodine solution and
conducted according to ASTM D1510 [16].

2.5.3. X-Ray Diffraction (XRD). XRD was used to determine
the bulk crystalline phases of all catalysts using a SIEMENS

Table 1: Proximate analysis of waste tires.

Item Value (%)
Moisture 2.81
Volatile matter 1.86
Ash 15.42
Fixed carbon 79.91
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D5000 X-ray diffractometer with CuKα radiation through an
Ni filter in the 2θ range of 20° to 80° [17].

2.5.4. Acidity Determination. 0.1 g of catalyst was soaked in
60ml of 0.08M sodium hydroxide (NaOH) for 24 h at room
temperature. A few drops of phenolphthalein were added
into the mixture, and then titrated with 0.02MHCl until the
equivalent point was reached.

2.5.5. Scanning Electron Microscopy (SEM). *e morphol-
ogy of the catalysts was investigated with using JEOL JSM-
35F scanning electron microscope (SEM). *e sample was
conductive to prevent charging by coating with gold particle
by ion 45 sputtering device.

2.5.6. Fourier Transform Infrared Spectroscopy (FTIR).
*e functional groups of the catalysts were determined by a
Nicolet 6700 FTIR spectrometer. *e infrared spectra were
recorded under the wavenumber scanning from 400 to
4,000 cm−1 with a scanning frequency of 64 times.

2.6. Reaction Study. *e ethanol dehydration process was
conducted in a fixed-bed continuous flow reactor with
0.7 cm inside diameter. First, 0.01 g of quartz wool and 0.05 g
of catalyst were packed into the middle of reactor. *e
process began with pretreating the catalyst with argon
(50ml/min) at 200°C for 1 h under atmospheric pressure
(WHSV� 8.4 h−1). *e reaction was carried out in the
temperature range from 200°C to 400°C. *e obtained
products were analyzed by a Shimadzu GC14B gas chro-
matographer with capillary column (DB-5 for separation of
ethylene, diethyl ether, and acetaldehyde) and FID detector.
*e catalytic ethanol dehydration system (Scheme 2) was
conducted as reported in our previous work [12].

3. Results and Discussion

3.1. Characterization. Characterization results of the carbon
catalysts prepared from pyrolysis of waste tires treated with

two different acids (HCl and HNO3), and activated with
phosphoric acid at various temperatures are shown in Ta-
ble 2. From a nitrogen adsorption-desorption technique,
which gave details of surface and pore characteristics, it was
found that surface areas and pore volume of all activated
carbons increased with increasing the activation tempera-
ture indicating no sintering occurred. *e higher temper-
atures enhance a removal of organic volatile compounds and
also noncarbon atom remained in the activated carbons
resulting in the additional pores inside the structure, thus
leading to the higher pore volume and the larger surface [18].
However, the small new pores dragged the average pore
values of the activated carbons down as seen from the result.
Similar trends were found for both types of activated car-
bons, treated with HCl or HNO3.

It was observed that iodine adsorption capacities of the
catalysts did not linearly increase with increasing of
surface area. Change in pore size could affect the ad-
sorption capacity of the catalyst. Decrease of pore size in
the catalysts activated at higher temperature obstructs the
adsorption of iodine molecules onto the catalyst surface.
Even though the iodine molecules are relatively smaller
(0.6 nm, [19]) than the average pore sizes of the catalyst,
the new pores generated at the high activation tempera-
ture may be smaller than or nearly the same size as the
iodine molecules, thus hindering the adsorption process.
Shimada et al. [20] also found a remarkable decrease in the
iodine adsorption number which is attributed to the
collapse of pores by the excessive activation and an in-
crease in the ash content in the activated carbon. Change
in adsorption characteristic could influence the perfor-
mance of catalysts, especially when catalysts have to be
immobilized prior to use.

Adsorption isotherms of the catalysts were also obtained
from a nitrogen adsorption-desorption technique. It can be
observed that all samples exhibited type IV isotherm with a
hysteresis loop indicating to a mesoporous structure of the
materials according to the IUPAC classification (Figure 1).

Crystal structures of the catalyst samples were detected
with an X-ray diffractometer (XRD). It can be seen from the

Nitrogen Pyrolysis reactor

Flow meter

Temperature
controller

Condenser Gas

Bio-oil

Solid carbon

Scheme 1: Pyrolysis process.
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XRD patterns in Figure 2 that all samples exhibited the
similar crystal structures revealing the characteristic peaks of
graphite at around 2θ� 26 [21]. *e sharper peaks appeared
with the higher activation temperature. *is suggests that
the higher activation temperature causes more crystallinity
to the samples.

Morphologies of the catalysts were investigated with a
scanning electron microscope (SEM) as shown in the SEM
micrographs in Figure 3. It can be observed that all catalysts
exhibited spherical-like particles with smooth surface. No
differences in morphologies caused by different activation
temperatures or acids were observed.

For efficient use in the ethanol dehydration, the acidity of
the catalysts was improved by sulfonating with H2SO4 onto
the carbon. *e finished catalysts were then investigated
with the FTIR to detect functional groups on the catalyst
surface. *e FTIR spectra of all catalysts are shown in
Figure 4. It can be seen that all catalysts clearly exhibited
peaks around 1184 cm1, which are attributed to sulfate
groups (S�O) from the substitution of hydrogen in surface
hydroxyl groups (−O−H). *is is evident for the presence of
acid groups derived from sulfonation with H2SO4 on the
catalyst surfaces. *e peaks attributed to alcohols (R−OH)
around 3400–3600 cm−1 and carboxylic (C�O) around
1711 cm−1 were also observed in all catalysts.

*e acidity of the catalysts was determined by back
titration with NaOH. *e result of acidity determination
with regard to surface acidity (moles of acidic sites) and
acid density is shown in Table 3. It was observed that the
surface acidities of all catalysts are nearly similar probably
due to same amount of sulfonic acid sites present on all
catalysts. *is indicates that all catalysts have similar
adsorption capacities for sulfonic acid, in consistent with
the adsorption capacities of iodine as observed previously.
*e differences in surface areas of the catalysts in-
significantly affected the acidity of the catalyst. However,
as a result of the differences in surface areas of the cat-
alysts, it leads to the variation of acid density among all
catalysts. *e highest acid density belonged to the catalysts
activated at the low temperature (400°C) for both series of
catalysts (previously treated with HCl or HNO3) due to
their low surface areas. *ese acid properties may influ-
ence catalytic performances of the catalyst during ethanol
dehydration, which will be further discussed in the next
part.

3.2. Reaction Study. *e catalytic ethanol dehydration was
conducted under temperature programming from 200°C to
400°C for all catalysts to evaluate their catalytic performance
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Scheme 2: Ethanol dehydration system.

Table 2: Surface areas, pore characteristics, and iodine adsorption of carbon catalysts.

Sample Surface area (m2/g) Pore volume (cm3/g) Pore size (nm) Iodine adsorption (mg/g)
AC_H420 119.2 0.85 28.3 125
AC_H520 273.6 1.49 23.4 129
AC_H620 293.3 1.81 20.4 139
AC_N420 105.8 0.85 32 124
AC_N520 263.6 1.34 23.9 126
AC_N620 290.0 1.62 21.3 129
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in terms of catalytic activity (% ethanol conversion) and
product selectivity.*e ethanol conversions of all catalysts at
various temperatures are shown in Figure 5. *e ethanol
conversions at 400°C (the best condition) are also listed in
Table 3 along with the product selectivities at this
temperature.

From Figure 5, it can be observed that for all catalysts
except AC_N620, the ethanol conversion increased with
reaction temperatures. *is could be an effect of an endo-
thermic reaction which favors high temperature. *e syn-
thesis pathway of ethanol into ethylene is considered an
endothermic reaction as proposed in reaction (2) [22].
*erefore, the results confirm the existence of this reaction.

C2H5OH⟶ C2H4 +H2O⟶ (ΔH � +44.9 kJ/mol)
(2)
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Figure 2: XRD patterns of the catalysts.
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Figure 1: N2 adsorption/desorption isotherms of the catalysts.
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Considering the ethanol conversions at 400°C in Table 3,
it was found that for both series of catalysts, the ethanol
conversions increased with surface acidity and acid density
of the catalysts. Nevertheless, the acid density apparently
influenced the ethanol conversion more than the total
acidity. It has been known that the dehydration process
increases with increased total acidity of the carbon surfaces
and takes place mainly at the active centers of the Brønsted
acid. Accordingly, sulfonic groups on the catalysts, which
easily give up a proton can be classified as the Brønsted acid,
essentially enhance catalytic activities of the catalysts. *us,
high acidity (Brønsted acid sites) of the catalysts increased
the ethanol conversion as expected. *e reaction pathway of
ethanol dehydration with the sulfonic acid carbon-based
catalyst can be proposed as Figure 6. In the first step,
protonation takes place at alcoholic oxygen in the ethanol

(a) (b)

(c) (d)

(e) (f )

Figure 3: SEM micrographs of the catalysts: (a) AC_H420, (b) AC_H520, (c) AC_H620, (d) AC_N420, (e) AC_N520, and (f) AC_N620.
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Figure 4: FTIR spectra of the catalysts.
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molecule.*en, the C-O bond is broken causing the loss of a
water molecule and resulting in a carbocation intermediate.
Finally, a hydrogen ion is removed from the carbocation,
forming a double bond of ethylene.

For the effect of acid density, it can be seen that the
ethanol conversion of the catalysts significantly increased
with the acid density. *is effect was also observed in our
previous study [23], which revealed that high acid density of

the alumina catalysts apparently results in high catalytic
activity in the ethanol dehydration. *is is because the
shorter distances between two nearby neighboring acid sites
(high acid density) probably lead to rapidly react to form
diethyl ether. *e diethyl ether can be formed through a
bimolecular nucleophilic substitution mechanism which is
preferred with two adjacent ethanol molecules adsorbed on
the catalyst surface as shown in Figure 7. It can be see that

Table 3: Surface acidity, total conversion, and product selectivity of carbon-based catalysts at 400°C.

Sample Acidity (μmol/g) Acid density (μmol/m2) Ethanol conversion (%)
Selectivity (%)

Ethylene Diethyl ether Acetaldehyde
AC_H420 2210 18.5 36.2 65.9 33.5 0.6
AC_H520 2200 8.0 19.9 66.2 33.1 0.7
AC_H620 2170 7.4 14.3 69.0 30.5 0.4
AC_N420 2270 21.5 29.1 69.4 29.9 0.7
AC_N520 2040 7.7 22.7 75.6 23.6 0.8
AC_N620 1980 6.8 22.1 73.9 25.5 0.6
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Figure 5: Ethanol conversion of the catalysts for ethanol dehydration at various temperatures.
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the intermediate carbocation combines with the near eth-
anol molecule and then produces diethyl ether. Converting
the ethanol into diethyl ether can increase the ethanol
conversion. In addition, diethyl ether also acts as reaction
intermediate and is subsequently decomposed to ethylene
[24]. Nevertheless, this process still increased the catalytic
activity anyway.

It should be noted that the catalytic activity also de-
creased with increasing of the activation temperature of
the catalysts. *e reason may be a gradual decomposition
of carboxyl groups present on the carbon surface prior to
sulfonation, which already becomes unstable at 180°C [25].
It has also been reported that heat treatment will create
unsaturated surfaces as a result of thermal desorption of
acidic functional groups [26]. Several researchers found
that the decomposition of oxygen functional groups occurs
at elevated temperatures and leads to an increase in ba-
sicity of the carbon surface [27–29]. *erefore, an increase
of the activation temperature led to lower acidity on the
catalyst and consequently reduced the ethanol conversion.
*is indicates that the other acidic functional groups such
as carboxyl group could involve in the reaction mechanism
of the ethanol dehydration besides sulfonic acid on the
catalyst surface.

When comparing between two series of the catalysts, it
was found that with the high activation temperatures
(520°C and 620°C) the HNO3-treated catalysts gave the
higher catalytic activity than the HCl-treated catalysts.
However, at 420°C, the HCl-treated catalyst (AC_H420)
conversely gave the higher catalytic activity than the
HNO3-treated catalyst (AC_N420). *is was because at
the same activation temperatures (520°C and 620°C), the
HNO3-treated activated carbons have a slightly larger
pore diameter than the HCl-treated activated carbons
(Table 1). *erefore, after sulfonation the sulfonic acid
sites located inside the pores of the HNO3-treated cata-
lysts could be more easily access than those of the HCl-
treated catalysts. *is is attributed to the higher catalytic
activity of the HNO3-treated catalysts. Nevertheless, at
420°C both types of activated carbons (AC_H420 and
AC_N420) have the relatively larger pore diameter, thus
an effect of pore diameter becoming lower. *e higher
catalytic activity of AC_H420 than AC_N420 was due to
that HNO3 having a higher oxidizing strength that
destroyed the pore walls to a large extent, fixing a large
amount of oxygen surface groups [30]. *e higher degree
of oxidization at the catalyst surface could convert surface
hydroxyl groups into other oxygen contained groups, thus

consequently affecting the addition of the sulfonic groups
through hydroxyl groups during sulfonation. *is leads to
the higher active acidic centers on the surface of AC_H420
than AC_N420, and then provided the higher catalytic
activity.

With regard to the product selectivity of the catalyst, it
was found that all HNO3-treated catalysts had higher
ethylene selectivities than those obtained from HCl-
treated catalysts. *e opposite was true for the diethyl
ether selectivities. *e acetaldehyde selectivities were
insignificant for both series of catalysts. *e different
natures of catalysts, which were previously treated with
different acids, may be the reasons for the different se-
lectivities. It is generally accepted that the ethanol con-
version to ethylene occurs on weak acid sites [24, 31].
*erefore, this suggests that the HNO3-treated catalysts
have the higher proportion of weak acid sites than the
HCl-treated catalysts. From the results of the reaction
study, it can be concluded that the types of acid used in
treatment process, and also the activation temperatures,
influence the catalytic performance of the solid carbon
catalysts prepared from the pyrolysis of waste tire.
*erefore, tuning the ethanol dehydration production
with solid carbon catalysts by variation of the acid types
would be plausible and worth further investigation.

In Table 4, summarized reports of catalytic performance
for ethanol dehydration to ethylene over various catalysts are
compared. It can be seen that the solid carbon catalysts in
this study exhibited the lower catalytic activity than most
catalysts in the previous studies. Nevertheless, when com-
paring among the carbon-based catalysts, the waste tire-
derived carbon is still comparable. *us, waste tires have the
considerable potential to be developed as a catalyst for
ethanol dehydration.

4. Conclusion

Waste tires were pyrolyzed to obtain carbon and then
sulfonated to achieve the carbon-based catalysts. *e cata-
lysts were divided into two series according to the acid types
in the treatment process. Both series of catalysts have the
same trends that increasing the activation temperature
decreased the catalytic activity due to the reduction of acid
density. *e HNO3-treated catalysts had higher catalytic
activities than the HCl-treated catalysts except at the acti-
vation temperature of 400°C. *e ethylene selectivities of the
HNO3-treated catalysts were rather higher than those of

O

H

CH2 C CH3H2C O

H

CH2CH2

+

AC
S

O
O

O

CH2CH3 CH3CH2OCH2CH3

AC
S

OH
O

O

+

Figure 7: *e mechanism of ethanol dehydration to diethyl ether.

8 International Journal of Chemical Engineering



HCl-treated catalysts. *is was probably resulted from the
higher proportion of weak acid sites.
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Over the years, the organosolv pulping process has proven to be a valuable pretreatment method for various lignocellulosic
feedstocks. ,e objective of this study was to characterize and assess the potential applicability of the organosolv lignin fraction
from European larch sawdust, as no research has been conducted in this field so far. Eight different samples were prepared from
the European larch sawdust under varied reaction conditions and one milled wood lignin sample as reference. ,e reaction
temperature and sulfuric acid loading were varied between 420 and 460K and 0.00 and 1.10% (w/w on dry wood basis) H2SO4,
respectively. ,e antiradical potential (via DPPH• method), chemical structure (via ATR-FTIR, 1H NMR, 31P NMR, and thi-
oacidolysis), as well as the molecular weight distribution of the isolated lignins were analyzed and compared. Results from
thioacidolysis show a direct correlation between the amount of β-ether bonds broken and pulping process severity. Similarly, both
antiradical potential and phenolic hydroxyl group content exhibit a direct relationship to reaction temperature and catalyst
loading. On the contrary, the content of aliphatic hydroxyl groups and the average molecular weights both decreased with
increasing process severity. ,e high content of phenolic hydroxyl groups and antioxidative potential of the larch organosolv
fractions, especially for the sample isolated at 460K and 1.10%H2SO4 loading, indicate good applicability as antioxidants as well as
feedstocks for further downstream valorization and require additional research in this area.

1. Introduction

,e impending depletion of fossil resources has incited a rise
of interest in converting renewable resources, such as lig-
nocellulosic feedstocks, to chemicals and fuels. Lignin is an
excellent candidate to fulfil that role, being the largest
naturally occurring source of aromatic compounds and a
major component of lignocellulose. Lignin is built up from
methoxylated hydroxy phenylpropanoid units via random
radical polymerization, leading to a complex, amorphous,
and water-insoluble polymer with a multitude of chemically
distinct binding motifs [1].

,e organosolv pulping process is one option of bio-
refinery concepts that can efficiently separate biomass into
cellulose-, hemicellulose-, and lignin-rich fractions. It was

developed over 80 years ago by Kleinert and Tayenthal [2]
for the fractionation of multiple types of lignocellulosic
feedstocks, including wood and agricultural wastes, using
low-boiling point water-miscible solvents as pulping agents.
,e resulting organosolv lignin has a low content of residual
carbohydrates as well as high potential for valorization,
besides producing a cellulose-rich fraction of high quality
comparable to that of the kraft process [3].

Several studies have been conducted recently on the
organosolv pulping of softwoods. Lesar et al. studied the
uncatalyzed pulping of mixed softwood from recycling
companies. ,e maximum lignin removal of 51% was
achieved at 493K with 196min of reaction time and 65% aq.
EtOH [4]. Nitsos et al. focused on acid-catalyzed organosolv
pulping of spruce. ,ey reached a feedstock delignification
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of 62% at 456K, 60min, and 60% aq. EtOH and a sulfuric
acid loading of 1% [5]. Løhre et al. tested a flow-through
organosolv fractionation of mixed softwood. ,e maximum
lignin removal of 83.1% was achieved at 448K, 63% aq.
EtOH with 6.00mol·m−3H2SO4 [6]. Smit et al. studied a
novel acid-catalyzed acetone organosolv fractionation pro-
cess of spruce and pine, amongst other lignocellulosic
feedstocks, as pretreatment for enzymatic sugar production.
However, the applied reaction conditions of 413K, 50% aq.
acetone, 120min, and 40mM of H2SO4 proved to be too
benign, as delignification was just 31.6% for pine and 29.7%
for spruce, respectively [7].

Furthermore, multiple studies have been published re-
cently on possible applications for organosolv lignins. It was
proposed that it can be used as an adhesive in wood panel
production [8], a monomer in a biopolymer [9], a possible
antioxidant [10, 11], and a pesticide [10].

European larch (Larix decidua Mill) is one of the most
important wood species of Central Europe that mainly
occurs in mountainous regions (Alps, Carpathians, and
Sudetes). It typically reaches 45m with a diameter of up to
1.5–2.5m and a lifespan of up to 800 years [12, 13]. Its
natural habitat spans approximately 5000 km2 with a further
5000 km2 of plantations in the Central and Western Europe
together with Japanese and hybrid larch species [14]. ,e
European larch is one of the fastest growing conifer trees
with more than 10m3·ha−1·y−1 and additionally possesses a
low susceptibility to pests, high wood durability, and good
fiber characteristics [12, 13]. It is largely used in carpentry,
façade building, as well as naval construction [15]. Several
studies have been conducted on European larch wood, in-
cluding lignin and extractive content [16] and distribution in
the heartwood [17], as well as its correlation to decay re-
sistance [18].

However, no study has been conducted yet on the in-
fluence of organosolv pulping conditions on the properties
of the lignin fraction of European larch. Research into the
valorization of side products of the wood industry, such as
sawdust, seems promising due to the high relevance of larch
timber on the European market.

Eight lignin preparations were extracted from the Eu-
ropean larch under varied conditions using an ethanol
organosolv process with conditions derived from the litera-
ture [19–21]. Additionally, onemilled wood lignin sample was
isolated as reference. Furthermore, the correlations between
the pulping conditions and the physicochemical character-
istics of the organosolv lignin samples were studied. ,e
lignin structure was elucidated using ATR-FTIR, thio-
acidolysis, and HPSEC. ,e functional group content was
assessed using 1H NMR and 31P NMR, and the antioxidative
potential was determined via the DPPH method.

2. Materials and Methods

2.1. Feedstock. ,e European larch sawdust was provided
by Sägewerk/Hobelwerk Alfred Seebacher GmbH & Co.
KG located in Gnesau (Carinthia), Austria. ,e trees were
harvested at approximately 100 years of age between
November 2016 and March 2017 from the Nockberge

region, Carinthia, at least 1000m above sea level. ,e logs
were sawn in October 2017 without previous debarking.

,e sawdust was directly collected and transported to
our laboratory in a 100 L plastic bag. ,e sawdust was
screened, and the fraction smaller than 1.5mm× 1.5mm
and larger than 100 µm× 100 µm was collected as feedstock
for the organosolv fractionation experiments and stored in a
refrigerator at 277K in closed glass containers. Part of the
sawdust was ground using an MF 10 basic microfine grinder
(IKA, Germany) equipped with an MF 10.1 cutting-grinding
head, from which the fraction smaller than 0.5mm was
retained for chemical analysis.

2.2. Organosolv Fractionation. Organosolv pretreatment of
the pinaceous sawdust was performed in a 0.5 L stirred batch
reactor, made of HastelloyC® (Paar Instrument Company,
Series 4575A HP/HT). A split ring closure system with a
flexible graphite gasket was used to maintain the reaction
pressure and a thermowell to measure the internal temper-
ature. ,e reactor was loaded with 36 g of sawdust on dry-
wood basis, filled with 250mL of a 75% v/v aqueous ethanol
solution (liquid-to-solid ratio 7 :1 v/w) with either sulfuric
acid as a catalyst (0.75–1.65% w/w) or autocatalytic. ,e
reactions were performed at 440, 450, 455, and 460K, re-
spectively, at a heating rate of 8–10K/min, with 30min of
reaction time at the respective temperature [19–21]. After the
fractionation process, the reaction mixture was filtered over a
Whatman No. 5 filter paper in a Büchner funnel to separate
the solid cellulose-rich substrate from the lignin-rich liquor.
,e solid phase was washed with a total of 165mL (3× 55mL)
of warm (333K) aqueous ethanol solution and combined it
with the initial filtrate, followed by warm (333K) water
washing (3× 50mL) which was discarded. ,e combined
liquid phase was poured into three times the volume of
distilled water (1.25 L) to precipitate the ethanol organosolv
lignin fraction. In the case of the autocatalytic reaction, the
water was acidified to pH 3 with conc. HCl to ease lignin
precipitation.,e crude larch organosolv lignin was separated
from the liquid fraction once again via filtration and con-
sequent warm water washing (333K, 3× 75mL). Afterwards,
both the lignin fraction and pulp fraction were freeze dried for
24 h and stored for further analysis (Figure 1).

Furthermore, catalyst loading, treatment temperature,
and duration were merged into a combined severity factor
(CSF), developed by Abatzoglou et al. [22], to be able to
more easily compare different fractionation experiments, as
shown in the following equation:

CSF � log10 t × exp
T(t)− 373

14.75
   – pH, (1)

where t denotes the treatment time, T(t) is the treatment
temperature in K; 373 is the reference temperature in K, and
14.75 is a constant describing the role of temperature in a
catalyzed reaction system [22].

2.3. Milled Wood Lignin. Milled wood lignin (MWL) was
prepared based on a method published by Holtman et al.
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[23] with minor modifications. For a detailed description of
themethod, please see SupplementaryMaterials.,e yield of
purified milled wood lignin was 4.0% based on dry
extractive-free wood.

2.4. Analytical Protocols

2.4.1. Chemical Characterization. ,e humidity of the
softwood sawdust was determined using an MA23 infrared
moisture analyzer (Satorius AG, Germany). Klason lignin
and acid-soluble lignin [24] of the feedstock and cellulose-
rich organosolv fraction, hot-water- and acetone-soluble
extractives [25], and ash content [26] of the feedstock
were analyzed in accordance to standards published by the
Technical Association of the Pulp and Paper Industry
(TAPPI). Carbohydrate content of the larch sawdust was
determined based to a multistep-method, comprising saw-
dust hydrolysis, reduction of released monosaccharides to
the corresponding alditols, acetylation of the resulting
polyols, liquid-liquid separation, and GC-FID analysis [27].
,e results from the chemical characterization of larch
sawdust are summarized in Table 1. Part of the organosolv
lignin fraction was crudely purified for further analysis. In
detail, 1.5 g of lignins was dissolved in 10mL of HPLC-grade
acetone and filtered through a 0.45 µm nylon syringe filter
(Ø 33mm, Carl Roth, Germany) before solvent removal via a
rotary evaporator and drying in a vacuum desiccator.

2.4.2. Attenuated Total Reflection Fourier-Transformed In-
frared Spectroscopy (ATR-FTIR). Structural features of the
larch organosolv samples were analyzed using infrared
spectroscopy on an FTIR spectrometer (Cary 630 FTIR,
Agilent) equipped with the diamond ATR accessory running
on MicroLab FTIR Software. 32 background scans and 64

sample scans were collected, at a resolution of 2 cm−1 from
4000 to 600 cm−1. ,e spectra were further processed using
SpectraGryph v1.2.10 software.

2.4.3. Nuclear Magnetic Resonance (NMR) Analysis. ,e
semiquantification of functional groups via 1H NMR was
performed based on analysis protocols published by Pan et al.
[28] with minor modifications. In detail, 1 g of the purified
organosolv lignin was acetylated using 20mL of a 1 :1
pyridine : acetic anhydride mixture, reacting for 84 h at
room temperature in dark, under constant shaking in a
incubating mini shaker (VWR, USA). Afterwards, the
mixture was added dropwise to 200mL of constantly
stirred ice-cold water that was acidified with 2mL of
concentrated HCl. ,e acetylated lignin was isolated over a
Büchner funnel glass frit (porosity 3), washed with distilled
water until the filtrate was pH neutral, and dried in vacuum
over CaCl2. 50mg of the acetylated organosolv lignins were
dissolved in 600 µL DMSO-d6, and 10mg of p-nitro-
benzaldehyde (Sigma Aldrich, USA) were added as internal

Organosolv
lignin

H2O (pH < 7)

Liquid
fraction

Liquid
fraction

Sawdust

EtOH/H2O, H2SO4 Reaction

Filtration

2nd washing

1st washingEtOH/H2O (ΔT)

H2O (ΔT)

Freeze-drying
Solid

substrate

Solid
fraction Precipitation

Filtration

WashingH2O (ΔT)

Freeze-drying

Figure 1: Schematic drawing of the organosolv fractionation and workup procedure. Product fractions are written in bold, dashed lines
indicate solid fractions, whereas solid lines indicate liquid fractions.

Table 1: Chemical composition of larch sawdust, reported as mean
(n � 3)± standard deviation.

Component Content (% (w/w))
Ash 0.17± 0.02
Extractives (water + acetone) 12.02± 0.12
Klason lignin 26.90± 0.10
Acid soluble lignin 0.30± 0.02
Carbohydrates (as monomers)

Glucose 51.15± 0.33
Arabinose 0.99± 0.02
Galactose 4.97± 0.25
Mannose 7.39± 0.07
Xylose 3.12± 0.14
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standard. All NMR spectra were recorded on a Bruker
Avance III 300MHz NMR spectrometer equipped with a
5mm TXI probe at 298 K. For the 1D 1H NMR spectra, 16
scans were acquired and multiplied with an exponential
windows function with a line broadening of 0.3Hz prior to
Fourier transformation. ,e spectra were integrated in
MestreNova 8. ,e content of hydroxyl groups (in
mmol·g−1) was calculated on the basis of hydrogen atoms
contained in the internal standard compared to that of
acetyl and methoxyl groups, respectively, and by in-
tegration of the following spectral regions: internal stan-
dard (8.45–7.98 ppm), aliphatic acetyl (2.17–1.70 ppm),
phenolic acetyl (2.50–2.17 ppm), and methoxyl groups
(4.10–3.10 ppm). Furthermore, the content of carboxylic
acid groups (COOH) was determined via 31P NMR; for a
detailed description, see Supplementary Materials.

2.4.4. Molecular Weight Analysis. ,emolecular weight was
estimated through high-performance size-exclusion chro-
matography (HPSEC) using a styrene-divinylbenzene PLgel
column (Polymer Laboratories, 5mm, 100 Å, 600mm
length, 7.5mm inner diameter) with a photodiode array
detector (Dionex Ultimate 3000 UV/vis detector) set to
280 nm UV and tetrahydrofuran (1mL·min−1) as eluent. A
calibration curve based on polyethylene oxide standards
(Igepal, Sigma Aldrich) and injection of pure coniferyl al-
cohol monomers and dimers was used for quantitative as-
sessment. ,e organosolv lignins were dissolved in
tetrahydrofuran and filtered through a 0.45mm PTFE
membrane filter before analysis via HPSEC.

2.4.5. ;ioacidolysis. ,ioacidolysis followed by GC-MS
analysis was conducted based on a method published by
Aguié-Béghin et al. [11]. In detail, the lignin-derived thio-
acidolysis monomers, namely, guaiacyl (G), p-hydrox-
yphenyl (H), and syringyl (S) were analyzed as trimethylsilyl
derivatives via GC-MS (Saturn 2100, Varian, Agilent,
USA) equipped with a poly(dimethylsiloxane) column
(30m× 0.25mm; PB-1, Supelco, Sigma Aldrich, USA) using
5mg of sample and 0.20mg heneicosane (C21H44, Fluka) as
internal standard. ,e temperature program was 313 to
453K at 30K·min−1, followed by 453 to 533K at 2 K·min−1.
An ion trap was used as a mass spectrometer set to an
ionization energy of 70 eV and positive detection mode.
Quantitative determination of the G and vanillin monomers
(no H and S units found) was performed from ion chro-
matograms reconstructed at m/z 269, as compared with the
signal from the internal standard measured from the ion
chromatogram reconstructed at m/z (57 + 71 + 85).

2.4.6. Determination of the Antioxidative Potential. ,e
radical-scavenging capability of the of the organosolv lignins
was assessed as an indicator for the antioxidative potential,
based on a method published by Dizhbite et al. [29] and was
applied with minor modifications. In detail, 800 µL of
ethanolic 6,00×10−5mol/l 1,1-diphenyl-2-picrylhydrazyl
(DPPH•) (Sigma Aldrich, USA) was mixed with 200 µL of

a 9 :1 aqueous dioxane solution containing varying lignin
concentrations (1–250 µg/mL) in 1mL single-use micro-
BRAND® UV cuvettes (1 cm path length; Sigma Aldrich,
USA). ,e reaction mixture was stored in darkness at room
temperature under periodical shaking for 18min, and the
absorption was consequently determined at 517 nm (λmax)
with a Cary 60 UV/VIS spectrometer (Agilent, USA).

To determine the quenching percentage (Q), the sample
absorption (A0) was corrected by the absorption of both the
diluted lignin samples in the corresponding concentration
without DPPH (Aref ) and of the DPPH• solution without
lignin (A0):

Q �
A− Aref + A0( 

A0
× 100. (2)

By plotting the quenching percentage against the lignin
concentration, the EC50 can be determined, which is defined
as the value at 50% Q. ,e radical-scavenging capability of
the organosolv lignin samples was assessed in terms of
antiradical power (ARP), defined as the reciprocal value of
EC50 [30]. ,e ARPs of 3,5-di-tert-butyl-4-hydroxytoluene
(BHT) and 2/3-t-butyl-4-hydroxyanisole (BHA) were de-
termined as reference. All samples were analyzed in tripli-
cate, and the mean values± standard deviation are reported.

3. Results and Discussion

3.1. Yield of Organosolv Fractionation Experiments. Ethanol
organosolv pretreatment is known to be effective at
separating cellulose from lignin as well as hemicellulose in
multiple feedstocks, including woody biomass [31]. Re-
sults from the catalyzed and autocatalyzed organosolv
fractionation experiments of larch sawdust are summa-
rized in Table 2. ,e moisture content of the larch sawdust
was 19.1 ± 0.5% for all experiments. No predrying was
performed because high moisture content facilitates
feedstock impregnation with pulping liquor and thus
increases the delignification rate [32]. ,e pretreatment
time was set to 0.5 h as preliminary experiments have
shown that there is no significant difference in lignin yield
between 0.5 and 1.0 h (not shown). ,e maximum yield of
ethanol organosolv lignin (EOL), 21.82% (w/w), was
achieved at 460 K with a catalyst loading of 1.65% (w/w).
,e results also indicate that an increase of both tem-
perature (440 to 460 K) and catalyst loading (0.00% to
1.65%) lead to an increase of organosolv lignin yield as
well as acid-soluble lignin (ASL) in the aqueous phase. ,e
increase in lignin yield is due to more excessive ether bond
cleavage at higher process severities [11]. Similarly, the
increase in ASL is caused by further fragmentation of
dissolved lignin polymers to more water-soluble species.
,e yield of solid substrate decreased with both increasing
temperature and catalyst loading due to increased
delignification as well as carbohydrate degradation. ,e
Klason lignin content of the solid substrate first decreased
with increasing temperature and catalyst loading,
reaching a minimum at 455 K at 0.75% (w/w) H2SO4.
However, with increasing process severity, the rate of
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carbohydrate degradation surpassed that of delignifica-
tion and the content of Klason lignin increased, to reach a
maximum of 29.24%.

Nitsos et al. [5] reported a maximum lignin yield of
16.80% for acid-catalyzed organosolv pulping of spruce
wood at a CSF of 2.23 (456K, 60min, 1% (on dry wood basis
(odw)) H2SO4, 60% EtOH). A significantly higher yield was
achieved in this study, 20.83%, at a CSF of 2.24. However,
Pan et al. [19] reported amaximum lignin yield of 24.96% for
lodgepole pine, at a CSF of 2.48 (453K, 70min, 1.10% (odw)
H2SO4, 75% EtOH), surpassing this work by 3.14% at a
comparable CSF of 2.42.

As the ethanol organosolv fractionations were per-
formed at both low pH and high temperature, it is possible
that pseudolignins were formed. ,ey are hypothesized to
form primarily from sugar degradation products, such as
furfural and 5-hydroxymethylfurfural, via first rear-
rangement reactions followed by oxidation, polymeriza-
tion, and condensation reactions to yield aromatic
components [33, 34]. ,ese aromatic components can
increase the Klason lignin content of the pulp phase and
furthermore reduce enzymatic digestibility by un-
productive binding with enzymes. ,is phenomenon is
most likely to have occurred in the high severity pulping
runs, OS-F and OS-G, since significant amounts of car-
bohydrates could not be retained in the solid substrate
phase.

Furthermore, the lignin yield of the autocatalyzed
fractionation experiment was low (6.47% (w/w)). Lesar et al.
[4] reported a lignin yield of 17.3% for softwood under
autocatalyzed conditions. However, these results were
achieved under more severe conditions (493K, 196min,
65% EtOH).,us, with proper reaction optimization, higher
removal efficiency is possible, but still inferior to the cata-
lyzed organosolv experiments.

CSF analysis was used to be able to easily compare and
correlate ethanol organosolv fractionation yields and
physicochemical characteristics of the isolated larch lignins.
However, CSF was not used to analyze the processing

conditions of the autocatalyzed experiment, as no acidic
catalyst was used.

3.2. Influence ofProcessParameters onCharacteristics of Larch
Organosolv Lignin. FT-IR analysis is a commonly used
technique to analyze structural features of lignin, due to its
speed and simplicity. In Figure 2, five IR spectra are shown,
including organosolv lignin from low (OS-A), mid (OS-D),
and high severity (OS-G) fractionation as well as autoca-
talyzed organosolv lignin (AC-OS) and milled wood lignin
(MWL). All spectra look similar, albeit small differences,
indicating comparable chemical structures. ,e absorption
bands of the lignin samples were assigned based on pub-
lished studies [35, 36], which are summarized in Table S1 in
the Supplementary Materials. ,e strong broad signals at
3420 cm−1 are ascribed to hydroxyl bond (O-H) stretching.
,e signals at 2930 and 3855 cm−1 correspond to C-H bond
stretching in methyl- and methylene groups. ,e band at
1700 cm−1 is ascribed to C�O bond stretching in un-
conjugated systems. ,ree peaks associated with aromatic
skeletal vibrations are also found, at 1600, 1510, and
1420 cm−1. A relative decrease of all three peaks in the
organosolv lignins compared to MWL indicates that
structural degradation of the lignin structure occurred
during the fractionation process. ,e band at 1360 cm−1 is
assigned to phenolic hydroxyl vibrations. ,e peak at
1264 cm−1 is characteristic for ring vibrations of guaiacyl
monomers. Four bands correspond to aromatic C-H bond
vibrations typically found in guaiacyl monomers, 1140 cm−1,
1030 cm−1, 850 cm−1, and 813 cm−1. ,e lack of character-
istic syringyl (S) vibrations at 1330 and 1120 cm−1 and of
p-hydroxyphenyl (H) vibrations at 1168 and 833 cm−1 in all
IR spectra prove that lignin in European larch is indeed
G-type. ,e peaks at 1215 and 1126 cm−1 can both be as-
cribed to C�O stretching vibrations, whereas the former also
includes C-C and C-H bond stretching vibrations in CH3.

High-performance size-exclusion chromatography was
performed, to assess the impact of treatment severity on
molecular mass distribution of the resulting organosolv
lignin fraction. Although average molecular mass estimation
based on a polystyrene calibration is by no means able to
produce accurate absolute masses, it is indeed a valid tool for
comparative purposes. Results listed in Table 3 indicate that
the differences between number average molecular weights
(Mn) of organosolv lignins from low (440K, 1.10 % H2SO4)
and high severity (460K, 1.65% H2SO4) fractionation ex-
periments are insignificant, 1058 g·mol−1 and 932 g·mol−1,
respectively. Weight average molecular weights (Mw) de-
crease with increasing process severity, from 2501 g·mol−1
(OS-A) to 1980 g·mol−1 (OS-G). As expected, larch orga-
nosolv lignin from the autocatalyzed pulping run exhibits
the lowestMw (1655 g·mol−1) as it is less efficient at removing
lignin from the feedstock. ,e average molecular weights
and their variance between low and high severity frac-
tionation experiments are significantly smaller compared to
previously published data with similar fractionation con-
ditions, withMw ranging from 3.2×103 to 6.5×103 [37] and
2,240 to 4,600 [20], respectively.

Table 2: Process parameters, mass flows of the organosolv ex-
traction experiments, and lignin content of the solid substrate.

Process parametersa Mass flows
(% w/w)

KL of
substrate

Tb (K) C
(wt%.) CSF S EOL ASL (% w/w)

OS-A 440 1.10 1.65 47.49 16.36 4.62 18.16
OS-B 445 1.10 1.80 44.52 17.61 4.77 16.54
OS-C 450 1.10 1.95 38.56 19.12 5.40 14.16
OS-D 455 0.75 1.93 38.68 19.06 5.45 14.14
OS-E 455 1.10 2.10 34.14 20.01 5.64 16.05
OS-F 460 1.10 2.24 29.74 20.83 5.85 19.76
OS-G 460 1.65 2.42 22.42 21.82 6.14 29.24
AC-OS 460 0.00 — 80.11 6.47 3.05 24.59
a36 g of feedstock (on dry basis), 250mL of 75% aq. ethanol, and 30min
residence time. bT, temperature; C, catalyst loading on dry wood basis; CSF,
combined severity factor; S, solid substrate; EOL, ethanol organosolv lignin;
ASL, acid-soluble lignin in the aqueous phase; KL, Klason lignin; AC-OS,
autocatalyzed organosolv.
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Proton NMR analysis is known to be a reliable tool to
semiquantify the content of functional groups of acety-
lated lignin samples, specifically phenolic (PhOH) and
aliphatic hydroxyl groups (AlkOH) as well as methoxyl
groups (MeO) [38, 39]. ,e result shown in Table 4 in-
dicates a direct correlation (r � 0.9894) between process
severity and content of phenolic hydroxyl groups, in-
creasing from 3.15mmol·g−1 (OS-A) to 4.15mmol·g−1
(OS-G). ,is increase can be attributed to a more efficient
cleavage of α- and β-aryl ether bonds at higher temper-
atures and catalyst loading [40]. ,ese results are in good
accordance with the literature, where PhOH contents for
organosolv lignins from 3.01 to 4.25mmol·g−1 for lodge-
pole pine [20], 2.34 to 4.04mmol·g−1 for Miscanthus x
giganteus [37], and 2.21 to 4.38mmol·g−1 for hybrid poplar
[28] were reported.

On the contrary, the content of aliphatic hydroxyl
groups is decreasing with increasing severity, from 4.15 to
3.25mmol·g−1. It was proposed byMcDonough [41] that this
phenomenon is also associated with acid-catalyzed β-aryl
ether cleavage. In detail, a c-hydroxymethyl group is re-
leased as formaldehyde, forming an enol ether bond on the
lignin side chain that is consequently broken [42]. ,us, the
same mechanisms leading to an increase of PhOH groups
during the organosolv fractionation process led to a decrease
of AlkOH groups. Additionally, during organosolv pulping,
the whole side chain can be cleaved off, reducing the AlkOH
content further. ,e determined concentration range for
aliphatic hydroxyl groups corresponds well to literature
values, ranging from 3.77 to 4.72mmol·g−1 for lodgepole
pine [20], 1.07 to 3.11mmol·g−1 for Miscanthus x giganteus
[37], and 2.73 to 5.01mmol·g−1 for hybrid poplar [28].

As can be seen in Table 4, the total amount of free
hydroxyl groups does indeed not change significantly be-
tween all the acid-catalyzed fractionation experiments, just a
slight increase fromOS-C to OS-G can be observed. Both the
MWL and the autocatalyzed organosolv lignin contain a
significantly higher amount of total hydroxyl groups,
9.12mmol/g and 8.65mmol/g, respectively, which is in good
accordance with the literature [43]. Furthermore, the con-
tent of free carboxylic acid groups was low in all larch
organosolv fractions, ranging from 0.07 to 0.2mmol·g−1.,e
highest content was achieved in the autocatalyzed sample
because of its comparably least severe method of extraction.
However, no significant difference can be observed within
the acid-catalyzed organosolv samples.

Methoxyl group content ranges from 5.77 to
6.27mmol·g−1. Pearson correlation analysis indicates that
the content of MeO in larch organosolv lignin is in-
dependent of the pulping conditions (r�−0.4644). ,ese
observations are consistent with data published by Pan et al.
[28] on the correlation of organosolv fractionation condi-
tions to physicochemical lignin properties of hybrid poplar
and Gilarranz et al. [40] on autocatalyzed methanol pulping
of Tasmanian blue gum. ,e MWL sample exhibits the
lowest content of PhOH and the highest content of AlkOH.
,is is well documented in the literature, as the Björkman
method [44] is the most benign lignin extraction process,
conserving most of its natural structural features. Addi-
tionally, the content of methoxyl groups is significantly
lower in both MWL and the autocatalyzed organosolv lignin
compared to the sulfuric acid catalyzed organosolv samples.
,is can be explained by nucleophilic addition of ethanol on
the benzylic position during acid catalyst pulping and a
general higher lignin extraction efficiency [45]. ,e high
content of AlkOH in the autocatalyzed organosolv sample
despite its comparably high content of PhOH can be
explained due to the absence of an acidic catalyst as de-
scribed above. Of the eight different organosolv lignins
investigated in this study, OS-G probably has the highest
applicability as it contains the highest amount of phenolic
hydroxyl groups. A higher content of free hydroxyl groups
correlates increased chemical reactivity, thus making OS-G
an excellent candidate for use as an antioxidant or as a
monomer for biopolymer production.

Table 3: Results from molecular weight analysis of larch orga-
nosolv samples.

CSF Mn (g·mol−1) Mw (g·mol−1) Mw/Mn

OS-A 1.65 1058 2501 2.36
OS-B 1.80 1096 2296 2.09
OS-C 1.95 1117 2403 2.15
OS-D 1.93 1063 2281 2.15
OS-E 2.10 1064 2223 2.09
OS-F 2.24 970 2022 2.08
OS-G 2.42 932 1981 2.13
AC-OS — 998 1655 1.66

15

16 17

13
12

14
11

106

5

41

MWL

AC-OS

OS-A

Tr
an

sm
itt

an
ce

OS-D

OS-G

2
3

7
8
9

1500
Wavenumber (cm–1)

1000 5004000 3500 3000

Figure 2: ATR-FTIR spectra of larch lignin samples; for peak
identification, see Supplementary Materials.
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To get a more complete view on the influence of pulping
conditions on changes in the lignin structure, thioacidolysis
of the larch organosolv samples was performed, and the
results are summarized in Table 5.,ioacidolysis is based on
acid-catalyzed depolymerization of lignins with a high
specificity to aryl ether bonds. A high content of releasable
monomers therefore indicates more benign extraction
conditions and consequently a less altered lignin structure
[46]. Additionally, a high content of releasable monomers
correlates to a low content of phenolic hydroxyl groups, as
they are primarily formed during β-ether bond cleavage.
Only guaiacyl (G) thioacidolysis monomers and vanillin, an
oxidized guaiacyl derivate, were detected, neither
p-hydroxyphenyl-(H) nor syringyl (S) monomers. ,is can
be explained by the limited natural occurrence of both
monomers in conifers of maximum 8% and 2%, respectively
[47], in addition to a higher liability of syringyl units towards
ether cleavage.,e content of releasable G-units and vanillin
both decreases with increasing processing severity from
171 µmol·g−1 to 242 µmol·g−1 (OS-B) to 11 µmol·g−1 and
99 µmol·g−1 (OS-G), respectively. ,is trend is in good ac-
cordance with the results of 1HNMR analysis, and the
maximum content of releasable monomers correlates to the
minimum of PhOH hydroxyl groups and vice versa. ,e
lower thioacidolysis yields of OS-A compared to OS-B could
be explained due to the less-efficient lignin extraction in the
presence of the same sulfuric acid loading. As expected, the
content of releasable monomers is highest in the autoca-
talyzed lignin sample due to the relatively benign extraction
conditions.

3.3. Correlation between Process Parameters and Antiradical
Potential. As parameter to assess the reactivity of isolated
larch organosolv lignins, their respective antiradical po-
tential (ARP) was chosen. ,e ARP was analyzed using
DPPH• as a radical source in aqueous dioxane and the loss of
absorption at 517 nm as indicator for the scavenging ca-
pability. As can be seen in Figure 3, the pulping conditions
do have a significant impact on the ARP of the resulting
organosolv lignin fractions. Larch sawdust extracted under
the most benign conditions (440K, 1.10% H2SO4) yielded in
organosolv lignin with the smallest ARP of 66.1, corre-
sponding to the highest EC50 of 15.6 µg·mL−1. With

increasing process severity, the radical scavenging capability
also rises, up to a maximum of 100.7 (460K, 1.10 wt%
H2OS4), equal to an EC50 of 9.9 µg·mL−1. ,e autocatalyzed
organosolv lignin sample (AC-OS) achieved an ARP of 82.0,
comparable to the samples isolated at 455K at 0.75 (OS-D)
and 1.10% (w/w) H2SO4 (OS-E), respectively. Statistical
analysis of the relationship between process severity and
ARP demonstrate a strong direct correlation (r� 0.9976).
,is finding is in good accordance with previously published
data on organosolv lignins of Miscanthus x giganteus [37],
hybrid polar [28], and aspen, spruce, and birch wood [29].

,e content of nonetherified phenolic hydroxyl groups is
primarily responsible for the antioxidative potential of lignin
[29, 48]. Indeed, as can be seen in Figure 3, the organosolv
sample with the lowest content of PhOH exhibits the lowest
antioxidative potential and vice versa (66.1/3.15mmol·g−1
vs. 100.7/4.15mmol·g−1). As expected, the content of ali-
phatic hydroxyl groups is indirectly correlated (r�−0.9844)
to ARP because of their indirect relationship to PhOH.
Results further indicate that the contribution of methoxyl
group to ARP is negligible. However, more recent findings
by Ponomarenko et al. [48] indicate that o-methoxyl groups
indeed have a positive effect on DPPH• scavenging capacity.
,is discrepancy can be explained by the large variety of
lignins used in the aforementioned study, including grass,
hardwood, and softwood lignins from different technical
processes.

Furthermore, results from this study show that av-
erage molecular weights and antioxidant activity have a
weak to very weak indirect correlation (r(Mn) �−0.7564,

Table 5: Yields from thioacidolysis and GC-MS of the thioethy-
lated guaiacyl (G) monomer derivatives (mean of two independent
analyses).

CSF G-units (µmol·g−1) Vanillin·(µmol g−1)
OS-A 1.65 136 298
OS-B 1.80 171 242
OS-C 1.95 156 209
OS-D 1.93 116 232
OS-E 2.10 58 175
OS-F 2.24 24 127
OS-G 2.42 11 99
AC-OS — 344 233

Table 4: Functional group content of the larch organosolv samples. PhOH-, AlkOH-, and MeO contents were determined via 1H NMR and
COOH content via 31P NMR.

CSF PhOHa

(mmol·g−1)
AlkOH

(mmol·g−1) Total OH (mmol·g−1) PhOH/AlkOH ratio MeO
(mmol·g−1)

COOH
(mmol·g−1)

OS-A 1.65 3.15 4.15 7.30 0.76 6.27 0.09
OS-B 1.80 3.45 3.91 7.36 0.88 6.05 0.07
OS-C 1.95 3.50 3.72 7.22 0.94 5.92 0.07
OS-D 1.93 3.47 3.73 7.20 0.93 5.77 0.07
OS-E 2.10 3.74 3.60 7.34 1.04 6.09 0.09
OS-F 2.24 3.91 3.51 7.42 1.11 5.71 0.09
OS-G 2.42 4.15 3.25 7.40 1.28 6.01 0.1
AC-OS — 3.60 5.05 8.65 0.71 4.78 0.2
MWL — 3.08 6.04 9.12 0.51 4.16 —b

aPhOH, phenolic hydroxyl groups; AlkOH, aliphatic hydroxyl groups; MeO, methoxyl groups; COOH, carboxylic acid groups. bNot analyzed via 31P NMR.
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r(Mw) �−0.5722). ,e difference in average molecular
weights between low and high severity pulping conditions
is quite low, as discussed above, and significantly smaller
compared to previously reported results [28, 37, 49]. ,us,
the average molecular weights cannot be used as proper
indicator for the potential antioxidative potential of larch
organosolv lignins.

However, a direct comparison of antioxidative potential
is typically complicated by distinct differences in the DPPH•

analysis conditions, such as radical concentration, reaction
time, and solvent ratio/volume. ,e results by Pan et al. [28]
were achieved under quite similar conditions. ,eir results
for EC50 of hybrid poplar organosolv lignins range from 8.2
to 80.0 µg·mL−1, compared to 9.9 to 15.6 µg·mL−1 for the
European larch in this study.,is parity indicates that under
similar pulping conditions, organosolv lignin from the
European larch can achieve antioxidative potentials similar
to that of hardwood lignins.

4. Conclusion

In this study, for the first time, the relationship between
physicochemical characteristics and pulping conditions of
ethanol organosolv lignins from the European larch are
investigated. ,is study should serve as the initial step for
possible future applications of larch organosolv lignins as
antioxidant or feedstock for biopolymer production. ATR-
FTIR, 1H NMR, 31P NMR, HPSEC, thioacidolysis, and an
antioxidative assay are used as analytical tools. ,e harshest
reaction conditions (OS-G), 460K and 1.10 % (w/w) H2SO4,
resulted in the highest yield of organosolv lignin (21.82%).
Additionally, OS-G has the highest content of phenolic
hydroxyl groups (4.15mmol·g−1) and antiradical potential as
well as the lowest content of releasable guaiacyl monomers
by thioacidolysis (11 µmol·g−1). OS-A shows the lowest
PhOH content (3.15mmol·g−1), lowest antiradical potential,

and highest content of releasable guaiacyl monomers (484
µmol·g−1).,e autocatalyzed organosolv lignin exhibited the
highest aliphatic hydroxyl group (5.05mmol·g−1) content
and lowest weight average molecular weight. Both the high
antiradical potential and content of free phenolic hydroxyl
groups indicate that larch organosolv lignin indeed has
potential for further valorization.

Further investigations are planned, to properly assess
potential future applicability of the material. ,ese include
method optimization for the organosolv pulping process,
alternative fractionation methods, such as Kraft, Organocell,
and c-valerolactone pulping, and additional analysis tech-
niques, such as zeta potential, 2D HSQC NMR, and thermal
analyses.
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absorption bands from the IR analysis of the lignin samples.
(Supplementary Materials)
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5-Ethoxymethylfurfural (EMF), one of the significant platform molecular derivatives, is regarded as a promising biofuel
and additive for diesel, owing to its high energy density (8.7 kWh·L−1). Several catalytic materials have been developed for
the synthesis of EMF derived from different feedstocks under relatively mild reaction conditions. Although a great quantity
of research has been conducted over the past decades, the unsatisfactory production selectivity mostly limited to the
range 50%–70%, and the classic fructose used as the substrate restricted its application for fuel manufacture in large scale.
To address these production improvements, this review pays attention to evaluate the activity of various catalysts
(e.g., mineral salts, zeolites, heteropolyacid-based hybrids, sulfonic acid-functionalized materials, and ionic liquids),
providing potential research directions for the design of novel catalysts for the achievement of further improved
EMF yields.

1. Introduction

Diminishing fossil reserves and growing environmental
problems have determined research for sustainable, green,
and environmentally benign resources for liquid fuels and
chemicals [1–3]. Biomass is widely available, inexpensive,
and a CO2-neutral source of carbon, the catalytic conversion
of which to platform chemicals has potential to substitute the
products from nonrenewable fossil sources [4–6]. A large
number of strategies have been investigated for the con-
version of carbohydrates in lignocellulosic biomass into
chemicals and fuels [7–9]. .e choice of an appropriate
catalyst plays a significant role in observing high conversion
and selectivity to the target chemicals in a sustainable, green,
and economic process [10].

.e main purpose of this review is to evaluate the activity
of various catalysts (e.g., mineral salts, zeolites, heteropolyacid-
based hybrids, sulfonic acid group-functionalized materials,
and ionic liquids) with different catalytic effects and
functional groups for the production of EMF from HMF,

fructose, glucose, and other carbohydrates under the ap-
plied reaction conditions, providing potential research
directions for the design of novel catalysts for the
achievement of further improved EMF yields. Fossil fuels
and the derived chemicals have been produced from the
limited natural sources. Increasing demand for limited
fossil fuels and environmental degradation is gradually
severe. .us, replacing the fossil fuels with alternative and
sustainable energy sources is imperative [11, 12]. Biomass
is regarded as the only sustainable source of organic
carbon compounds that have been suggested as the ideal
equivalent to petroleum for the synthesis of fuels and
chemicals. Biomass is widely existing and available as a
proper feedstock, whose production estimates 1.0 × 1011
tons per year. Extensive research and studies have been
conducted to produce biofuels and biodegradable products
from biomass [13–15].

Amongmultiple furan derivatives derived from biomass,
EMF is recognized as an excellent additive for regular diesel
with promising properties as follows:
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(i) With high boiling point (508K) in comparison with
diesel fuel.

(ii) High energy density (30.3MJ·L−1) is similar to
regular gasoline (31.9MJ·L−1) and is compared to
diesel fuel (33.6MJ·L−1), which is notably higher
than ethanol (21MJ·L−1) [16].

(iii) Due to its low toxicity, EMF can be used as a flavor
and aroma ingredient in the food beverage in-
dustries [17–21].

(iv) To blend EMF with diesel fuel in a diesel engine
reduces the formation of particulate contamination,
SO2 emissions, and soot. Meanwhile, EMF-blended
fuel can make the engine run smoothly for hours
[11, 12, 22, 23].

(v) Ethers that included EMF have a high cetane
number [16], which is a very important factor for
combustion performance and emission.

(vi) No hydrogenation step is required in EMF pro-
duction, which is an advantage over other fuel
additives (e.g., DMF) obtained from HMF
production.

Considering the fact that EMF plays a significant role as a
fuel candidate, diesel fuel additive [24], FDCA, or cyclo-
pentenones precursor [25, 26], it is vital to review their
different production aspects with detailed attention. .us,
recent progress in EMF synthesis is summarized in this
review.

2. Synthesis of EMF

In order to produce EMF, HMF should participate in the
etherification reaction with ethanol in the presence of an
acid catalyst. Fructose or glucose may also be used as an
initiator feed in large scale because their price is considerably
low compared to fructose and HMF. Production of EMF
from disaccharides, polysaccharides, and biomass through a
“one-pot” approach is economically desirable due to the fact
that the costs of saccharification, sugar isolation, and pu-
rification can be eliminated. However, the yield of synthe-
sized EMF decreases significantly when HMF or fructose has
not been used as the feed, and the possible reaction pathways
for the synthesis of EMF from carbohydrates are presented
in Scheme 1. .e proposed reaction mechanism of hexose
conversion to EMF is shown in Scheme 2.

Another method to produce EMF from different feed-
stocks is to follow a multistep mechanism. In the first step of
the mechanism, an intermediate is produced, and then the
intermediate is converted to EMF at very high yield. A
representative example of the multistep method is found in
the preparation of halomethylfurfural, namely, 5-chlor-
omethylfurfural (CMF), where the reaction of biomass,
polysaccharides, or C6 sugars with HCl leads to the pro-
duction of CMF, and then, EMF is produced by nucleophilic
substitution of CMF with ethanol [27]. Herein, we reviewed
and compared different acid catalysts and their efficacies on
the production yields of EMF from various feedstocks.
Optimal reaction conditions for the case were presented.

2.1. Homogeneous Mineral Salts. Soluble catalysts or the
homogeneous catalysts possessed excellent catalytic per-
formance and the fast reaction rate, the existent ions of
which are highly dispersed through the medium to enhance
the availability of active sites with reactants. Generally,
mineral salts acted as Lewis acid in favor of converting the
glucose-based substrates to synthesize EMF. However, the
separation and recycle wasted energy are not catered to the
green and sustainable development.

Additionally, the heterogeneous catalytic reaction caused
lower corrosion for the environment and equipment.
.erefore, much more researchers concentrated on solid acid
catalysts and enhanced their performances and activities
[28–30]. Reaction temperature plays a crucial role in car-
bohydrates transformation and EMF synthesis, and the
temperature ranges from 70°C to 160°C. .e major by-
products existing in the system were EL, 5-(ethoxymethyl)
furfural diethylacetal (EMFDEA) [17], and 5,5′(oxy-
bis(methylene))bis-2-furfural (OBMF) [31].

Metal chloride always is a commercially available Lewis
acid with low toxicity and a high catalytic activity for the
conversion of hexoses. Series of metal chlorides have been
introduced for the production of EMF (Scheme 3). Initially,
Liu et al. [32] examined various inorganic salts to promote
fructose into EMFwith NH4Br, CuCl2·4H2O, and NiCl2·6H2O
giving low yields of EMF. Among those mentioned above,
NH4Cl demonstrated superior catalytic activity with 42% total
yield of HMF and EMF under optimum reaction condition.
Simultaneously, Yang et al. [33] chose the AlCl3·6H2O as a
catalyst for carbohydrates including glucose, sucrose, maltose,
cellobiose, starch, and cellulose and converted to EMF in
ethanol/water binary solvents. .e higher total furans yield
(included HMF and EMF) of 57% was obtained, and a
moderate EMF yield of 40% was derived from sucrose.
However, the conversion efficiencies of other carbohydrates to
furan were low. .e highest EMF yield through single step
reaction fromHMFwas proved to be 92.9% catalyzed by AlCl3
at 100°C for 5 h by Liu et al. [31]. With the same carbohydrates
conversion system, Yu et al. [34] performed the use of large-
scale common metal salts as catalysts for the preparation of
EMF to understand the catalytic mechanism. According to the
research, AlCl3 gave good catalytic activity for producing EMF
from fructose at 140°C, while CuSO4 and Fe2(SO4)3 provided
comparable EMF yields at 110 to 120°C, and the latter favored
the EL formation.

To enhance the catalytic performance, Jia et al. [35]
explored combinations of AlCl3 with different cocatalysts
such as B(OH)3 and BF3·(Et)2O or halide salts such as NaF,
NaCl, and NaBr. .e result of BF3·(Et)2O/AlCl3·6H2O
proved to be significantly superior to other catalysts; 55.0%,
45.4%, and 23.9% high yields of EMF derived from fructose,
inulin, and sucrose were achieved, respectively, under the
optimized conditions. Later, Zhou et al. [36] studied the
reactivity of FeCl3, CrCl2, GeCl4, IrCl3, and so on for the
production of EMF. .e presented toxicity, high price, and
instability drawbacks of other metal chlorides affect the
further exploration. In the presence of FeCl3, a maximum
EMF yield of 30.1% was obtained in the mixture solvent
composed of [Bmim]Cl and ethanol.
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2.2. Heterogeneous Catalysts

2.2.1. Zeolitic Catalysts. Zeolites with the highly dispersed
and uniform channel microporous structure typically re-
strict the formation of large and unwanted by-product for
the EMF preparation system. Meanwhile, the micropores
also limit the effective diffusion of HMF and EMF due to the
molecular sizes and small pore openings of zeolites [37, 38].
Expansion of the pore sizes needed to be further explored for
the application in more areas.

.e enlarged pore sizes play an important role for these
materials. For instance, Lanzafame et al. [29] conducted the
efficient etherification of HMF catalyzed by mesoporous Al-
MCM-41 (with different Si/Al ratios), zirconia, or sulfated
zirconia immobilized on SBA-15. Strong Lewis acid sites
ZrO2 and isolated Al3+ sites were explained to be beneficial
for EMF production. In addition, strong Brønsted acid sites
led to the formation of ethyl 4-oxopentanoate. Investigation
on mesoporous aluminosilicates by further introducing
aluminum into the framework Al-TUD-1 (Si/Al ratio: 21)
was carried out by Neves et al. [39]. Based on the unique and
regular channel of MCM-41, Che et al. [30] illustrated a
nanosphere catalyst with highly dispersed H4SiW12O40/
MCM-41 for the etherification of the hydroxyl group of
HMF. Comparing the catalytic performance with p-TSA,
H2SO4, Amberlyst-15, and H3PO4, H4SiW12O40/MCM-41
showed 84.1% selectivity to EMF with 92.0% conversion of
HMF under mild conditions. Meanwhile, the intermediate
5,5′(oxybis(methylene))bis-2-furfural could also be con-
verted to target product EMF. .ey found that, with the
strength of acids and heteropoly anion effects, the effective
catalytic performance of H4SiW12O40/MCM-41 was ob-
tained. In this regards, Liu et al. [40] developed MCM-41-
HPWwith different dosages of phosphotungstic acid (HPW)
supporting on MCM-41. .e optimal 40 wt.% MCM-41-
HPW achieved a high EMF yield of 83.4%, converted from
HMF at 100°C for 12 h.

Inspired by the published results that tin-containing
zeolite (Sn-BEA) was effective for the glucose-fructose-
HMF conversion, Lew et al. [41] further employed Sn-
BEA combined with Amberlyst-131 for one-pot glucose-
to-fructose-to-HMF-to-EMF conversion, giving 31% yield of
EMF. Li et al. [42] found DeAl-H-beta could provide a
moderate EMF yield (43%) from sucrose, and the EMF yield

was improved up to 50% by a one-pot two-step method.
However, poor catalytic performance was achieved using
cellobiose as a substrate for EMF. Lewis et al. [43] explored a
series of zeolites including Hf-, Zr-, Ti-, Ta-, Nb-, and Sn-
Beta that could promote the etherification reaction of HMF.
Under batch conditions, Ta-Beta and Al-Beta showed
comparable EMF yields of 56% and 41%, respectively.

Product selectivity depends on the control of active sites
strength. Barbera et al. [44] introduced NH4-exchanged
zeolites, and the NH4 was used to block the strong sites, thus
preventing the secondary reactions. .e results proved that
NH4+ effectively increased the product selectivity of NH4-
BEA catalyst for HMF etherification reaction. Recently, Bai
et al. [45] exhibited the glucose conversion to EMF catalyzed
by multifunctional MFI-Sn/Al zeolite with dual meso-/
microporosity and dual Lewis and Brønsted acidity. Com-
bination of Lewis acidic Sn and Al sites and Brønsted acidic
Al-O(H)-Si sites was efficient for the cascade isomerization-
dehydration-etherification reaction, affording 44% EMF
yield.

2.2.2. Heteropolyacid-Based Hybrid Catalysts. Heteropolyacids
have several advantages such as strong Brønsted acidity,
tunable acid-base properties, and high proton mobility. But,
they tend to dissolve in water and polar solvents and possess
low surface area and low thermal stability, which limits their
application in catalytic conversion. Supporting a solid
support is a method that has been used by different groups.

Originally, Yang et al. [46] investigated the fructose-
EMF transformation in a mixed ethanol/THF (tetrahydro-
furan) medium catalyzed by H3PW12O40 (HPW). .e mi-
crowave offered EMF in yield of 76% under the optimum
reaction condition, and the cosolvent THF significantly
increased fructose conversion. Wang et al. [47] compared
the activity of HPW, phosphomolybdic acid (HPM), AlCl3,
H3PO4, and Amberlyst-15 for production of EMF from
fructose in an ethanol/DMSO mixture. Results indicated
that HPW and HPM exhibited superior catalytic activities
than AlCl3, H3PO4, and Amberlyst-15, and the former
formed 64% EMF within 130min at 140°C. In this regard,
Ren et al. [48] exchanged H+ ion of HPW with Ag+ and
achieved Ag1H2PW, which presented a high activity and
EMF yield of 88.7%. Further replacing another H+ in the
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Ag1H2PW, the acid strength of the catalyst decreased. Ren
et al. used Ag1H2PW catalyst for fructose dehydration and
HMF etherification, and a relatively high yield of EMF
(69.5%) was obtained.

Stability and efficient separation are crucial criteria to be
the catalyst support. Addition of heteropolyacid into
Fe3O4@SiO2, simultaneously with the introduction of the
silica layer could modify the MNPs-formed inert surface.
Fe3O4@SiO2-HPW catalyzed the reaction of HMF with
ethanol, and therefore, the activity increased dramatically
and the production of EMF yield reached 83.6% [49]. Wang
et al. [50] also applied Fe3O4@SiO2-HPW for EMF pro-
duction from HMF to obtain the same effect, which was in
accordance with the results of Liu and Zhang [51]. Besides,
Fe3O4@SiO2-HPW achieved an EMF yield of 54.8% derived
from fructose.

Organic-inorganic hybrid materials become the
hotspot to be the catalyst, for instance, HPA-based
[MIMBS]3PW12O40 hybrid catalyst reported by Liu et al.
[52] for the preparation of EMF. Combination of IL with
H3PW12O40 enhanced the EMF yield to 90.7% with 98.1%
conversion of HMF under the optimum reaction condition
at 70°C within 24 h. Wang et al. [53] studied the uniform
nanospheric hybrids by controlling the molar ratio of
phosphotungstic acid (HPW) and pyridine (PY) or trime-
thylamine (TEA) in different nanosizes. Particularly, PY-
PW-1 showed an excellent catalytic activity with 90% of
EMF, which attribute to the relatively strong acidity and
regular pore size. With the prepared nanosphere PY-PW-1,
fructose was also converted to EMF in one-pot reaction
process and obtained a moderate yield of 55% with the
enhanced temperature at 120°C.

.e synthesized K-10 clay-HPW not only avoided the
HPW being dissolved into polar organic solvents and
expressed the high activity. Liu et al. [54] used 30wt.% of
K-10 clay-HPW for HMF-EMF transformation. Under the
optimum reaction conditions (100°C, 10 h), catalytic activity
was increased to 91.5% yield, whereas for one-pot fructose
conversion to EMF, 61.5% yield of EMF was gained. .e
prepared catalyst with high stability could be reused several
times without loss of catalytic performance. MCM-41 with
uniform channel structure and pore size was suitable to
support 12-tungstophosphoric acid that allowed the one-pot
conversion of fructose directly into EMF, leading to 42.9%
EMF by 40 wt.% MCM-41-HPW [40].

Apart from K-10 clay and MCM-41, MOF-based
[Cu-BTC][HPM] (NENU-5) was also efficient for the
etherification of HMF to EMF with up to 68.4% yield under
normal pressure and optimized conditions (Figure 1).
Benefiting from the unique structure, MOFs can provide
adsorption sites for HPM to avoid HPM dissolving into
solvents, making the catalysts be recyclable with 55% EMF
yield [55].

.e addition of cosolvent exhibits improvement in EMF
yield as compared with the single solvent, and enhanced
yield of EMF ranges from 5 to 20 percentages. Xu et al. [56]
explored the ethanol/n-hexane mixture solvent indicating
that the introduction of n-hexane could enhance the yield of
EMF to 66.3% with optimum volume ratio (ethanol : n-

hexane, 6 : 4), conducted at 120°C within 180min. With the
ethanol-DMSO mixture, Li et al. [57] also developed acid-
base bifunctional hybrid nanosphere catalyst Lys/PW that
possessed an optimal reaction activity of 76.6% EMF yield
from fructose, implying that the base sites of the catalysts
play an important role in increasing EMF stability.

Combination of Lewis acid AlCl3·6H2O and Brønsted
solid acid PTSA-POM proved cooperative effect for glucose
transformation into EMF and generated 30.6% EMF under
the ethanol-water (9 :1) system. [58].

.e appropriate supports play a vital role in hetero-
polyacid as the active center producing EMF. Partial sub-
stitution of protons is another effective approach to change
the property of heteropolyacid for better catalytic activity.
Raveendra et al. [59] reported the cesium-exchanged sili-
cotungstic acid to enhance the surface area and acidity and
finally obtained 91% EMF yield with Cs2STA at 120°C for
2.5 h.

2.2.3. Sulfonic Acid-Functionalized Catalysts. .e strong
acidity of sulfonic acid groups can be immobilized onto the
diverse supporter by sulfonation reactions and hence gain
multiple sulfonic acid-functionalized catalysts. Simulta-
neously, the acidic density can be flexibly controlled by the
dosage of sulfonic sources. Considering the green and
sustainable development request, loss of element S was not
catered for the present development.

Magnetic carriers to load sulfonic acid groups can be
easily separated by a permanent magnet and recycled for
times without loss of activity attracting much attention of
scientists. Zhang et al. [60] chose Fe3O4@SiO2 for prepa-
ration supporting a high yield (up to 89.3%) of EMF
converted from HMF. Magnetic nanoparticles (MNPs) and
amorphous carbon were selected to immobilize sulfonic
acid groups (−SO3H) which act as a solid acid catalyst for
EMF production [61]. Successfully, Fe3O4@C-SO3H shared
active catalytic properties in HMF-EMF, fructose-EMF,
sucrose-EMF, and inulin-EMF systems, and considerable
yields of 88.4%, 67.8%, 33.2%, and 58.4% were obtained,
respectively. Among those, the low yield of EMF was
produced from sucrose owing to the composition of su-
crose, which contains one fructose and glucose unit, and
glucose cannot be converted to EMF directly. .e more
deep-seated research was carried out by Fe3O4@SiO2-SH-
Im-HSO4 [62] and facilitated by it, indicating that EMF
yields derived from inulin (56.1%) and fructose were
consistent while glucose always promoted to ethyl gluco-
side. Soon afterward, Wang et al. [63] illustrated the
smooth conversion of sucrose and inulin with superior
catalytic performance offering 53.6% and 26.8% EMF
yields, respectively, at 140°C for 24 h. Excellent catalytic
performance of OMC-SO3H indicated its promising ap-
plication for biomass conversion into value-added chem-
icals and liquid fuels.

Considering the sustainable and green development
trend, the same magnetic Fe3O4@C-SO3H prepared from
wheat straw biomass afforded comparable EMF yield of
64.2% in DMSO-ethanol binary solvent. Bearing multiple
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-COOH, -SO3H, and -OH groups, the authors described the
progress of fructose or HMF to EMF in relatively high yields
with 64.2% and 85.6% [64].

Grafting sulfonic acid onto the inorganic insoluble
supports is a technique to prepare high-performance het-
erogeneous solid acidic catalysts. Liu and Zhang [51] studied
the grafting of sulfonic acid onto the mesoporous silica and
utilized for effective etherification of HMF for EMF with
83.8% under the optimal conditions (100°C, 10 h), while the
high yields of 63.1% and 60.7% were synthesized by one-pot
transformation of fructose and inulin. However, the aldose-
based carbohydrates such as glucose were mainly turned to
ethyl D-glucopyranoside with a high yield of 91.7%. .e
unique properties such as 2D structure, high stability, and
high surface areas decided GO as a promising catalytic
material that was oxidized by Hummers’ method clarified
the engineered catalytic performance for the conversion of
HMF into EMF with high yield of EMF (92%), while EMF
yield was decreased when fructose replaced HMF as a
starting material [65] (Figure 2). Under mixture solvent
ethanol-DMSO in 3 : 7, furan selectivity enhanced to 71%
EMF yield and 34%, and 66% EMF yields were achieved
when sucrose and inulin were used as the substrates. Par-
tially reducing GO, amorphous carbon black (CB), and
carbon nanotubes (CNTs) by sulfuric acid (S-RGO) were
conducted for the synthesis of EMF converted from HMF.
.e catalytic activity of S-RGO proved to be superior to
S-CB, S-CNTs, and even the classic Amberlyst-15 [66].

Besides, new solid acid catalysts obtained by sulfonating
natural biopolymers met the green trend for biomass con-
version to high value-added chemicals. Liu et al. [67] de-
veloped the cellulose sulfuric acid for the etherification of
HMF for the synthesis of EMF and observed high yield
(84.4%) under optimized condition. Similarly, application of
glucose-derived magnetic solid acid, glu-Fe3O4-SO3H, also
acted as an etherification catalyst and generated 92% isolated
yield EMF [68]. With the optimal 50wt.% loading rate of
glu-Fe3O4-SO3H, EMF from fructose was effectively pro-
duced by 81% yield.

Amberlyst-15 as one of the standard solid acid catalysts
was applied in various reaction systems and first explored
by Zhu et al. [69] for the HMF-5-methoxymethylfurfural
(MMF) conversion in low-boiling point solvent. .e
presence of cosolvent THF enhanced the contact of -SO3H of
Amberlyst-15 leading to promoting the catalytic progress

and accumulating the target molecules. Because of short of
the high surface area and the limited contact of active sites
and substrate, the catalytic performance of Amberlyst-15
was dissatisfactory. MOF provided large enough specific
surface area and acidic density, and MIL-101-SO3H(100)
showed a better catalytic performance with 89.2% conver-
sion of fructose and 67.7% EMF yield in the ethanol and
THF mixture.

Well-defined structure and uniform distribution of
active sites catalyst arenesulfonic acid-modified SBA-15
Ar-SO3H-SBA-15 was studied for the conversion of
fructose to EMF in binary ethanol-DMSO solvent in
optimizing reaction conditions (e.g., temperature, cata-
lyst loading, and DMSO concentration), demonstrating
the maximum EMF yield of 63.4% [70]. Li et al. [71]
generated a series of SO3H-functionalized polymer solid
acid catalysts for successive fructose dehydration and
HMF etherification, and an EMF yield of 72.8% was
achieved with the optimal catalyst poly(VMPS)-PW at
110°C within 10 h.

2.2.4. Ionic Liquid Catalysts. Due to the tailored design,
good thermal and chemical stability, low melting point, and
good solubility of acidic ionic liquids, the investigation of
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them attracts much attention. .e problem of high cost and
recycle is urgently to be solved.

Kraus and Guney [72] appointed the sulfonic acid-
functionalized IL to catalyze the conversion of fructose
for the EMF fabrication in a one-pot procedure without the
addition of solvent or acid catalysts. .e application of 1-
butyl-3-(3-sulfopropyl)-imidazolium chloride (4) and 1-
methyl-3-(3-sulfopropyl)-imidazolium chloride (5) for EMF
provided comparable 55% and 54% yields under the mild
condition (100°C, 80min), and the novel biphasic medium
assembly of hexanes and IL enhanced the EMF yields to a
certain extent.

.e Brønsted acidic IL [DMA]+[CH3SO3]− was ef-
fective for fructose-EMF conversion with a relatively high
yield of 64%, while one-pot cellulose transformation gave
22% yield of EMF [73]. Alam et al. [37] further showed
EMF production directly from Foxtail and Red nut sedge
weeds in presence of [DMA]+[CH3SO3]−, which was
better than [NMP]+[CH3SO3]− when converting foxtail to
EMF.

Except the ionic liquid catalysts, functionalized ionic
liquids can also act as the reaction medium to afford efficient
EMF yield. Guo et al. [74] chose hydrogen sulfate ionic
liquid as a homogeneous catalyst and mixed with ethanol as
a reaction solvent for efficient preparation of EMF. Cata-
lyzed by the [C4mim][HSO4]-ethanol system, high yield of
83% EMF was observed from fructose at 130°C within
20min, which could be attributed to the acidity of [C4mim]
[HSO4], the viscosity of the mixture system, and the formed
hydrogen bonds between [C4mim][HSO4], ethanol solvent,
and fructose.

Due to the superior physical and chemical properties and
benefits of acidic ILs, an effective progress for EMF derived
from carbohydrates by deep eutectic solvent (DES) mixture
as a solvent was proposed [75]. 77.3% EMF yield was gained
with fructose as substrate catalyzed by Amberlyst-15, and
more excellent catalytic performance afforded a high EMF
yield of 46.7% obtained from glucose with CrCl3-modified
Amberlyst-15 (Figure 3).

2.2.5. Others. Except for the mentioned catalysts in the
previous section, there exist many other effective materials
such as Zr-Mont, Co(x)Pc, MoO2Cl2(H2O)2, and a

combination of metal chloride with resins which could be
also used for carbohydrates transformation to EMF.

Acidic Zr-montmorillonite (Zr-Mont) catalyst was uti-
lized for synthesis mixture of EMF and 2-(diethoxymethyl)-
5-(ethoxymethyl)furan by Shined and Rode [76], and the
latter can turn into EMF by conducting in water with the
same Zr-Mont. Under the optimized reaction conditions,
EMF was observed in the highest yields of 91% by ether-
ification HMFwith ethanol. Yadav et al. [77] investigated the
use of cobalt (I, II, III) phthalocyanine (Co(x)Pc) for the
isomerization of glucose to fructose, for fructose de-
hydration, and in the subsequent etherification. It was noted
that Co(x)Pc was effective for the direct conversion of
carbohydrates to EMF in [EMIM]Cl ionic liquid, and Co(III)
Pc exhibited much higher catalytic activity. .e levulinate
could be reduced by the waste and basic additive oil shale
ash, which is formed by burning oil shale in power plants,
while it was efficient for the preparation of EMF with high
yield and purity [78]. .e final product EMF syntheses
starting from 5-bromomethylfurfural (BMF) afforded 88%
yield without further purification which reacted under room
temperature for 17 h in 96% ethanol.

Considering the excellent catalytic property for the re-
duction reaction, high valent oxomolybdenum complexes
were investigated for the synthesis of EMF by one-pot
fructose conversion in ethanol/THF (5 : 2) mixture and
optimal yield of 53%was achieved within 17 h at 120°C.With
the efficient catalyst, 40% and 23% yield of EMF were
produced from inulin and sucrose, respectively [79].

Marine carbohydrate agar derived from red algae was
reported for production of EMF in the presence of [EMIM]
Cl, CrCl2, and Dowex resin mixture, afford isolate 3.9 g of
EMF and EL (EMF to EL mole ratio: 5 : 2) from 10 g of agar
[80]. Similarly, biomass wheat straw was directly converted
by alcoholysis reaction in 94% (w/w) ethanol with 30mM
H2SO4 at 200°C, and yields for EMF and by-product EL were
20% and 25%, respectively [81].

3. Conclusions

As mentioned above, various Lewis and Brønsted acid
catalysts have been conducted to convert HMF, fructose, and
inulin in high yields without extra costs for isolation and
purification. It is worth noting that HMF is not affordable as
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a feed for EMF production regardless of the high yields of
70%–95% reported for HMF etherification to EMF by dif-
ferent groups. .e technoeconomic analysis carried out by
Torres et al. [82] estimated the HMF price of 2.16 $/kg based
on the process proposed by Roman-Leshkov et al. [83]. EMF
synthesis from fructose at a desirable yield of 50%–70%, but
high reaction temperature (90–130°C) and retention time
(6–24 h), is needed compared to the HMF cases. In general,
EMF production derived from sucrose did not gain high
yields, because of the fact that glucose obtained from sucrose
conversion was not converted to EMF in good yields.
Nevertheless, the fructose polymer inulin exhibited better
performance and produced EMF at high yields. One-pot
transformation of cellulose or biomass to EMF led to low
yields, due to their complex structures with the low glucose
conversion to EMF. Ethanol/THF or ethanol/DMSO mix-
ture is applied as a reaction medium for EMF synthesis from
fructose. In a series of reactions, EMFmay also participate in
the rehydration reaction to produce EL.
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A new copper-based supramolecular (β-cyclodextrins, β-CD) catalyst was synthesized and used for transesterification of
Xanthium sibiricum Patr oil to biodiesel. (is catalyst exhibited high activity (88.63% FAME yield) in transesterification
under the ratio of methanol-oil: 40 : 1; catalyst dosage: 8 wt.%; reaction temperature: 120°C; and reaction time: 9 h. (e
XRD, SEM, TEM, XPS, and BET characterization results showed that Cu-β-CD catalyst was amorphous and had clear
mesoporous structure (17.2 nm) as compared with the native β-CD. (is phenomenon is attributed to the coordination of
Cu and β-CD.

1. Introduction

With the rapid socioeconomic development, the demand for
petrochemical energy is on the increase. At the same time,
the shortage of energy and environmental pollution have
become the focus [1, 2]. Biodiesel is a good substitute for
petrochemical diesel because of its sustainability, bio-
degradability, and cleanability [3]. Biodiesel, also known as
fatty acid monoester, mainly including fatty acid methyl
esters (FAME) and fatty acid ethyl esters (FAEE), is typically
prepared via esterification or transesterification reactions of
animal and vegetable oils with methanol or ethanol in the
presence of an acidic and/or basic catalyst [4]. (e reaction
processes can be divided into homogeneous and heteroge-
neous ones depending on the type of catalysts, and re-
searchers are more inclined to heterogeneous research for its
advantages such as simple steps, easy postprocessing, and
less pollution [5, 6]. Heterogeneous catalysts mainly include
inorganic acid salts, solid heteropoly acids, metal oxides
[7, 8], zeolites [9], and hydrotalcites [10]. Among them, the
single and mixed metal oxides were studied by numerous
studies due to their environment-friendly, cheap, and effi-
cient catalytic characteristics, which were generally prepared

by coprecipitation, sol-gel, impregnation, and hydrothermal
methods [11]. In particular, the metal oxides composed of
Ca, Mg, and Al were extensively illustrated to be active for
biodiesel production [12–14]. However, Cu-based catalysts
used for efficient biodiesel preparation have been rarely
reported so far.

In this report, a new Cu-based supramolecular catalyst
was prepared from CuSO4

.5H2O and β-CD by simple or-
ganic synthesis and was applied to biodiesel synthesis. (e
results showed that the catalyst had obvious mesoporous
structure and good catalytic activity. (e results of this study
fill the gaps of copper-based catalysts for biodiesel
production.

2. Experiments

2.1. Materials. Xanthium sibiricum Patr oil was extracted
with the reported method [15]. Pure fatty acid methyl esters
were purchased from Sigma (USA). β-CD was purchased
from Hongchang Pharmaceutical Reagent Co., Ltd., Xi’an.
Anhydrous methanol, NaOH, and CuSO4·5H2O are ana-
lytically pure (AR) and purchased from Chemical Reagent
Co., Ltd., Tianjin.
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2.2. Catalyst Preparation. According to previous reports
[16, 17], 2.5 g β-CD and 0.8 g NaOH were dissolved into
50mL distilled water and stirred to completely dissolve at
room temperature, and then 50mL aqueous solution of 0.5 g
CuSO4·5H2O was gradually added at room temperature
under magnetic stirring for 1.5 h and filtered. Upon com-
pletion, 500mL ethanol was added to the filtrate, and a
precipitate formed, which was filtered and washed with
absolute ethanol to give a neutral precipitate. (e attained
solid was further dried at 80°C for 5 h.

2.3. Catalyst Characterization. TGA analysis was recorded
by NETZSCH STA 429 instrument. XRD patterns were
measured with the Bruker D8 advanced X-ray diffrac-
tometer (XRD) with Cu Kα radiation (λ � 0.154 nm) at
40 kV and 30mA with a step size of 0.02. (e surface
morphologies of the catalysts were characterized via FEI
inspect F50 type scanning electron microscope (SEM). (e
internal structure of catalysts was analyzed by the FEI
Tecnai G2 F20 S-TWIN 200 kV transmission electron
microscope (TEM). XPS analysis was conducted using the
(ermo Scientific ESCALAB 250Xi spectrometer
employing a monochromatic Al Kα X-ray source (h] �

1486.8 eV) and 500 μm test spot area, 15 kv test tube
voltage, 10mA tube current, and 2 × 10−9 mbar analysis
room floor vacuum. (e Brunauer–Emmett–Teller (BET)
surface areas were measured by N2 adsorption/desorption
apparatus (Micromeritics ASAP 2020), and the pore size
and pore volume distributions were calculated using the
Barrett–Joyner–Halenda (BJH) model.

2.4. Product Analysis. (e appropriate amount of X. sibir-
icum Patr oil, catalyst, and methanol were added into a
25mL glass three-necked flask with a condensing means and
placed in a an oil bath (120°C) with magnetic stirring for a
certain time. After the reaction completion, the reaction
mixture was cooled down and filtered, while the excess
methanol was removed by rotary evaporation. Hereafter, the
FAME contents of the samples were determined by the gas
chromatography (GC, Agilent 6890 GC), and the FAME
contents were calculated according to the methods reported
in [18].

3. Results and Discussions

3.1. Catalyst Characterization

3.1.1. TGA Analysis. (e TGA analysis results of the Cu-
β-CD catalyst are shown in Figure 1. It can be seen that the
weight loss of the Cu-β-CD catalyst mainly included three
stages, namely, loss of water (50–150°C), catalyst de-
composition (150–300°C), and complete decomposition of
the catalyst (300–800°C). Evidently, this catalyst was stable
until the temperature of around 150°C.

3.1.2. XRD. Usually, the catalytic activity is closely related to
the morphology of the catalyst. (e catalytic effect of the
amorphous material was generally better than the crystal

counterpart [19, 20]. XRD patterns of β-CD and Cu-β-CD
are shown in Figure 2, it could be clearly seen that the single
β-CD had distinct diffraction peaks, belonging to crystal
state material. However, Cu-β-CD did not show significant
diffraction peaks but appeared as wave packets. So, the
structures were greatly changed when the copper ions were
involved, which changed its morphology and increased its
specific surface area (Figures 3–5), while improving its
catalytic activity. (is is consistent with the experimental
results (Table 1).

3.1.3. XPS. (e valence of copper ions and structure of the
complex were determined by XPS spectra (Figure 6). As can
be seen from Figures 6(a) and 6(b), Cu ions existed in the
Cu-β-CD catalyst. C1s might be divided into three signals in
Figure 6(a), namely, C-C (284.7 eV), C-O (286.4 eV), and
C�O (287.9 eV), respectively.. In addition, it can be seen
from Figure 6(b) that the Cu’s basic binding energy was
933.3 ev (Cu2p3/2) and 953.6 ev (Cu2p1/2). (erefore, Cu2+,
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Figure 4: SEM images of pure (a) β-CD and (b) Cu-β-CD catalysts.

Figure 5: TEM images of pure (a) β-CD and (b) Cu-β-CD samples.
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copper, is predominantly present in this complex, and co-
ordination compounds were formed such as CuCO3 and
CuO. For this study, it can be deduced that a similar C-O-Cu
bond existed in the Cu-β-CD catalyst. (is is consistent with
previous reports [21, 22] and FT-IR (Figure 1, supporting
information (available here).

3.1.4. N2 Adsorption-Desorption Isotherm. (e specific
surface area (SSA) and pore size are also the main factors
that affect the activity of the catalyst. So, SSA and pore size
distribution of the β-CD and Cu-β-CD were studied via N2
adsorption-desorption isotherm and calculated by BET and
BJH methods, respectively. As can be seen from Figure 3,
β-CD did not display apparent hysteresis loops, but hys-
teresis ring closure point of the Cu-β-CD appeared at p/p0 �

0.4. In addition, the dramatic increase trend in the high-
pressure section indicated that it belongs to the type IV
isotherms and type H4 hysteresis ring [22, 23]. (ese results
demonstrated that β-CD had no distribution of pores and
the Cu-β-CD possessed slit hole formed by multilayer
structure, and its average pore size is 17.2 nm. (ose were
consistent with SEM and TEM studies. Apart from this, the
SSA of Cu-β-CD catalyst was 1.9m2/g, which is much larger
than that of β-CD (0.1m2/g) [24].

3.1.5. SEM and TEM. (e morphology of the catalyst is
typically correlated to its activity directly [25]. In order to
understand the structure of Cu-β-CD, the catalyst was
characterized by SEM and TEM, and the results are shown
in Figures 4 and 5. (e surface of native β-CD is
smooth (Figure 4), and the obvious pore structure cannot
be observed (Figure 5), but the Cu-β-CD showed multihole
structure and heterogeneous mesoporous structure (Figure 4).
Furthermore, a uniform worm-like duct structure of the Cu-
β-CD was also observed (Figure 5). So, it can be concluded
that the Cu-β-CD is a porous mesoporous material, and it
can be inferred that Cu-β-CD catalyst has a larger specific
surface area (SSA) than β-CD, which was confirmed by the
BET test results. As we all know, the catalyst with porous
mesoporous structures, small particles, and large SSA can
improve the activity of the catalyst [26, 27], and the Cu-
β-CD should have a high catalytic activity. Accordingly, the
results of catalytic performance of the catalysts are shown in
Table 1.

3.2. Catalytic Performance of the Catalysts. Catalytic per-
formance of the relevant catalysts is shown in Table 1
(supporting information). As can be seen from Table 1,
β-CD (native), Cu(SO4)2.5H2O, Cu(SO4)2.5H2O+β-CD
(simple physical mixture), and CuO did not show catalytic
activity (Table 1, entries 1–5). In contrast, the Cu-β-CD
showed a higher activity (FAME yield: 88.6%, Table 1,
entry 6) under 40 : 1 methanol-oil ratio, 8 wt.% catalyst
load, 120°C reaction temperature, and 9 h reaction time. In
combination with the relevant card results that can be
determined its catalytic activity, it can be deduced that the
superior activity of Cu-β-CD is mainly due to the Cu2+ and
β-CD which formed the Cu-OH bonds, and the Cu2+ may
act as electrophilic species to activate ester. Furthermore,
the Cu-OH bonds act as nucleophilic species to attack
the carbon of the ester, and two synergies may weaken
the ester bond and make –OCH3 attack ester bonds
easily [17].

3.3. Effect of Single Factor on the FAMEContent. In order to
optimize the biodiesel catalytic process of the Cu-β-CD,
reaction temperature, methanol/oil molar ratio, catalyst
loading, and reaction time were studied, respectively. (e
results are shown in Figure 7, and in most chemical re-
actions, reaction temperature is one of the most important
parameters. (e choice of temperature has a direct effect
on the reaction rate and product yield. As can be seen
from Figure 7(a), the FAME content is only 20% at 65°C,
but it increased with the increase of temperature. When
the temperature reached 120°C, the maximum yield is
obtained, while continuing to increase the temperature to
140°C leads to no change in the FAME. Figure 7(b) shows
the effect of the molar ratio of methanol to oil in the
reaction system. When the methanol-oil molar ratio is 10 :
1–50 : 1, it is proportional to the yield of FAME. As the
methanol-oil molar ratio is 40 : 1 and 50 : 1, the yield of
FAME was 88.39% and 89.11%, respectively. It can be
considered that the increase of the ratio of methanol-oil
yields of FAME can be neglected. Taking into account the
catalyst concentration and cost, the methanol-oil molar
ratio need not be further increased; therefore, the optimal
molar ratio of methanol to oil is 40 : 1 in this reaction.
Such a high molar ratio of methanol to oil is related to the
characteristic of β-CD having alcoholicity [28]. (e cat-
alyst is the most critical factor in transesterification, and
Figure 7(c) shows the yield of FAME under 2 wt.%–8 wt.%
catalyst; the content of FAME is lowest with 2 wt.%
catalyst amount, and with the increase of the amount of
catalyst, the yield of FAME also increases. (e yield of
FAME reached its maximum when increasing to 8 wt.%.
(erefore, the optimal catalyst loading should be chosen
to be 8 wt.% for the cost problem. (e reaction time is
also a key factor affecting the reaction result. (e im-
pact of reaction time on the yield of FAME is shown in
Figure 7(d). It can be seen from the Figure 7(d) that the
conversion rate of FAME reached the maximum after 9 h.
(is shows that 88.63% FAME conversion was received
under the optimized reaction conditions of 40 : 1 molar

Table 1: (e catalytic activity of the catalysts.

Entry Catalyst FAME%
1 β-CD (native) nd
2 Cu(SO4)2.5H2O nd
3 Cu(SO4)2.5H2O+β-CD

(simple physical mixture)a nd4
5 CuO nd
6 Cu-β-CD 88.6
Condition of reaction: the ratio of methanol-oil: 40 :1; the amount of
catalyst: 8 wt.%; reaction temperature: 120°C; reaction time: 9 h; aphysical
mixing; nd: not detected; FAME%: the data of biodiesel production
percentages.
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ratio of methanol/oil, 8 wt.% Cu-β-CD amount, 120°C,
and 9 h.

Overall, Cu-β-CD was stable until around 150°C, which
was a mesoporous material having a large SSA (1.8892m2/g)
compared with β-CD (0.11m2/g), and its activity lies in the
synergy of β-CD and copper.

4. Conclusions

(e Cu-β-CD was prepared by a simple method, which was
found to be a kind of uniform worm-like duct and porous
mesoporous structured material. It was successfully applied
to biodiesel production, giving 88.63% FAME conversion
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under optimal conditions. (is study further demonstrated
that Cu2+ and β-CD in the catalyst played a synergistic
catalytic role, greatly improving the activity of Cu-based
catalyst in transesterification.
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Supplementary Materials

FT-IR of β-CD and Cu-β-CD is shown in Figure 1; it could
be seen that peaks of the single β-CD and Cu-β-CD did not
show significant change, and it is obvious that the Cu-β-CD
retains the structure of the β-CD. But, there are obvious
differences in 800–400 cm−1 and 1600–1200 cm−1; these
changes may be caused by the Cu-OH of Cu and cyclo-
dextrin [1–3]. (Supplementary Materials)

References

[1] Y. He, S. Wang, and K. K. Lai, “Global economic activity and
crude oil prices: a cointegration analysis,” Energy Economics,
vol. 32, no. 4, pp. 868–876, 2010.
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In recent decades, a great deal of attention has been paid to the exploration of alternative and sustainable resources to produce
biofuels and valuable chemicals, with aims of reducing the reliance on depleting confined fossil resources and alleviating serious
economic and environmental issues. In line with this, lignocellulosic biomass-derived lactic acid (LA, 2-hydroxypropanoic acid),
to be identified as an important biomass-derived commodity chemical, has found wide applications in food, pharmaceuticals, and
cosmetics. In spite of the current fermentation of saccharides to produce lactic acid, sustainability issues such as environmental
impact and high cost derived from the relative separation and purification process will be growing with the increasing demands of
necessary orders. Alternatively, chemocatalytic approaches to manufacture LA from biomass (i.e., inedible cellulose) have
attracted extensive attention, which may give rise to higher productivity and lower costs related to product work-up. 0is work
presents a review of the state-of-the-art for the production of LA using homogeneous, heterogeneous acid, and base catalysts, from
sugars and real biomass like rice straw, respectively. Furthermore, the corresponding bio-based esters lactate which could serve as
green solvents, produced from biomass with chemocatalysis, is also discussed. Advantages of heterogeneous catalytic reaction
systems are emphasized. Guidance is suggested to improve the catalytic performance of heterogeneous catalysts for the production
of LA.

1. Introduction

Due to the burgeoning world population, demands for
energy and chemicals are sharply increasing. 0erefore,
traditional nonrenewable fossil resources, particularly coal
and petroleum, are going to be run out, and their con-
comitantly environmental and climatological impacts are
also urgently needed to be addressed in the meantime [1–4].
With regards to this, alternatively manners to transform
renewable, sustainable, and carbon-neutral biomass re-
sources from plants into potential biofuels, polymer building
blocks, and value-added chemicals are widely researched.
Carbohydrates, the largest fraction of biomass, are being
deemed as the main feedstocks in the biorefineries that will

derive platform molecules to be served as precursors to the
chemical industry [5–8]. In addition, cellulose, composed of
glucose units, is recognized as the single most abundant
organic compound on Earth, which can be upgraded to
glucose and subsequently converted into value-added
chemical molecules [9]. Taking the predicted energy de-
mands (30–60 TW in 2050) into account, cellulosic biomass
shows the large potential (supply approximately 30 TW)
towards satisfying the energy demand of mankind [10].
Consequently, efficiently selective conversion of cellulosic
biomass into valuable chemicals as well as biofuels and
materials is highly preferable [11–13].

Lactic acid (LA, 2-hydroxypropanoic acid), one of the
great appeals among carbohydrate-derived platform

Hindawi
International Journal of Chemical Engineering
Volume 2018, Article ID 7617685, 18 pages
https://doi.org/10.1155/2018/7617685

mailto:hli13@gzu.edu.cn
mailto:jhzx.msm@gmail.com
http://orcid.org/0000-0002-6645-8642
http://orcid.org/0000-0003-1301-3030
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/7617685


molecules, is an important feedstock for the production of
alkyl lactates, biodegradable plastics such as polylactic acid
(PLA), and other valuable chemicals under suitable reaction
conditions in the assistance of catalytic functionalities.
Specially, PLA polymer bearing the advantages of bio-
degradability, compostability, and biocompatibility could be
utilized in a wide range of applications such as eco-friendly
packages. In addition, carbon neutral balance is accepted
when PLA is disposed to release CO2 and water. LA was
firstly found in 1780 by the Swedish chemist Scheele in acid
milk [14, 15]. In spite of its late discovery, LA has found
widespread applications in the food industry, and the
commercialization of LA-based biopolymers is also of high
interest currently [16]. In addition, alkyl lactates (methyl
lactate (ML), and ethyl lactate (EL)), important versatile
platform chemicals, have also attracted much attention
because of their extensive applications including that in
nontoxic and biodegradable green solvents, that in plasti-
cizers for cellulose plastics and vinyl resins [17], and being
environmental, recyclable, noncorrosive, and economic [18].

It is estimated that LA demand in 2020 will be above
600000 tons [7]. Currently, commercial LA production is
manufactured through anaerobic fermentation method
(over 90%), showing some merits such as low production
temperature, low energy consumption, and high purity via
an appropriate strain [19, 20], as illustrated in Scheme 1.
Typically, 4 main steps should be processed for the pro-
duction of LA by traditional fermentation when starting
from cellulosic biomass, including (1) pretreatment of
feedstocks, (2) anaerobic fermentation, (3) acidulation, and
(4) separation and purification of LA. However, the low
productivity, need for high price enzymes (strict pH and
temperature), and complicated separation along with pu-
rification requirements are always accompanied, accord-
ingly. As a consequence, sustainability issues regarding the
up-scaling of the present fermentation process are highly
required to be disposed via a promising alternative method,
chemocatalysis, which could be regarded as the research
hotspot in the state-of-the-art development of lactic acid
research.

Chemical catalysis (homogeneous or heterogeneous),
being considered to be the formidable strategy to transform
cellulosic biomass into value-added chemicals with ac-
ceptable selectivity, is rising progressively [21]. In particular,
in a platform approach, chemocatalysts are playing a vital
role in the fundamental and novel production routes of lactic
acid (or lactates), using sugars even real lignocellulosic
biomass (i.e., cornstalk). However, the chemical production
of lactic acid (or esters) generally leads to racemic mixtures,
which is not an issue when compounds such as acrylic acid,
2,3-pentanedione, etc. are target compounds to be produced.
However, chirality control is very important if lactide (in-
dustrial building block of PLA) production is the target as
this will determine the properties of the polymer. Chro-
matographic methods [22, 23], chemical resolution [24] and
the combination of the chemo- and biocatalysis [25] are
regarded as the means for chiral resolution of racemic lactic
acid. Nonetheless, enantioselective chemoproduction of
lactic acid from sugars directly has not been reported.

Currently, many research groups are employing the
chemocatalysts to synthesize lactic acid (in water) or lactates
(alcoholic solvents). 0e main emphasis of this review is to
depict the state-of-the-art development of LA or lactates
production from sugars and real lignocellulosic biomass
resources, with chemocatalysis especially heterogeneously
catalysts which have tremendous advantages (i.e., recyclable,
reusable, and environmentally benign). Furthermore,
structure-function relationships, reaction mechanisms, and
guidance on designing heterogeneous acid catalysts for LA
or lactates production are also discussed, accordingly.

2. Chemocatalytic Production of LA

2.1. Alkaline Catalytic Manners for LA. 0e hydrothermal
process, one of the most potential approaches, is used in the
conversion of biomass into valuable resources, since water
can serve as a reaction medium bearing special properties
when treated in the high temperature and pressure [26].
With respect to the issue of catalytic transformation of
biomass into LA with the hydrothermal process using al-
kaline catalysts, Jin research group made many valuable
contributions to this research theme [26–34]. Initially, they
demonstrated that glycolaldehyde, an aldose with two car-
bon atoms, usually produced via reverse aldol condensation
of C6 sugars, can also generate LA with 28% yield using
0.75M·NaOH basic catalyst (300°C, 10min) [26]. After then,
they employed glucose as the substrate to produce LA with
moderate yield employing NaOH and Ca(OH)2 as the al-
kaline catalyst, respectively (Table 1, Entry 2). It is worth
noting that, on the basis of the viewpoint of economy, Ca
(OH)2 was regarded to be more suitable than NaOH [27].
Interestingly, in order to enhance the market values of
glycerin, biodiesel byproduct, Jin et al. attempted to convert
glycerin into LA under alkali-catalyzed hydrothermal con-
ditions and some valuable results were obtained [28]. After

Carbohydrate
feedstock Sterilization

Anaerobic fermentation
Alkali (i.e., lime

and chalk)
Nutrients

AcidulationH2SO4

Gypsum filtration

IX hydrolysis

Esterification

Evaporation

Filter aid Waste gypsum 

Water

Heavy impurities purge

(m)ethyl lactate

Water

Pure lactic acid

Scheme 1: Conventional fermentative method for producing LA.
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screening the alkali-metal hydroxides and alkaline-earth-
metal hydroxides, they presented that KOH exhibited the
best activity with 90% yield, using the lower concentration or
a shorter reaction time (Table 1, Entry 3). Generally, to
clearly present the reaction mechanism is very important to
understand the targeted reaction process, to some extent. To
our satisfaction, Jin et al. conjectured the mechanism
(Figure 1) with regard to converting glucose into LA under
alkaline hydrothermal reaction with more economic catalyst
Ca(OH)2. To be specific, Ca2+ is a divalent cation, whose
radius is determined to be larger than that of Na+. Con-
sequently, Ca2+ was believed to be easier to combine with
two O atoms, to form complexes than Na+. 0ese complexes
are likely to facilitate the C3-C4 bond breaking via reverse
aldol condensation. In addition, they also proposed the
reaction pathway of glucose transformation to LA under
alkaline hydrothermal reaction conditions (Figure 2). No-
tably, nearly 20% yield of LA could be also obtained using
cellulose and starch substrates, respectively [29].

To keep up Jin group’s works concerning the conversion
of carbohydrates biomass into LA, they added Ni as co-
catalyst in the LA production started from cellulose under
hydrothermal conditions with NaOH [30]. However, the
reaction mechanism was not clearly presented. After
then, they conducted a detailed study with respect to con-
verting glucose into LA using 0.01M·Ni2+, 0.01M·NaOH as

cocatalysts, with 35% water filling at 300°C for 1min,
generating 25% LA yield, accordingly [33]. Most impor-
tantly, the detailed reaction mechanism was also clearly
demonstrated. To be specific, (1) coordination with Ni2+, (2)
nucleophilic attack by OH−, (3) retro-aldolization, (4) Lobry
de Bruyn Alberda van Ekenstein (LBAE) to form double
bond, (5) elimination of water, and (6) benzilic acid rear-
rangement were determined as the main 6 steps during this
process. Accordingly, glyceraldehyde was demonstrated to
be the key intermediate. Some other interesting works of Jin
group regarding the production of LA from biomass are also
demonstrated here in Table 1 [31, 32, 34]. It is noteworthy
that the low-cost and highly active basic catalyst Na2SiO3,

Table 1: Catalytic transformation of lactic acid from different feedstocks by alkaline.

Entry Substrate Catalyst Reaction conditions Yield of LA (%) Reference
1 Glycolaldehyde NaOH 300°C, 10min 28.1 [26]

2 Glucose NaOH 300°C, 1min 27 [27]Ca(OH)2 300°C, 1min 20
3 Glycerin KOH 300°C, 80min 90 [28]

4

Glucose NaOH 300°C, 1min 27

[29]Glucose Ca(OH)2 300°C, 1min 20
Cellulose Ca(OH)2 300°C, 90 s 19.2
Starch Ca(OH)2 300°C, 90 s 18.7

5 Cellulose NaOH + Ni 300°C, 1min 34.1 [30]
6 Glucose NaOH + CuO 188°C, 0.15min 59 [31]
7 Cellulose NaOH + Zn/Ni/C 300°C, 5min 42 [32]
8 Glucose NaOH + NiCl2 300°C, 1min 25 [33]
9 Glucose Na2SiO3 300°C, 1min 30 [34]
10 D-Glucose Hydrotalcite 50°C, 8 h 20.3 [35]

11

D-Glucose

KOH/Al2O3
Microwave 180°C, microwave 3.1W·g−1, 40min

75

[36]

D-Mannose 41
D-Fructose 36
D-Ribose 43

D-Arabinose 35
D-Sucrose 23

12 Hydroxyacetone Pt/MgO-Al2O3-800 40°C, 6 h 100 (selectivity) [37]

13 Glucose [IMEP]Cl, NaOH 100°C, 30min, N2
63 [38][IMEP]Cl, KOH 65.5

14 Glucose Ba(OH)2 250°C, 3min 57 [39]
15 Glucose Ba(OH)2 Ball milling (solvent-free) 35.6 [40]

16 Glucose Ba(OH)2 25°C, 48 h 95.4 [41]Fructose 83.5
17 Corn cobs Ca(OH)2 300°C, 30min 44.76 [42]
18 Bread residues Ca(OH)2 300°C, 30min 73 [43]
19 Rice straw NaOH, NiO nanoplates 260°C, 2 h 58.81 [44]
20 Alginate CaO 200°C, 6 h 14.66 [45]
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Figure 1: Proposed retro-aldol of glucose and fructose by com-
plexation with Ca2+.
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acted as a mild catalyst to address the corrosion issue was
researched in detail, giving 30% LA yield [34].

As mentioned above, solid alkaline catalyst bearing low
corrosiveness seems to be a better choice, when employed in
the production of LA under hydrothermal process. In this
regard, versatile activated hydrotalcites were utilized as al-
kaline catalysts to convert glucose in a flow reactor into LA,
giving 20.3% LA yield at 50°C [35]. 0e results indicated that
hydrotalcite (Mg/Al � 2) activated at 723K contained the
most Brønsted-base sites, and a linear increase was de-
termined with respect to LA yield and accessible Brønsted-
base sites. Similarly, with slight modifications, Albuquerque
et al. employed dual metal/base catalyst systems (Pt-Mg-Al
hydrotalcite) to converting hydroxyacetone to LA, under
oxidative aqueous-phase reaction conditions [37]. 0e
highly remarkable 100% selectivity to LA with the bi-
functional catalysts was determined, which was believed to
be based on the proximity of metal and basic centers along
with hindering the side reaction of LA to pyruvic acid.
Surprisingly, Epane et al. found that microwave as an ef-
fective and environmentally friendly means could also make
a contribution to the production of LA from saccharides,
under solvent-free conditions which was deemed to be
within the green chemistry concept [36]. On the basis of the
presence of KOH/Al2O3 and microwave, high 75% LA yield
could be obtained from glucose without solvent, as pre-
sented in Table 1, Entry 11.

Unfortunately, the aforementioned hydrothermal pro-
cess almost adopted relatively high reaction temperatures
(i.e., 300°C), thus limiting their promising industrial ap-
plications to some extent. For the sake of overcoming this
challenge, Wang et al. used the polymeric catalyst (poly-
merization of imidazole and epichlorohydrin, [IMEP]Cl)
as weak Lewis acid along with NaOH/KOH to transform
glucose into LA [38]. Several parameters including the base,
[IMEP]Cl loading, reaction temperature, and atmosphere
were investigated in detail to determine the best reaction
conditions. A high 63% LA yield could be obtained from
glucose along with a low 62.66 kJ·mol−1 activation energy,
even only at 100°C for 30min under N2. 0e key reac-
tion mechanism was also studied, and the rate determining
step was also determined to be dihydroxyacetone (DHA) to
pyruvic aldehyde (PAL), accordingly. 0e detailed mechanism

regarding DHA to PAL involved the coordination of active
hydrogens of [IMEP]Cl with the electronegative oxygens on
trioses, followed by keto-enol tautomerism through a 1,2-
hydride shift to produce LA.

In spite of the LA production using Ba(OH)2 in-
vestigated by Jin group before, Esposito and Antonietti also
researched the LAmanufactured from glucose with Ba(OH)2
in detail [39]. Interestingly, differing from Jin et al.’s results,
LA yields up to 57% could be gained within 3min at 250°C.
In connection with the interesting work employing Ba(OH)2
as the basic catalyst in the production of LA from biomass,
Qi research group presented two interesting and valuable
results (Table 1, Entry 15 and 16). Without harsh conditions
is the key innovation point regarding their research works to
transform biomass to LA. 0e first attempt is to use
a mechanochemical ball milling method, employing glucose
feedstock and Ba(OH)2, giving 35.6% LA yield after 6 h [40].
Valuably, Li et al. reported an effective method to quanti-
tatively converting sugars into LA only at room temperature
under a N2 atmosphere, wherein 95.4% LA yield could be
determined from glucose at room temperature for 48 h
under 1 bar N2 [41]. In addition, based on their experimental
results, they also proposed the reaction mechanism (Fig-
ure 3). To be specific, in addition to the common isomer-
ization and retro-aldol fragmentation, Ba(OH)2 may form
the important barium lactate complex via Path II, followed
by converting to lactic acid with the addition of H2SO4
aqueous solution. 0e anaerobic environment was de-
termined to play the vital role in hindering the oxidation of
glyceraldehyde (GLY) and DHA or other intermediates, into
side products according to the detailed results.

As discussed above, sugars can be transformed into LA
with acceptable yield under alkaline hydrothermal process.
Nonetheless, LA production directly from real biomass is
highly more commended without hesitation. As shown in
Table 1, corn cobs and bread residues could be treated as the
potential feedstocks for the production of LA, giving 44.76%
and 73% LA yield using Ca(OH)2, respectively [42, 43].
Furthermore, China’s most abundant agricultural waste, rice
straw, was also converted into LA of 58.81% yield at 260°C
for 2 h, using 1M·NaOH and 0.052 g NiO nanoplates as
cocatalysts [44]. It is noteworthy that marine biomass,
considered to be the third-generation promising renewable
biomass feedstock, could also be transformed into LA with
hydrothermal technique [46, 47]. Starting from alginate
biomass, 14.66% LA yield was determined at 200°C for 6 h,
using CaO as a solid basic catalyst [45]. 0e detailed reaction
mechanism is illustrated in Figure 4. As investigated
according to their experimental results, the hydration of
CaO to Ca(OH)2 in an aqueous medium, generating
Brønsted bases (OH−), is the key point during the reaction.
Different from Reference [38], they believed that PAL to LA
is the rate-determining step wherein CaO could enhance the
LA yield from PAL, by benzylic acid Rearrangement.

2.2. LA Production via Acid Catalysis. As discussed above,
with the addition of alkaline catalysts especially under hy-
drothermal reaction conditions, LA could be produced with
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Figure 2: Proposed pathway of formation of LA from glucose by
alkaline hydrothermal reaction.
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relatively acceptable yield, to some extent. However, acid
solution was always needed to employ to neutralize the base,
along with hydrolysis the possible lactates to acquire the final
product, pure LA. 0erefore, acidic catalysts appear to be
a better choice to be used in the production of LA and
lactates, starting from different types of feedstocks (i.e., C6,
C3 sugars, and so on), through several specific catalytic
reactions. Specifically, Lewis acidic sites are regarded as the
key role in the transformation of LA or lactates from dif-
ferent carbohydrates even cellulose. In addition, from the
environmental point of view, heterogeneously acidic cata-
lysts which are less corrosive and can be recycled from the

products for reutilization are the main discussed objects
regarding the LA preparation in the following two parts,
accordingly.

2.2.1. Trisaccharides to LA. DHA or GLY is being deemed as
the key intermediate with respect to transforming saccha-
rides into LA. As a consequence, illuminating the LA
production directly from simply C3 sugars is important to
further understand the reaction of converting C6 and cel-
lulose to LA. Generally, 100 (DHA) and 120 (GLA) kJ/mol
are demanded to be energetically favored, in order to be
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isomerized to LA [48]. It is widely believed that DHA/GLY
to LA include two steps: (1) DHA is transformed into PAL
through the successive keto-enol tautomerization and de-
hydration [26, 49], catalyzed by both Lewis and Brønsted
acids [50, 51]; (2) rehydration of PAL followed by 1,2-hy-
dride shift produces LA wherein Lewis acids are regarded to
perform better than Brønsted acids [49, 50, 52]. Some ho-
mogeneous catalysts including H2SO4 [53], CrCl3·6H2O
[54], ZnSO4 [55], AlCl3·6H2O [54, 56], SnCl2 [54, 57], and
SnCl4·6H2O [54] have been studied in DHA into LA and its
esters. For instance, Rasrendra et al. investigated the 26
metal salts towards LA preparation from DHA in detail, and
they found that AlIII salts were determined to be the most
active, quantitatively with 93% LA yield at 140°C for 90min
[50]. In addition, the detailed reaction pathway was also
proposed based on the experimental results, as shown in
Figure 5 which is similar to the 2 steps as discussed above.
However, they did not explain why AlIII salts performed the
best and why other metals were less active. 0e good news is,
to continue the interesting work, Jolimaitre et al. [58] in-
vestigated the detailed reaction mechanism regarding the
best performance of AlIII salts for the conversion of DHA
into LA, as inspired by the valuable work of commercial OLI
Systems (OLI Systems Stream Analyzer Software, OLI
Systems, 2012) [59]. According to the thermodynamic
analysis and kinetic studies, hydrolysis of aluminium aqua
complexes such as [Al(OH2)6]3+ to form the most active
Lewis acids, namely, cationic hydroxyl-aluminium com-
plexes [Al(OH)h](3 − h)+, are believed to be the key active
Lewis acidic sites towards PAL into LA.

It is worth noting that during the bioprocessing of
biomass upgrading, tunable acidic, thermal stable, and
shape-selective zeolites materials are considered to be the
most promising heterogeneously solid acidic catalysts with
superior catalytic performance [60]. With respect to the
transformation of DHA to LA, zeolites as efficient catalysts
have also been reported [51, 57, 61, 62]. Taarning et al. firstly
used several Lewis-acidic zeolites in the production of LA
from DHA and Sn-Beta was found to be highly selective for
the isomerization of trioses to LA [51]. In addition, based on
Corma’s research with respect to NMR evidence [63], the
real catalytically active site is determined as the partially
hydrolyzed framework tin species. On the basis of Taarning’s
valuable works, some other interesting studies regarding the
LA formation from C3-sugars using zeolites, such as the
H-USY [57], the MFI [61], and the hierarchical tin zeolite
with micromesoporous structure [62] were also proposed
and investigated for the production of LA from C3 sugars.
Lewis acidic sites are believed to be the key role with regards
to isomerization of trioses to LA, along with weak Brønsted
acids. After then, based on the excellent reactivity of tin,
Wang et al. designed the surfactant-modified SnP catalyst
for the isomerization of DHA to LA, and poly (ethylene
glycol) (PEG) was found to be the most potential, along with
96.1% LA yield at 140°C for 4 h [63]. Recently, Nakajima
et al. presented an interesting study regarding the efficient
production of LA from DHA, using Nb2O5 with an or-
thorhombic structure and a high surface area (208m2/g)
[64]. 0anks to its high water-tolerant Lewis acid sites

(0.21mmol/g) and Brønsted acid sites (0.10mmol/g), nearly
80% LA yield could be achieved at 100°C within 3 h. As
identified in this research, the high density of water-
compatible Lewis acid sites should be believed to play the
crucial role in the isomerization of PAL to LA (the rate-
determining step for the conversion of DHA to LA).

2.2.2. Hexaose to LA. As a consensus, effective LA pro-
duction from hexoses is more preferable compared to C3
sugars. In a similar manner, the novel well-aligned Nb2O5
nanorod owning highly single crystallinity was also designed
to produce LA from glucose [65]. A promising LA yield of
39% could be achieved along with a good reusability among
the 4 successive processes. However, Sn-based catalysts have
been studied and found to exhibit satisfied reactivity for LA
production as presented above. 0erefore, to find the
modified Sn-based catalysts is a good choice with respect to
LA production, accordingly. As illustrated in Table 2 (Entry
2–4), Sn(IV)-based organometallic complexes [66], Zn-Sn-
Beta Lewis acid-base catalyst [67], and Pb-Sn-Beta catalyst
[68] were investigated in detail to prepare LA from fructose,
sucrose, and glucose, respectively. Acceptable LA yields
could be obtained using the aforementioned catalysts and Sn
species bearing the good Lewis acid character was believed to
play the key role regarding the formation of LA step.
Nonetheless, leaching of metals was found to lead to the poor
reusability.

In addition to these functional materials aforementioned
for LA transformation from hexoses, Huang et al. employed
the solid Lewis acidic material (Table 2, Entry 5), MIL-100
(Fe), a metal-organic frameworks (MOFs) material with
outstanding advantages such as large surface area, extrahigh
porosity, highly thermal and chemical stability, and so on
[69, 86–88]. 32% LA yield could be reached with MIL-100
(Fe), and the catalytic activities were found to be affected by
the framework’s metal, surface area, and Lewis acid prop-
erties, accordingly. In addition, the MIL-100(Fe) could be
reused among 4 successive recycles with a simple dispose.
Nevertheless, very few studies researched LA production
directly from cellulosic biomass, due to the complexity of
biomass structures (i.e., cellulose, hemicellulose, and lignin),
along with the catalyst deactivation induced by lignin [89].
Interestingly, Liu et al. presented a valuable work regarding
LA production directly from lignocellulosic sugars including
levoglucosan, glucose, and xylose with good yields [70].
Using a Lewis acid catalyst, La(OTf)3 which is stable in both
aqueous and organic solvent, 61% LA yield for C5 sugars and
>70% LA yield from C6 sugars could be obtained. On the
basis of their studies, two efficient methods including fast
pyrolysis combined with retro-aldol condensation of py-
rolytic sugars, and ionic liquid pretreatment combined with
retro-aldol condensation of the sugar-rich fraction, could be
demonstrated to impart significant meaning on biorefinery
of lignocellulosic biomass.

2.2.3. Cellulose to LA. 0e direct transformation of cellulose
being the main component of lignocellulosic biomass into
valuable chemicals such as LA is highly desired in making
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important contributions to biomass-based renewable bio-
refinery [90]. To be deemed as a pioneer, Chambon et al.
investigated the solid Lewis acids, AlW and ZrW, in the
direct transformation of cellulose into LA along with
a general yield (Table 2, Entry 7) of 28% and 19%,

respectively [71]. As derived from the research, the positive
synergy between water autoprotolysis and solid Lewis acidic
catalyst surface were determined as the key role in directly
producing LA from crystalline cellulose. 0e former func-
tion was found to depolymerize cellulose to soluble

Table 2: Catalytic transformation of lactic acid from C6 sugars and cellulose by acids.

Entry Substrate Catalyst Reaction conditions Yield of LA (%) Reference
1 Glucose Nb2O5 nanorod 250°C, 4 h 39 [65]
2 Fructose Sn(IV) organometallic complexes 190°C, 0.5 h 63 [66]
3 Sucrose Zn-Sn-Beta 190°C, 2 h 54 [67]
4 Glucose Pb-Sn-Beta 190°C, 2 h 52 [68]
5 Fructose MIL-100 (Fe) 190°C, 2 h 32 [69]

6
Levoglucosan

La(OTf)3 250°C, 1 h
75

[70]Glucose 74
Xylose 61

7 Cellulose AlW 190°C, 24 h 28 [71]ZrW 19

8 Cellulose ZrW 190°C, 24 h 3 g/L−1 [72]Pine wood sawdust 190°C, 8 h 1.2 g/L−1

9 Xylose ZrO2
200°C, 40min 42 [73]Xylan 200°C, 90min 30

10 Cellulose ZrO2 (monoclinic) 200°C, 6 h 21.2 [74]
11 Cellulose 10%ZrO2-Al2O3 200°C, 6 h 25.3 [75]
12 Cellulose Er(OTf)3 240°C, 30min 89.6 [76]
13 Cellulose ErCl3 240°C, 30min 91.1 [77]
14 Cellulose Er-K10 240°C, 30min 67.6 [78]
15 Cellulose Er/deAlβ-zeolite 240°C, 30min 58 [79]
16 Cellulose Pb(NO3)2 190°C, 2 h 71 [80]
17 Cellulose VOSO4 180°C, 2 h 54 [81]

18
Fructose

AlCl3 + SnCl2
190°C, 2 h 90

[82]Glucose 180°C, 2 h 81
Cellulose 190°C, 2 h 65

19 Cellulose NbF5-AlF3 180°C, 2 h 27.3 [83]
20 Cellulose Nb@CaF2 180°C, 2 h 15.4 [84]

21
Xylose

LaCoO3 perovskite
200°C, 1 h 38

[85]Glucose 200°C, 1 h 40
Cellulose 240°C, 1 h 24
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intermediates, and LA could be produced by the AlW and
ZrW Lewis acids from the soluble intermediates. After then,
to continue this interesting work, further study was in-
vestigated in detail regarding the direct transformation
of raw pine-wood sawdust biomass into LA using ZrW
Lewis acid [72]. 0e advantage of the utilization of real
raw biomass instead of isolated cellulose for the production
of biochemicals is to avoid costly fractionation processes.
Interestingly, based on the LA production of kinetic studies
of model cellulose and pine-wood sawdust, lignin/
hemicellulose present in raw wood biomass was believed
to not hinder the function of ZrW for conversion of LA,
which is contrary to general expectations. However, solid
Lewis ZrW was determined to deactivate among the two
reaction kinds. In spite of this, on the basis of their studies,
direct transformation of raw cellulosic biomass into bio-
chemicals such as LA comes to be feasible. Hemicellulosic
biomass (xylose or xylan) was also investigated to be con-
verted into LA, using a commercial ZrO2 catalyst in the pH
neutral aqueous solvents [73]. LA yield of 42% and 30% from
xylose and xylan, respectively, could be achieved under the
optimized reaction conditions, while negligible LA yield was
obtained in the absence of ZrO2. A detailed reaction
mechanism regarding the formation of LA from xylose was
also studied. Acidic-basic bifunctionality of ZrO2 was de-
termined to be the key role in LA formation from xylose. To
be specific, the carbonyl group of xylose interacts with the
Zr4+Lewis acidic site, and the O2− anion on the ZrO2 surface
as weak base adsorbs onto the OH group [91–93]. After then,
Zr4+Lewis acidic site activates the carbonyl group of PAL
followed by the nucleophilic attack of OH− from water auto-
dissociation. However, an environmental-friendly method
for the production of LA from hemicellulosic biomass in the
aqueous catalytic process presents a promising way to
transform hemicellulosic biomass. In a similar manner,
Wattanapaphawong et al. studied the ZrO2-based catalysts
(Table 2, Entry 10-11) to produce LA from cellulose directly,
giving acceptable yield [74, 75]. However, ZrO2-Al2O3
catalysts bearing more Lewis acid sites and far fewer base
sites compared to ZrO2 exhibit a higher LA yield. 0is
suggests that Lewis acid sites played amore important role in
producing LA than base sites [75].

In fact, the yield of LA is not very high when using the
aforementioned catalysts from cellulose. With respect to this
regard, Wang et al. designed the erbium- (Er-) based Lewis
acid catalyst for the production of LA directly from cellulose,
along with high yields (Table 2, Entry 12–15). Initially, they
investigated lanthanide triflates catalysts to prepare LA from
cellulose, and Er(OTf)3 was determined to be the best choice
with 89.6% LA yield under optimized reaction conditions
[76]. In addition, Er(OTf)3 could be recycled and exhibited
similar LA yields in up to five consecutive reutilizations.
After then, they continued to use ErCl3 as an efficient Lewis
acidic catalyst for the production of LA from cellulose, and
a 91.1% high LA yield could be achieved [77]. Similarly,
ErCl3 was also determined to be stable among the course of
the five catalytic runs. To some extent, this simple and
environmental-friendly means is of great importance re-
garding the economical LA production, from lignocellulosic

biomass in large-scale applications, importantly, inspired by
the remarkable reactivity of Er3+ with regard to LA pro-
duction from cellulose, and heterogeneous catalysis is
playing the more and more role in biomass conversion.
Combined with the commercially available and cheap
montmorillonite K10 clay bearing many advantages such as
significant cation-exchange ability, erbium-exchanged
montmorillonite K10 clay catalysts were prepared and in-
vestigated in the LA production from cellulose [78].
However, to be served as a heterogeneous catalyst, a high LA
yield of 67.6% could be obtained under optimized reaction
conditions. Unfortunately, LA yield decreased to some ex-
tent during recycling study, and erbium metals leaching
along with carbon cokes deposition were believed as the
main reasons. Recently, Er/deAlβ-zeolite prepared by the
same group was also examined for LA production from
cellulose, and acceptable LA yield could be also obtained.
Encouragingly, a better reusability was determined than Er-
K10 [79].

In addition to Dong group, Wang et al. also researched
the LA production from cellulose with a high yield using
Lewis metal inorganic salts, and detailed reaction mecha-
nism was also demonstrated (Table 2, Entry 16–18). 0eir
pioneering work regarding the LA preparation with 71%
yield by the addition of dilute Pb2+ ions could be achieved at
190°C in 2 h [80], which was milder than Dong’s studies.
More importantly, detailed theoretical (cluster-continuum
model) and experimental studies were introduced to de-
termine the reaction pathway, wherein Pb2+ in combination
with water played the key role in isomerization of glucose
(cellulose hydrolysis products) to fructose, cleavage of the
C3-C4 bond of fructose into trioses, and the transformation
of trioses to LA. Nonetheless, the toxicity of Pb2+ must be
taken into account prior to the practical application on the
basis of the interesting study. Furthermore, how to efficiently
separate and recover the Pb2+ without increasing the process
cost is also needed to be addressed. After then, to continue
their research, a cheaper and less toxic vanadium salt,
VOSO4, was found to performwell in both LA or formic acid
production from cellulose by simply shifting the reaction
atmosphere from N2 to O2 [81]. 0ey suggested that under
anaerobic conditions, VO2+ could catalyze the isomerization
of glucose to fructose, the retro-aldol fragmentation of
fructose to C3 sugars, and the isomerization of C3 sugars into
LA. However, to convert cellulose into LA using a more
environmental-friendly catalytic system is being highly
demanded. With respect to this regard, Wang et al. found
that the combination of Al(III) and Sn(II) cations could be
served as an efficient and less-corrosive catalyst for the
transformation of LA directly from cellulose [82]. Under the
optimized conditions, high LA yields could be achieved,
accordingly (Table 2, Entry 18). More importantly, on the
basis of experimental and computational studies, the de-
tailed reaction pathway (Figure 6) andmechanism (Figure 7)
were proposed. It was found that Al(III) was primarily
responsible for isomerization of glucose into fructose by
1,2-hydride shift and the conversion of C3 intermediates
into lactic acid, whereas Sn(II) took effect on the retro-aldol
fragmentation. On the basis of their valuable studies,
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designing the suitable catalysts coupling of multifunctional
sites for the chemical reactions with high selectivity, espe-
cially biomass transformations which contain complex
tandem elementary steps may be feasible to some extent.

As shown above, niobium-based catalysts can catalyze C3
and C6 sugars into LA (Section 2.2.1). 0erefore, employing
niobium-based catalysts to convert cellulose into LA may be
feasible. Coman et al. fabricated the Nb-based inorganic
fluorides catalysts, NbF5-AlF3 and Nb@CaF2 containing
both Brønsted and Lewis acid sites, for the effective one-pot
conversion of cellulose into LA, in the aqueous reaction
phase [83, 84]. Nb(V)/Nb(IV) species were determined as
the key active sites with respect to the mainly tandem steps
including glucose isomerization into fructose, fructose retro-
aldol condensation, and the triose isomerization to LA.
However, solid Lewis acids and bases have been proven to be
effective for LA preparation from sugars, utilization of the
interesting redox catalysts, and relevant reaction mechanism
is barely understood. As for this, Yang et al. demonstrated an
important work using LaCoO3 perovskite metal oxides to
produce LA, and the detailed reaction mechanism regarding

redox properties of LaCoO3 was presented clearly (Figure 8)
[85]. Unlike traditional Lewis acid or base catalysis, as il-
lustrated in Figure 8, the redox pathway started from the
oxidative decarboxylation of aldose sugars and the lattice
oxygen atoms participated in the redox cycles. Firstly,
glucose was oxidized into gluconic acid; secondly, gluconic
acid took oxidative decarboxylation to form xylose; thirdly,
xylose repeated the oxidation step to transform into xylonic
acid followed by oxidative decarboxylation to produce C4
aldose and which would be oxidized to hydroxybutyric acid;
fourthly, dehydration happened at elevated temperatures to
form pyruvic acid; fifthly, through the reduced perovskite
structure, LaCoO2.5, pyruvic acid was finally reduced to
target product LA.

3. Production of Alkyl Lactates

Bio-based methyl/ethyl lactates (ML, EL), nontoxic liquids
owning high boiling points, are being served as the potential
value-added compounds with a high extent of functionality
especially in green alternative solvents [94]. Of particular
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interest is to employ renewable biomass feedstocks
(i.e., cellulose, sugars, and so on) to synthesis alkyl lactates
via a chemical process with high yields. Currently, for the
industrial production of lactates, esterification of LA with
alcohol is the main method using homogeneous acids [95].
However, the use of the highly corrosive acid catalyst which
needs costly neutralization and separation steps will cause
environmental issues that conflict with the purport of green
chemistry. In order to address this, many researchers have
presented valuable studies with respect to the efficient
preparation of alkyl lactates from sustainable biomass
feedstocks.

3.1. C3 Sugars to Lactates. Generally, C3 sugars were usually
employed to be the substrates for the production of lactates
to serve as the model reaction, with the final aim of using
lignocellulose biomass directly. Derived from the relevant
studies of mechanism, as illustrated in Figure 9, trioses
(DHA or GLA) can be converted into lactates using acids
bearing Brønsted/Lewis active sites, wherein Lewis acid is
playing the key role in producing lactates. In a similar
manner with the production of LA from sugars, zeolites
Lewis solid acids showed the most promising application
with high reactivity in producing lactates from trioses.
Pioneering work was presented by Taarning et al., wherein
strong Lewis-acidic Sn-Beta was determined to exhibit the
best performance with nearly 100% ML yield at 115°C for
24 h from DHA [51]. In addition, based on their valuable
study, during the reaction of trioses in methanol, Lewis acids
are believed to be selective towards the ML, whereas
Brønsted acids prefer the formation of PADA, accordingly.
0e reaction pathway involved the Meerwein–Ponndorf–
Verley–Oppenauer-type redox reaction of PAL hemiacetal
(MeOH), wherein the 1,2-hydride shift takes place in

a concerted fashion to form ML, respectively (Figure 10).
Inspired by this important research, starting from C3 sugars,
zeolites catalysts including USY CBV600 (ML yield of 82% at
110°C for 4 h) [96], Sn-MCM-41 (EL yield of 98% at 90°C for
6 h) [97], Sn-MWW (ML yield of 99% at 120°C for 24 h) [98],
GaUSY (EL selectivity of 82% at 85°C) [99], hierarchical tin
zeolites (ML yield of 90% at 80°C for 5 h) [62], and hier-
archical niobium-containing zeolites (ML yield of 96% at
80°C for 5 h) [100] were investigated in the alkyl lactates
preparation. However, the nature of acidic sites was de-
termined to influence products distribution strongly,
wherein Lewis acids favor ML/EL formation which is the
same conclusion of Christensen’s work.

As discussed above, tin-based acids catalysts showed
excellent reactivity towards lactates formation. According to
these results, tin ion-exchanged montmorillonites [101], and
tin-silicate catalyst synthesized by aerosol-assisted sol-gel
method [102] were also prepared and used in lactates
production with high activities. More importantly, Pighin
et al. showed two interesting studies regarding detailed
kinetic and mechanistic lactates formation from C3 sugars,
using Sn/Al2O3 catalysts [103–105]. On the basis of the
kinetic studies and the proposed pseudohomogeneous
mechanism, starting from DHA, ML/EL could be selectively
transformed through pyruvic aldehyde hemiacetal in-
termediates via isomerization by Lewis acids, whereas
Brønsted acidic catalysts favored the PADA formation.

3.2. C6 Sugars to Lactates. Compared to trioses, the trans-
formation of hexoses into lactates through chemocatalysis is
more preferable. Some relatively typical homogeneous Lewis
acidic catalysts were studied with respect to converting C6
sugars into lactates, such as SnCl4 [106], InCl3·4H2O-SnCl2
two-component catalyst system [107], and ZnCl2 [108] with
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high yields, respectively. Encouragingly, Yang et al. used
SnCl4-NaOH catalyst system to convert carbohydrates to
ML under mild conditions (Table 3, Entry 1). According to
the detailed studies, upon neutralizing the protons derived
from the methanolysis of SnCl4 with NaOH base, the side
reaction of dehydration of C6 sugars tomethyl levulinate was
restrained, and ML yield could be improved to some extent
by this facile and effective method. More importantly,
Nemoto et al. revealed a valuable work regarding the role of
NaBF4 salts in the transformation of ML using InCl3·4H2O-
SnCl2. Based on hard-soft-acid-base rules [124], Sn species,
relative hard acids that could be coordinated with the BF4−
anion (a hard base), while could not be coordinated with the
Cl− anion (a borderline base) which would be replaced with
MeOH (a hard base). As a consequence, by the addition of
NaBF4, the InCl3 and SnCl2 species may exist independent of
each other, which would improve about 20% yield of ML,
accordingly.

Alternatively, heterogeneously solid Lewis acidic cata-
lysts seem to be a better choice due to their high activity and
recyclability. With regard to transformation of lactates from
C6 sugars, Taarning’s work is regarded as the most valuable
and pioneering research without hesitation (Table 3, Entry
4). For sucrose to be converted into lactates, the reaction
mechanism is wherein Lewis acidic sites are determined to
play the key role in the isomerization of PAL to ML via 1,2-
hydride shift. A high ML yield of 68% using sucrose as
a substrate can be achieved at 160°C for 20 h. More im-
portantly, the Lewis acidic zeotypes could be simply filtrated
and exhibited high stability for multiple recyclings after
a simple handling by calcination only, without any sub-
stantial change in terms of product selectivity. Similarly,
based on the valuable work regarding the excellent reactivity
and stability of tin Lewis acidic zeotypes, many studies for
the conversion of carbohydrates intoML using modified tin-
based zeolites spring up as presented in Table 3 (Entry 5–7,
9–12). Especially, Tolborg et al. revealed that by the addition
of alkali salts during the synthesis of tin zeolite, ML yield

could be improved more than two-fold than pure tin beta
[112].0ey proposed that in the presence of alkali salts, some
of the Brønsted acidic sites derived from defects in the
framework will be neutralized. As a result, the formation of
byproducts could be hindered and the selectivity for ML will
be improved, accordingly. Some other modified studies such
as hierarchical Sn-Beta zeolites prepared by no fluoride and
low concentration tetraethylammonium hydroxide
(TEAOH) template [114], hierarchical Sn-Beta zeolites
synthesized by the assistant template of poly-
diallyldimethylammonium chloride (PDADMA) [116], and
Sn-Beta zeolites with nano-size and fewer defects [117] were
also investigated in detail to clarify the structure-reactivity
relationship. In a similar manner, they all revealed that the
modified Sn-Beta bearing the promoting effect of meso-
porosity performed better than the microporous Sn-Beta
zeolite, in terms of yield and turnover frequency values
(TOFs). To some extent, this can contribute to the vital and
challenging process of the biorefinery when using large
molecules such as cellulose.

However, the aforementioned studies investigated the
tin-based zeotypes for efficient production of lactates, and
little attention was paid to the systematic investigation of
kinetic and mechanistic understanding in the Sn-Beta-
catalyzed lactates course. With regard to this, Tosi et al.
designed the relatively detailed kinetic analysis of fructose,
glucose, and sucrose transformation to ML through typical
Sn-Beta [125]. Emphasis was focused on the influence of
substrate masking and water using 1D and 2D NMR
spectroscopy method. 0ey revealed that most ML was not
produced from the substrates directly; however, methyl
fructosides were determined as the key intermediates. At
160°C, over 40% of substrate carbon were masked
(i.e., reversibly protected in situ) as methyl fructosides
within a few minutes when employing hydrothermally
synthesized Sn-Beta, while more than 60% methyl fructo-
sides could be formed within a few minutes by post-
synthetically treated Sn-Beta. Moreover, the existence of
water (to release fructose) could tailor the masking process
wherein the addition of small quantities of water was able to
accelerate conversion to ML without the decrease of catalyst
stability. In addition to tin-based zeolites, another valuable
research using bifunctional carbon-silica catalysts (Sn-Si-
CSM-773–20.4) bearing both Lewis and weak Brønsted acid
sites did make an important contribution to lactates pro-
duction [118]. Lewis acid sites were introduced through
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grafting Sn (IV) to the silica surface, and important
Brønsted acid sites (number and strength) were controlled
by tailoring the carbon deposition content, pyrolysis
temperature, and thermal posttreatment. With this ver-
satile material, the one-pot transformation of fructose,
glucose, and sucrose into ML could be proved, along with
32%, 17%, and 45% yield, respectively (Table 3, Entry 13).
However, the complicated and longstanding synthetic
procedure should be involved to prepare this material,
which would influence its industrial application. Similar to
ref. 70, ZIF-8 MOFs were also tested in the conversion of
hexoses into ML. Successfully transformation of sucrose to
ML with a high yield of 42%, at 160°C in 24 h was achieved
[119]. It is worth noting that the latest work regarding
hexoses conversion into ML was presented by Yamaguchi
et al. using an interesting catalyst c-Al2O3 with acid-base
bifunctional characters, showing considerable ML yield
[120]. It was found that due to the essential high acid and
base densities of c-Al2O3, cascade reactions in glucose to
ML consisting isomerization, retro-aldol, and dehydration
could be successfully carried out, with 34% yield of ML
from glucose at 160°C for 6 h.

3.3. Cellulose to Lactates. Generally, the direct utilization of
cellulose as feedstocks for the production of lactates is being
deemed to be a milestone, especially through the versatile
chemocatalysis. With respect to this research, limited studies
regarding the efficient transformation of lactates from cel-
lulose via chemocatalysis can be presented, because of the
very complex reactions and the inherent rigidity of cellulose.
For the homogeneous catalyst used in lactates production
from cellulose, SnCl2·2H2O-ZnCl2 was utilized as an efficient
catalyst to ML production with 32.1% yield in methanol, at
relatively mild reaction conditions with 210°C for 4 h [121].
In addition, 31.2%ML yield could be also obtained from real
biomass sugar cane bagasse at 190°C within 6 h. However,
lower yields of ML were achieved from glucose (15.7%) and
sucrose (14.7%), may be derived from the strong acidity of
SnCl2·2H2O-ZnCl2 which would transform many mono-
saccharides and disaccharides into dark tars. On the other
hand, Zr-SBA-15 heterogeneous catalysts developed by
Lin group, could not only exhibit good yields of ML
form monosaccharides and disaccharides (Table 3, Entry 8)
[113], but also perform well from cellulose directly in
95% methanol solvent [113] and in 95% ethanol [122],

Table 3: Catalytic production of lactates from C6 sugars and cellulose via acid-catalysis.

Entry Substrate Catalyst Reaction conditions Yield of lactates (%) Reference

1
Glucose

SnCl4-NaOH 160°C, 2.5 h
47

[106]Fructose 57
Sucrose 51

2 Fructose InCl3·4H2O-SnCl2, NaBF4 160°C, 10 h 72 [107]

3
Glucose

ZnCl2 200°C, 3 h
47.7

[108]Fructose 51.7
Sucrose 47.5

4
Sucrose

Sn-beta 160°C, 20 h
68

[109]Glucose 43
Fructose 44

5 Xylose Sn-beta 140°C, 20 h 42 [110]
6 Glucose Sn-MCM-41 160°C, 20 h 43 [111]
7 Sucrose K-PT-Sn-beta 170°C, 16 h 71 [112]

8

Xylose

Zr-SBA-15 240°C, 6 h

41

[113]Fructose 44
Glucose 38
Sucrose 40

9 Glucose Hierarchical Sn-Beta 160°C, 10 h 58 [114]
10 Inulin Sn-SBA-15 160°C, 20 h 57 [115]
11 Sucrose Sn-beta-H 160°C, 20 h 72.1 [116]

12
Fructose

Sn-beta-9h 160°C, 10 h
47

[117]Mannose 39
Sucrose 57

13
Fructose

Sn-Si-CSM-773–20.4 155°C, 20 h
17

[118]Glucose 32
Sucrose 45

14 Sucrose ZIF-8 160°C, 24 h 42 [119]
15 Glucose c-Al2O3 160°C, 6 h 34 [120]

16 Cellulose SnCl2·2H2O-ZnCl2
210°C, 4 h 32.1 [121]Sugarcane bagasse 190°C, 6 h 31.2

17 Cellulose Zr-SBA-15 240°C, 10 h 28.1 [113]
18 Cellulose Zr-SBA-15 260°C, 2 h ∼33 [122]

19
Cellulose

Ga-doped Zn/H-nanozeolite Y
270°C, 5 h 57.8

[123]Glucose 270°C, 1 h 64.0
Fructose 270°C, 1 h 67.3
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respectively. 0e addition of a little amount of water (5 wt%)
along with the weak Brønsted acids of Zr-SBA-15, was
believed to facilitate the hydrolysis of cellulose. After then,
the Lewis acidic sites of Zr-SBA-15 played the key role in
a series of reactions such as isomerization, retro-aldol
condensation, and so on. However, despite the high cost
of the equipment, the “one-pot” process using water as
cosolvent in supercritical alcohol conditions can be regarded
as an environmental-friendly way to yield lactates directly
from cellulosic biomass.

Nonetheless, the aforementioned catalysts not presented
high yields of lactates from cellulose directly. With respect to
getting a high productivity of lactates from cellulose, Verma
et al. designed the Ga-doped Zn/H-nanozeolite Y catalysts,
to be served the most efficient materials so far for converting
cellulose directly into ML with 57.8% yield at 270°C, 5 h in
supercritical methanol [123]. It is believed that due to the
enhancement of Lewis acid sites along with the decrease of
Brønsted acid sites which derived from doping of Ga on
ZnO, together with large external surface areas of HNZY,
were determined as the crucial parameters to highly con-
verting cellulose into lactates. More importantly, the catalyst
could be reused in four consecutive cycles, with ignorable
selectivity towards ML, highlighting its excellent stability.
0e detailed reaction pathway was proposed accordingly
(Figure 11), including several steps such as methanolysis,
isomerization, retro-aldol condensation, and so on. Some
other side-products could also be formed by tailoring the

reaction parameters; however, Ga-doped Zn/HNZY is de-
termined to be crucial to control the consecutive reaction
pathways for the upgrading of cellulose into glucose, retro-
aldol condensation into trioses, and intramolecular Can-
nizzaro reaction into ML.

4. Conclusion and Perspective

Catalytic transformations of valuable organic acids such as
lactic acid, levulinic acid, and amino acid from renewable
carbon resources including polysaccharides, lignin, and their
derivatives is of high interest for a sustainable chemical
industry in the future [126, 127]. 0e development of effi-
cient techniques for commercial lactic acid and alkyl lactates
production from lignocellulosic biomass is regarded as an
important process of biorefinery, in order to reduce the
reliance on petroleum feedstocks. Compared to traditional
fermentation methods suffering from waste dispose, costly
separation, and the inability to transform cellulosic biomass
without costly pretreatments, chemocatalysis is being rec-
ognized as an effective formidable strategy to upgrading
cellulosic biomass into value-added chemicals with ac-
ceptable selectivity. However, the separation of enantiomers
is a formidable and tremendous challenge because of the
extremely similar physical and chemical properties caused as
good as molecular structure. 0e technical challenge to
achieve that is the very low enantiomer selectivity and the
limited loss of one of the lactate isomers. Moreover, although
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basic catalysts are capable of catalyzing biomass into LA
under hydrothermal conditions, the difficulty in acquiring
a high LA yield is the main challenge.

From the environmental-friendly point of view, hetero-
geneously solid acidic catalysts which are less corrosive and
can be recycled from the reactionmedium for reutilization are
considered to be the better choice currently. Sn-based zeotype
catalysts bearing strong Lewis acidities have demonstrated
excellent performance for the transformation of sugars to
lactates. However, long synthesis time especially Sn-β with
crystallization time up to 10–20 days and the utilization of
some toxic tin precursors may hamper the industrial appli-
cations, to some extent. Furthermore, the poor stability at
elevated temperatures and the narrow channels of Sn-Beta
hindering the large biomass molecules (i.e., cellulose) to
contact with active sites should also be taken into consid-
eration. It is worth mentioning that the introduction of weak
Brønsted acids is believed to be beneficial to LA and lactates
transformation. With respect to the catalyst design, some
suggestions based on the literature are presented here:

(i) More attention is recommended to pay on the
synthesis of active, selective and durable solid acidic
catalysts for the efficient transformation of cellulosic
biomass into LA and lactates

(ii) 0e design of novel multifunctional (i.e., controllable
active sites, strong Lewis acidic functional groups
with weak Brønsted acidic sites, and acid-base bi-
functional sites) heterogeneous catalysts is highly
appreciated

(iii) It should be reinforced to design the mesoporous
nanocatalysts, bearing large surface area along with
large pore size, in order to render reactants contact
with the active sites easily

(iv) More studies are demanded to propose a facile
method that can prepare the target catalysts in view
of large-scale and low-cost

(v) For lactates production, the recyclability of meth-
anol or ethanol solvent should be taken into con-
sideration, which is likely to affect the whole process
economics, in order to intensify the sustainable
process

(vi) It is indispensable to be devoted into an insightful
understanding in terms of the reaction mechanism
and structure-properties of the catalysts, which is
helpful to understand the reaction pathways and the
better design of catalysts
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M. Penttilä, “Efficient production of L-lactic acid from xylose
by Pichia stipitis,” Applied and Environmental Microbiology,
vol. 73, no. 1, pp. 117–123, 2007.

[20] C. R. Soccol, L. P. Vandenberghe, C. Rodrigues,
A. B. P. Medeiros, C. Larroche, and A. Pandey, “Production
of organic acids by solid-state fermentation,” in Current
Developments in Solid-State Fermentation, pp. 205–229,
Springer, Berlin, Germany, 2008.

[21] M. Dusselier, M. Mascal, and B. F. Sels, “Top chemical
opportunities from carbohydrate biomass: a chemist’s view
of the biorefinery,” in Selective Catalysis for Renewable
Feedstocks and Chemicals, pp. 1–40, Springer, Berlin, Ger-
many, 2014.

[22] P. O. Carvalho, Q. B. Cass, S. A. Calafatti, F. J. Contesini, and
R. Bizaco, “Review- alternatives for the separation of drug
enantiomers: ibuprofen as a model compound,” Brazilian
Journal of Chemical Engineering, vol. 23, no. 3, pp. 291–300,
2006.

[23] E. Lee, M. B. Park, J. M. Kim, W. S. Kim, and I. H. Kim,
“Simulated moving-bed for separation of mandelic acid
racemic mixtures,” Korean Journal of Chemical Engineering,
vol. 27, no. 1, pp. 231–234, 2010.

[24] W. J. Pope, “Stereochemistry,” Annual Reports on the
Progress of Chemistry, vol. 2, pp. 168–184, 1905.

[25] P. Van Wouwe, M. Dusselier, A. Basiç, and B. F. Sels,
“Bridging racemic lactate esters with stereoselective poly-
lactic acid using commercial lipase catalysis,” Green
Chemistry, vol. 15, no. 10, p. 2817, 2013.

[26] H. Kishida, F. Jin, X. Yan, T. Moriya, and H. Enomoto,
“Formation of lactic acid from glycolaldehyde by alkaline
hydrothermal reaction,” Carbohydrate Research, vol. 341,
no. 15, pp. 2619–2623, 2006.

[27] X. Yan, F. Jin, K. Tohji, T. Moriya, and H. Enomoto,
“Production of lactic acid from glucose by alkaline hydro-
thermal reaction,” Journal of Materials Science, vol. 42,
no. 24, pp. 9995–9999, 2007.

[28] Z. Shen, F. Jin, Y. Zhang et al., “Effect of alkaline catalysts on
hydrothermal conversion of glycerin into lactic acid,” In-
dustrial and Engineering Chemistry Research, vol. 48, no. 19,
pp. 8920–8925, 2009.

[29] X. Yan, F. Jin, K. Tohji, A. Kishita, and H. Enomoto,
“Hydrothermal conversion of carbohydrate biomass to
lactic acid,” AIChE Journal, vol. 56, no. 10, pp. 2727–2733,
2010.

[30] F.-W. Wang, Z.-B. Huo, Y.-Q. Wang, and F.-M. Jin, “Hy-
drothermal conversion of cellulose into lactic acid with
nickel catalyst,” Research on Chemical Intermediates, vol. 37,
no. 2–5, pp. 487–492, 2011.

[31] Y. Wang, F. Jin, M. Sasaki, F. Wang, Z. Jing, and M. Goto,
“Selective conversion of glucose into lactic acid and acetic
acid with copper oxide under hydrothermal conditions,”
AIChE Journal, vol. 59, no. 6, pp. 2096–2104, 2013.

[32] S. Zhang, F. Jin, J. Hu, and Z. Huo, “Improvement of lactic
acid production from cellulose with the addition of Zn/Ni/C
under alkaline hydrothermal conditions,” Bioresource
Technology, vol. 102, no. 2, pp. 1998–2003, 2011.

[33] Z. Huo, Y. Fang, D. Ren et al., “Selective conversion of
glucose into lactic acid with transition metal ions in diluted

aqueous NaOH solution,” ACS Sustainable Chemistry and
Engineering, vol. 2, no. 12, pp. 2765–2771, 2014.

[34] J. Duo, Z. Zhang, G. Yao, Z. Huo, and F. Jin, “Hydrothermal
conversion of glucose into lactic acid with sodium silicate as
a base catalyst,” Catalysis Today, vol. 263, pp. 112–116,
2016.

[35] A. Onda, T. Ochi, K. Kajiyoshi, and K. Yanagisawa, “Lactic
acid production from glucose over activated hydrotalcites as
solid base catalysts in water,” Catalysis Communications,
vol. 9, no. 6, pp. 1050–1053, 2008.

[36] G. Epane, J. C. Laguerre, A. Wadouachi, and D. Marek,
“Microwave-assisted conversion of D-glucose into lactic acid
under solvent-free conditions,” Green Chemistry, vol. 12,
no. 3, pp. 502–506, 2010.

[37] E. M. Albuquerque, L. E. Borges, and M. A. Fraga, “Lactic
acid production from hydroxyacetone on dual metal/base
heterogeneous catalytic systems,” Green Chemistry, vol. 17,
no. 7, pp. 3889–3899, 2015.

[38] X. Wang, Y. Song, C. Huang, F. Liang, and B. Chen, “Lactic
acid production from glucose over polymer catalysts in
aqueous alkaline solution under mild conditions,” Green
Chemistry, vol. 16, no. 9, pp. 4234–4240, 2014.

[39] D. Esposito and M. Antonietti, “Chemical conversion of
sugars to lactic acid by alkaline hydrothermal processes,”
ChemSusChem, vol. 6, no. 6, pp. 989–992, 2013.

[40] L. Li, L. Yan, F. Shen, M. Qiu, and X. Qi, “Mechanocatalytic
production of lactic acid from glucose by ball milling,”
Catalysts, vol. 7, no. 6, p. 170, 2017.

[41] L. Li, F. Shen, R. L. Smith, and X. Qi, “Quantitative che-
mocatalytic production of lactic acid from glucose under
anaerobic conditions at room temperature,” Green Chem-
istry, vol. 19, no. 1, pp. 76–81, 2017.
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