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uel precursors from benzaldehyde
and cyclopentanone via aldehyde–ketone
condensation in a deep eutectic solvent system

Yunqi Cao, ab Fang Liu,a Yunyun Liu *b and Qiang Yuc

Production of biofuel precursors from biomass-derived platform compounds (BDPC) has a profound

influence on biofuel industries. Herein, an efficient catalytic system composed of the deep eutectic

solvent (DES, i.e., ChCl/Fa) and SnCl4 (ChCl/Fa–SnCl4) was developed to produce biofuel precursors (C12

and C19) through aldehyde–ketone (A–K) condensation of benzaldehyde (BD) and cyclopentanone

(CPO). ChCl/Fa–SnCl4 exhibited the prospective catalytic performance and given the high selectivity

(SC12 = 49.20%, SC19 = 15.20%) and total yield (YC12+C19 = 64.37%) of C12 and C19, as well as 99.96% BD

conversion under the optimized conditions (BD : CPO molar ratio of 1 : 6, ChCl : Fa molar ratio of 1 : 12,

4 mmol SnCl4, 80 °C for 120 min). Subsequently, the C12 and C19 precursors were successfully applied

to generate cyclic alkanes (C12H14 and C19H18) by hydrodeoxygenation with selectivity of 37.61% and

24.10%, respectively. Finally, the potential catalytic mechanism was explored by density functional theory

(DFT) calculations. The results unveiled that the formation of a stable structure for the ChCl/Fa–SnCl4
system was ascribed to the viable interactions among ChCl, Fa and SnCl4 by coordination bonds,

electrostatic interactions and H-bonds, which decreased reaction energy barriers and drove the

condensation of BD and CPO. In this case, the catalytic reactions between BD and CPO were enhanced

to promote the synthesis of C12 and C19. This work provides a novel strategy for the applicability of

different BDPC to synthesize fuel precursors for the development of liquid biofuels.
Introduction

The global energy demand, which is anticipated to exceed 28%
by 2040, imperatively necessitates the development of more
renewable biofuels, such as bio-jet fuels, bioethanol, biobutanol
and biodiesel, etc.1–3 Sustainable liquid biofuels (SLB) attained
from biomass-derived platform compounds (BDPC) have drawn
tremendous attention due to the concerns of the energy crisis
and the goals of “carbon peaking” and “carbon neutrality”.4–6

With the advantages of renewability, low toxicity, low sulfur
content, biodegradability and high-octane number, SLB can
serve as a promising alternative fuel to fossil fuels to be
compatible with existing engines for different applications.7,8

Normally, BDPC (aldehydes, alcohols, phenols, etc.) can be
directly converted into biofuel precursors by the C–C coupling
strategies, such as aldol condensation, hydroxyalkylation/
alkylation (HAA), Michael addition, benzoic condensation, Rob-
inson annulation, etc., followed by hydrogenation or
gineering, China University of Mining and

neering, Shaanxi University of Science &

uyu282009@126.com

hina Agricultural University, Guangzhou

the Royal Society of Chemistry
hydrodeoxygenation (HDO) to synthesize SLB with carbon
numbers of C8–C22.9–12 Huang et al. successfully synthesized
a biodiesel precursor (C15) from biomass-derived furfural and 2-
methylfuran through a HAA reaction.13 However, biofuel
precursors are typically hydrocarbons with short carbon chains,
low density and caloric value, and poor low-temperature
uidity, which cannot well meet the requirements of trans-
portation fuels owing to the light molecules of BDPC with only 5
or 6 carbon atoms.7,14 The elongation of carbon chains is an
accessible and cost-effective way to upgrade the quality of biofuel
precursors, and the biofuels will have higher density and effi-
ciency aer introducing naphthenic or aromatic hydrocarbons.15

Benzaldehyde (BD), as the most commonly used aromatic
aldehyde in industry, has been recommended as a potential fuel
resource to synthesize valuable fuels and chemicals by C–C
coupling and HDO or hydrogenation.16,17 Wang et al. synthe-
sized biofuel 2-methylfuran through the selective hydrogena-
tion of BD and furfural with the highest yield of 78.4% under
mild conditions.18 Aldehyde–ketone (A–K) condensation reac-
tion as one of the cornerstones of synthetic chemistry is an
organic synthesis reaction with important applications in the
ne chemical and pharmaceutical industries. It can increase
the length of carbon chains through C–C coupling to connect
aldehyde and carbonyl groups, which needs to be carried out in
the presence of catalysts.19–21 For example, the bio-jet fuel
RSC Adv., 2023, 13, 25939–25947 | 25939
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precursors (C7–C14) derived from BDPC (furfural, butyralde-
hyde, acetone, and butanone) were produced by A–K conden-
sation using a bifunctional catalyst.22 The catalysts usually
applied in A–K condensation include solid acid catalysts (TiO2,
zeolites, etc.),6,15 homogeneous and heterogeneous basic cata-
lysts (NaOH, Ca(OH)2, CaO, and hydrotalcite, etc.),22,23 and
bifunctional catalysts (Sn-MFI, MgF2−x(OH)x, etc.), etc.24,25 These
catalysts are conducive to the effective conversion of BDPC for
the production of high-quality biofuels. However, the solid-
phase heavy components are primarily formed in A–K conden-
sation process, resulting in the deactivation of most catalysts
due to the deposition of the components on the surface of
catalysts.15,22 Furthermore, the actual applications for devel-
oping renewable biofuels from BDPC are restricted due to the
complex separation, difficult recovery, corrosion of equipment
and environmental pollution by effluent of these catalysts.1,3,22

Thus, the green and high-efficiency catalysts are imperatively
desired as a prerequisite for the synthesis of biofuels.

Deep eutectic solvents (DESs) composing of hydrogen bond
donor (HBD) coupled with hydrogen bond acceptor (HBA) has
been extensively applied as a green organic solvent with easy
preparation, low cost, good biodegradability and biocompati-
bility, high solvation capability and specic active sites for
superior synthesis of SLB and ne chemicals.1,2,26,27 DESs used in
biomass conversion and biofuel synthesis primarily consist of
acids (formic acid, lactic acid, oxalic acid, etc.), bases (choline
chloride, betaine, atropine, etc.), alcohols (glycerol, urea,
menthol, ethylene glycol, etc.) andmetal salts (ZnCl2, SnCl4, NaCl,
etc.) based on the differences between HBDs and HBAs.1,6,28–30

DESs prepared by coupling choline chloride (ChCl) and carboxylic
acids have been found to be an exceptional alternative to convert
BDPC into biofuel precursors.3,31 In addition, metal chlorides
(NiCl2, CrCl3, SnCl4, etc.) were reported to have a cooperative
effect with DESs to act as the aldose isomerization and conden-
sation reactions of BDPC.32–34 Guo et al. developed a cheap and
elegant DES (ChCl–CrCl3) converting glucose into 5-hydrox-
ymethylfurfural (HMF) with over 70% yield.34 Tin tetrachloride
(SnCl4), recognized as a prevalent, inexpensive and tractable
Lewis acid with low toxicity, can serve as an efficient catalyst to
convert biomass-derived carbohydrates into value-added chem-
icals.32,35,36 Hu et al. found that the combination of SnCl4 and
ionic liquids ([EMim]BF4) was efficiently suitable for converting
glucose into HMF with the yield of 61%.32

Previous work demonstrated that fuel precursors (C10 and
C15) could be synthesized by the condensation of furfural and
cyclopentanone in DES ChCl/Fa combined with SnCl4 catalytic
system.37 However, the selectivity and carbon chains extension
of the fuel precursors were still decient, and the catalytic
mechanism lacked also a profound understanding at the
molecular level. The aim of this work was to further upgrade the
selectivity and carbon chain length of fuel precursors via A–K
condensation and reveal the catalytic mechanism of the DES
system. Hence, the DES system (ChCl/Fa–SnCl4) was formed to
catalyze A–K condensation of BD and CPO for synthesizing fuel
precursors. Subsequently, the HDO reaction was carried out to
produce cyclic alkane fuels from the biofuel precursors. Even-
tually, the condensation process of BD and CPO and the
25940 | RSC Adv., 2023, 13, 25939–25947
possible mechanism of the catalytic system were specically
investigated by density functional theory (DFT). Our ndings
provide a competitive strategy for the conversion of BDPC into
biofuel precursors to product sustainable liquid biofuels.

Experimental
Materials

Benzaldehyde (BD), cyclopentanone (CPO, 99.5%), formic acid
(Fa), choline chloride (ChCl), SnCl4$5H2O (abbreviated as SnCl4
in the following), dichloromethane (CH2Cl2) and Ru/C (Ru 5%)
catalyst were purchased from Shanghai Macklin Biochemical Co.,
Ltd (Shanghai, China). Methanol was purchased from Tianjin
Fuyu Fine Chemical Co, Ltd (Tianjin, China). All reagents were
analytical reagent and used without further purication. The
deionized water used was produced in the laboratory.

Preparation of biofuel precursors

The DES ChCl/Fa was prepared by water bath heating. Speci-
cally, ChCl and Fa were added to a 500 mL beaker in certain
molar ratios (ChCl : Fa = 1 : 4, 1 : 8, 1 : 12, 1 : 16 and 1 : 20,
respectively) and then placed in a water bath at 60 °C with
a magnetic stirring (150 rpm) for 30 min. The synthesis of cyclic
biofuel precursors by A–K condensation of BD and CPO was
carried out in a 75 mL pressure-resistant bottle (P17002, Syn-
thware) using oil bath heating. BD and CPO with different
molar ratios (BD : CPO = 1 : 3, 1 : 6, 1 : 9 and 1 : 12, respectively)
were dissolved in the DESs, and then SnCl4 was added as
catalyst. The reaction was subjected to a specied temperature
with a magnetic stirring speed of 500 r min−1 for a certain
period of time. Aer the reaction, the samples were taken out
and cooled, and then were diluted with methanol and CH2Cl2
respectively for subsequent analysis.

Hydrodeoxygenation (HDO) of biofuel precursors

The HDO of biofuel precursors was carried out in a 100 mL
stainless steel autoclave (CHEMN, Anhui, China). In each group
of experiments, 30 mL of biofuel precursors and 15 mL of
water–methanol mixture (molar ratio was 1 : 1) used to provide
hydrogen by methanol aqueous phase reforming (MAPR) were
placed in the autoclave, and then 1.5 g of 5% Ru/C powder was
added to the system as catalyst. The temperature was heated
from room temperature to 200 °C at a heating rate of 5 °
C min−1. The agitator speed of the reaction kettle was main-
tained at 300 rpm. The reaction lasted for 6 h aer reaching the
predetermined temperature and the reaction pressure was
autogenous pressure. Aer the reaction, the autoclave was
cooled to room temperature, and the products were diluted with
methanol and CH2Cl2 to a certain multiple respectively for
subsequent analysis. In this study, control variates were applied
to guide the experiments and all experiments were performed in
triplicate with the average value reported.

Analysis methods of products

Qualitative analysis of products diluted with methanol was
performed using a Gas Chromatography-Mass Spectrometer
© 2023 The Author(s). Published by the Royal Society of Chemistry
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(GC-MS, TRACE 1300ISQ) equipped with a DM-5MS column (30
m × 0.25 mm × 0.25 mm). The helium gas with a split ratio of
50 : 1 was used as the carrier gas, and the energy of ion source
was 70 eV. The air ow of injector was 64.50 mL min−1, and the
inlet and detector temperatures were 250 °C and 320 °C,
respectively. Temperature programming: rstly, set the
program temperature to be 60 °C of insulation 2 min, then rise
to 210 °C with a heating rate of 10 °C min−1, nally rise to 270 °
C with a heating rate of 5 °C min−1.

Quantitative analysis of products diluted with CH2Cl2 was
conducted using a Gas Chromatograph (GC, GC-2010 PLUS,
SHIMADZU) with the same column type and size as GC-MS. Air,
nitrogen and hydrogen were used as the carrier gas with the gas
pressures of 0.6 MPa, 0.6 MPa and 0.4 MPa respectively. The
temperature procedure was the same as that of GC-MS. The
quantication of products was determined by the self-
contained integration method of GC system. The corrected
and integrated peak area obtained in the GC system represented
the relative content of products.
Calculation of products

The conversion, selectivity and yield of products were calculated
using the following formulas (1)–(6):

CBD ¼ n1

n0
� 100% (1)

SC12 ¼ n2

n1
� 100% (2)

SC19 ¼ n3

n1
� 100% (3)

YC12 = CBD × SC12 (4)

YC19 = CBD × SC19 (5)

YC12+C19 = CBD × SC12+C19 (6)

where, CBD is the conversion of BD, n0, n1, n2 and n3 are the
moles of initial BD, converted BD, BD converted to C12 and C19,
respectively; SC12 and SC19 are the selectivity of C12 and C19,
respectively; YC12, YC19 and YC12+C19 are the yield of C12, C19 and
C12 + C19, respectively.
Table 1 Components of condensation products

Number Residence time (min) Peak width

(1) 1.53 0.09
(2) 3.15 0.08
(3) 5.63 0.30
(4) 6.51 0.07
(5) 12.17 0.07
(6) 15.71 0.18
(7) 18.11 0.25
(8) 19.69 0.07
(9) 29.09 0.47

© 2023 The Author(s). Published by the Royal Society of Chemistry
DFT calculations

DFT calculations were conducted to get insight into the plau-
sible catalytic mechanism of this condensation process and the
interaction between DES ChCl/Fa and SnCl4 under the DMol3

module using Materials Studio soware (Accelrys Materials
Studio 2020, San Diego, CA, USA). Reactants (BD and CPO), DES
ChCl/Fa, SnCl4, and products (C12, C19 and H2O) were con-
structed in 3D Atomistic document and the arrangements of
atoms positions were optimized by the “clean” tool. Geometry
optimization task of all structures was undertaken by the B3LYP
functional using TS custom method for DFT-D parameters
while the convergence tolerance of energy, maximum force and
displacement was set at 1.0 × 10−6 Ha, 0.002 Ha Å−1 and 0.005
Å, respectively. The self-consistent eld (SCF) tolerance was set
at 1.0 × 10−6 Ha with the DNP 4.4 basis set and the searing
energy was set as 0.005 Ha. The dielectric constant was set to
78.54 using water as solvationmodel. Other parameters were set
as default.
Results and discussion
Production of biofuel precursors from BD

Table 1 presents the main product compounds of BD and CPO
condensation observed from the GC-MS spectrum (Fig. 1). The
biofuel precursors of 2-benzylidene-cyclopentanone (C12) and
2,5-dibenzylidenecyclopentanone (C19) with higher relative
abundance (88.16 and 95.37, respectively) were successfully
developed by the condensation of BD and CPO in ChCl/Fa–
SnCl4 system. The reaction pathways for the condensation to
form C12 and C19 precursors were supposed to be a two-stage
condensation process as shown in Fig. 2. It is speculated that
BD rstly reacted with CPO to form the primary product C12
precursor and remove a molecule of H2O in the initial stage of
the condensation, and then the generated C12 continued to
condense with CPO to form the secondary product C19
precursor. This process demonstrated the biofuel precursors
can be prepared by A–K condensation of BD and CPO in a ChCl/
Fa–SnCl4 system.
Effect of temperature and time on biofuel precursors

Fig. 3 showed the effect of temperature and time on the
production of C12 and C19 precursors. It can be observed from
Relative abundance Compound

83.50 Formic acid
78.67 Cyclopentanone
76.92 Benzaldehyde
41.37 (1-Methylbutyl)-cyclopentanone
75.23 2-Cyclopentylidene-cyclopentanone
88.16 2-Benzylidene-cyclopentanone
27.30 5,7-Dimethyl-2,3-dihydroinden-1-one
20.88 Dibutyl phthalate
95.37 2,5-Dibenzylidenecyclopentanone

RSC Adv., 2023, 13, 25939–25947 | 25941
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Fig. 1 GC-MS spectrum of the condensation products of BD and
CPO.
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Fig. 3a that the conversion of BD and the selectivity of C12 and
C19 were lower when the temperature was 60 °C, and CBD, SC12,
SC19 and YC12+C19 were 78.25%, 8.39%, 6.46% and 11.62%,
respectively. The conversion of BD increased to nearly 100%
with the temperature increasing from 80 °C to 120 °C,
Fig. 2 Reaction pathways for the formation of C12 and C19 precursors.

Fig. 3 Production of C12 and C19 precursors under different (a) temper

25942 | RSC Adv., 2023, 13, 25939–25947
indicating that the condensation efficiency can be enhanced by
increasing the reaction temperature. SC12 and SC19 initially
increased and then decreased with increasing temperature
from 60 °C to 120 °C. The selectivity of C12 and C19 increased
signicantly when the temperature increased from 60 °C to 80 °
C, with the SC12, SC19 and YC12+C19 increased by 49.20%, 15.20%
and 64.37%, respectively compared with 60 °C. It was observed
from Fig. 3 that SC12 decreased signicantly (22.63%) and the
SC19 increased slightly (19.25%) at 100 °C. These results showed
that the increase of temperature can improve the selectivity of
BD directional condensation to C12 and C19, and high
temperature may facilitate the further conversion of C12 to C19.
However, the SC12 at 120 °C increased slightly (53.23%)
compared with that at 80 °C, but no condensation of C19 at this
time. This reason may be that, on the one hand, the high-
temperature condensation at 120 °C destroyed the hydrogen
bonds between Fa and ChCl in DES, which weakened the
solvent effect and catalytic action of the DES. On the other hand,
it may be attributed to the evaporation of Fa (the boiling point is
100.8 °C) that changed the status of the reaction system, which
reduced the acidity of the system and the effect of mass and
heat transfer of the substrates during the condensation
process.20,21

It was found from Fig. 3b that C12 and C19 did not condense
successfully although BD was almost completely converted
atures and (b) time (BD : CPO = 1 : 6, ChCl : Fa = 1 : 12, 4 mmol SnCl4).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(99.18% and 99.25%, respectively) when the condensation time
was 30 min and 60 min, which demonstrated that the selective
condensation of C12 and C19 cannot be satised in shorter
reaction time. BD and CPOwere condensed to form C12 (SC12 was
36.82%) but not C19 when the reaction time was 90min while the
C12 and C19 were successfully condensed when the time was
120 min. This illustrated that the time required for the conden-
sation to C12 was shorter than that of C19, and the time cost
could be reduced by a reasonable adjustment of the condensation
time of the two. However, the selectivity and the total yield of C12
and C19 were greatly reduced aer 120 min (from 150 min to 240
min). The SC12, SC19 and YC12+C19 at 150 min were 18.25%, 3.53%
and 21.62% respectively, while the YC12+C19 at 180 min and
210 min were only 3.64% and 2.41% respectively. It showed that
the reaction time exceeding 120 min was unfavorable for the
selective condensation of C12 and C19 in the catalytic system,
which may be due to the excessively long condensation time
leaded to the further non-targeted conversions of the generated
C12 and C19, and decreased its selectivity and total yield. In
summary, 80 °C and 120 min were chosen as the optimum
condensation temperature and time in this work for the A–K
condensation of BD and CPO in ChCl/Fa–SnCl4 system.
Effect of molar ratio of DES and substrates on fuel precursors

The selectivity and total yield of C12 and C19 rst increased and
then decreased with the decrease of the ChCl and Fa molar
ratios (the content of Fa increased), while the change of molar
ratios had little effect on CBD with the higher values (nearly
100%) at different molar ratios as shown in Fig. 4a. SC12, SC19
and YC12+C19 were reduced by 4.21%, 8.87% and 12.63%
respectively at ChCl : Fa molar ratio of 1 : 4, while the values
increased to 18.51%, 10.05% and 28.46% respectively at ChCl :
Fa molar ratio of 1 : 8 and themaximum values were obtained at
ChCl : Fa molar ratio of 1 : 12 (49.2%, 15.2% and 64.37%). This
indicated that the enhancement of acidity in DES system could
improve the condensation process of BD and CPO to a certain
extent, which was a primary reason. However, the underlying
Fig. 4 Production of C12 and C19 precursors under different molar rati

© 2023 The Author(s). Published by the Royal Society of Chemistry
reason lied in the hydrogen bonds formed between ChCl and
Fa. The acidic environment provided by Fa made the generation
of hydrogen bonds easier, thereby reducing the melting point of
ChCl/Fa. The presence of hydrogen bonds led to the system
become more stable compared with the common reaction
system,22 and thus facilitated the formation of C12 and C19 with
a higher selectivity. The increase of Fa, however, was limited to
a certain extent. For example, the selectivity of C12 and C19
decreased signicantly when the molar ratios of ChCl/Fa
decreased from 1 : 16 to 1 : 20. SC12, SC19 and YC12+C1 were
5.36%, 1.28%, and 6.62% respectively at ChCl : Fa molar ratio of
1 : 16, and the values were 3.76%, 1.02% and 4.76% respectively
at ChCl : Fa molar ratio of 1 : 20. This may be due to the excess of
Fa made too much H+ ions in the system making it unable to
generate hydrogen bonds with ChCl, which undermined the
stability of the ChCl/Fa system.21 Moreover, the acidity of the
system exceeded the acidity range that the substrates can
withstand in the condensation reaction, resulting in the selec-
tive inhibition condensation of C12 and C19.

The molar ratios of BD and CPO had little inuence on CBD,
while the signicant inuence on SC12, SC19 and YC12+C19 was
observed as shown in Fig. 4b. The values of SC12 and SC19 rst
increased and then decreased as the molar ratio of BD and CPO
increased from 1 : 3 to 1 : 12, and the maximum value was
reached at BD : CPO molar ratio of 1 : 6 while C12 and C19 were
not condensed at BD : CPO molar ratio of 1 : 12. It can be seen
that too low or excessive proportion of CPO would have
a signicant impact on the yield of the fuel precursors. This
phenomenon probably because that C12 and C19 cannot be
directionally condensed when the ratio of cyclopentanone was
insufficient, although BD had a high conversion in the
condensation process. Furthermore, the coordination strength
between SnCl4 and the carbonyl group of CPO may be
strengthened when CPO was in excess,19 and the more enol
precursors formed, the further converted the originally formed
compounds into other non-directional by-products. The acces-
sibility of BD and CPO condensation to form C12 and C19
precursors was greatly reduced due to the relatively low content
os of (a) ChCl/Fa and (b) BD/CPO (4 mmol SnCl4, 80 °C for 120 min).

RSC Adv., 2023, 13, 25939–25947 | 25943
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of BD. To sum up, the optimal molar ratios of ChCl : Fa and BD :
CPO in this catalytic system were 1 : 12 and 1 : 6, respectively.
Effect of SnCl4 loadings on fuel precursors

Fig. 5 showed the effect of SnCl4 loadings on the formation of
C12 and C19 precursors in this system. As the increase of SnCl4
loadings from 0 mmol to 6 mmol, the selectivity of C12 and C19
increased rst and then decreased, but had no obvious effect on
the conversion of BD. There was no condensation to generate
C12 with SnCl4 not added, which possibly because of the
absence of SnCl4 weakened the directional regulation of the
condensation process. It cannot inhibit the directional and
non-directional transformation of C12 that further condensed
into C19 and other by-products. The maximum values of SC12,
SC19 and YC12+C19 were obtained at 4 mmol SnCl4 loading and
the values decreased signicantly with increasing 6 mmol
SnCl4, which manifested excessive SnCl4 may inhibit the
condensation of BD and CPO owing to the potential recrystal-
lisation process between SnCl4 and ChCl36 or promote the
conversion of C12 and C19 to other compounds.

Based on the investigation on the process of synthesizing
fuel precursors C12 and C19 by A–K condensation of BD and
Fig. 5 Production of C12 and C19 precursors under different loadings
of SnCl4 (BD : CPO molar ratio of 1 : 6, ChCl : Fa molar ratio of 1 : 12,
80 °C for 120 min).

Fig. 6 HDO of C12 and C19 precursors to form cyclic alkanes.

25944 | RSC Adv., 2023, 13, 25939–25947
CPO in ChCl/Fa–SnCl4 system, the optimal conditions for the
condensation process in this work were ultimately determined:
the molar ratio of BD : CPO molar ratio of 1 : 6 and ChCl : Fa
molar ratio of 1 : 12, 4 mmol SnCl4, 80 °C for 120 min, the
conversion of BD was 99.96%, the selectivity and total yield of
C12 and C19 were 49.20%, 15.20% and 64.37% respectively.

Production of cyclic alkane fuels from fuel precursors by HDO

The C12 and C19 fuel precursors obtained under the optimal
conditions were further applied to produce cyclic alkane fuels
by HDO. The GS-MS analysis of the HDO products showed that
the corresponding cyclic alkanes (C12H14 and C19H18) were
formed aer HDO of C12 and C19 precursors (as shown in
Fig. 6). C12H14 was obtained with the selectivity of 37.61% and
total yield of 18.50%, and the selectivity and the total yield of
C19H18 was 24.10% and 3.67% respectively. The feasibility of
further conversion of the fuel precursors to cyclic alkane fuels
was realized by the elimination of the oxygen-containing groups
in the fuel precursors aer HDO. However, the cyclic alkanes
obtained in this work were still unsaturated alkanes with low
saturation. This may be due to the insufficient hydrogen source
provided to the reaction system by MAPR,23 resulting in the
inability of the unsaturated C]C bonds in the alkanes to
continue to be broken and hydrogenated to generate saturated
alkane fuels. Besides, it may also depend on the loadings of
catalysts and the degree of reaction (temperature and/or time)
in HDO process, which need to be further investigated in future
work.

Mechanism of BD and CPO condensation in ChCl/Fa–SnCl4
system

DFT calculations were implemented to investigate the A–K
condensation process of BD and CPO into C12 and C19
precursors in ChCl/Fa–SnCl4 catalytic system. All optimized
geometries were visually presented in Fig. 7, and the total
energy (TE), dielectric energy (DE), zero point vibrational energy
(ZPVE) and exchange correlation (EC) of these geometries were
shown in Table 2. The TE, DE and ZPVE of DES ChCl/Fa
(−1024.41 Ha, −51.44 kcal mol−1 and 145.48 kcal mol−1,
respectively) were observed to be signicantly higher than its
HBA (ChCl) and HBD (Fa), which might be attributed to the
classic hydrogen bonds (–N–H/Cl) formed between ChCl and
Fa resulting in the DES being a stable system with high catalytic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Optimized structures of reactants (BD and CPO), DES ChCl/Fa, SnCl4, ChCl/Fa–SnCl4 and products (C12, C19 and H2O).

Table 2 TE, DE, ZPVE and EC of optimized structures

Structures TE (Ha)
DE
(kcal mol−1)

ZPVE
(kcal mol−1) EC (Ha)

BD −366.81 −7.20 69.11 0.62
CPO −286.83 −10.92 76.33 0.77
ChCl −824.21 −64.92 123.99 1.01
Fa −200.32 −6.74 21.11 0.30
SnCl4 −8024.06 −1.90 2.75 0.18
ChCl/Fa −1024.41 −51.44 145.48 1.31
ChCl/Fa–SnCl4 −9048.69 −56.73 149.23 1.50
C12 −572.95 −20.67 131.21 1.17
C19 −859.15 −28.30 185.35 1.70

Fig. 8 Energy barriers profile by transition state search in DMol3

module with schematic geometries of condensation routes.
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capability.38 Compared to DES ChCl/Fa, the catalytic system
ChCl/Fa–SnCl4 was found to be amore robust structure with TE,
DE and ZPVE of −9048.69 Ha, −56.73 kcal mol−1 and
149.23 kcal mol−1, respectively due to the feasible interaction
structures among the ChCl, Fa and SnCl4, which were primarily
formed by coordination bonds, electrostatic interactions and H-
bonds.38,39 A charge transfer was conducted from chloride ion
(Cl−) to choline ion (Ch+) in DES and tin ion (Sn4+) in SnCl4.38

The coupling Cl− in ChCl and H+ in Fa was capable of forming
a strong H-bond (H/Cl) similar to hydrogen chloride. The
coordination bonds were formed between the Cl− in ChCl and
Sn4+ in SnCl4.40–42 The catalytic system ChCl/Fa–SnCl4 with
reliable structure can reduce reaction energy barriers to
promote A–K condensation of BD and CPO.

Fig. 8 showed the energy barriers calculated by transition
state search in DMol3 module of BD and CPO condensation
reactions and the condensation routes. The reaction energy
barriers progressively increased as the condensation of BD and
CPO into C12 and C19 fuel precursors, which demonstrated
that C12 and C19 were structurally steady and resistant to
further condensation. C12 was rst performed with an energy
© 2023 The Author(s). Published by the Royal Society of Chemistry
barrier of −13.68 kcal mol−1 by the condensation of the carbon
on aldehyde group of BD and the carbon near carbonyl group of
CPO to develop a C]C bond and remove a H2O molecule with
an energy barrier of −10.18 kcal mol−1. Then, C12 and BD
continued to condense to form C19 with the energy barrier of
−24.34 kcal mol−1 through the incorporation of the carbon on
aldehyde group of BD and the carbon on ve-membered ring of
C12 (C–C bond) similarly removing a H2O with the energy
barrier of−18.36 kcal mol−1. The length of C]C bonds (1.344 Å
and 1.453, respectively) formed in C12 and C19 was less than
the length of the C–C bonds before condensation, indicating
the reduced reactivity of C12 and C19 compared to BD and CPO.
The results can also be elucidated by the high TE, DE and ZPVE
values of C12 (−572.95 Ha, −20.67 kcal mol−1 and
131.21 kcal mol−1, respectively) and C19 (−859.15 Ha,
−28.30 kcal mol−1 and 185.35 kcal mol−1, respectively) shown
in Table 1.
RSC Adv., 2023, 13, 25939–25947 | 25945
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Fig. 9 Condensation mechanism of BD and CPO in ChCl/Fa–SnCl4
system.
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The plausible condensation mechanism of BD and CPO in
ChCl/Fa–SnCl4 catalytic system was depicted in Fig. 9. The
condensation of BD and CPO was the synergistic effect of ChCl/
Fa and SnCl4. The carbonyl group (C]O) on CPO was rst
attacked by Sn4+ in SnCl4 and protonated to form the carbon
cation with electron-decient intermediates, and then the
intermediates formed an enol structure containing a C]C bond
through coordination and removed a H2O molecular.36 Simul-
taneously, the aldehyde group (H–C]O) on BD was attacked
and activated by COOH− in Fa and then protonated resulting in
protons release and electrons transfer during the dehydration
process.40 The chemical bonds of BD and CPO were rapidly
broken under synergistic catalysis to accelerated the dehydra-
tion and condensation process, which fabricated the primary
product C12 precursor. The protonated carbonyl group in C12
continued to undergo electrons transfer in the catalytic system
to form an enol structure with a C]C bond which then reacted
with BD to develop the secondary product C19 precursor. In the
DES ChCl/Fa, the presence of strong H-bonds facilitated the
condensation of BD and CPO into fuel precursors.43 Moreover,
the acidic environment provided by Fa might have a positive
effect on enhancing the catalytic behavior of Sn4+ and
COOH−.29,31,44 However, the anions (Cl−, COOH−) would have
stronger interactions with Sn4+, competing with the interaction
between BD and Sn4+ and inhibiting the development of fuel
precursors. Hu et al. found that some anions (Cl−, Tf2N

−, TFA−,
etc.) in ionic liquids could interact vigorously with Sn4+ to form
pentacyclic chelates, which would rival with the interaction
between glucose and Sn4+ and thus suppress the conversion of
glucose into HMF when using SnCl4 and ionic liquids as cata-
lytic system.32 The cooperation of DES and Sn4+ could also be
illustrated by far-infrared spectroscopic characterization of
SnCl4 based on previous work.37 The peak of SnCl4 in the DES
became sharp, and the absorption peak of Sn–Cl decreased in
absorbance compared to the metal–Cl bond with an intense
stretching vibration of the absorption band around 300 cm−1.45

Furthermore, the absorbance of SnCl4 in the DES decreased
more greatly due to the coordination of Sn4+ with the carbonyl
group, which indicated an enhancement of the catalytic
reaction.
25946 | RSC Adv., 2023, 13, 25939–25947
Conclusion

In this work, the fuel precursors C12 and C19 were successfully
synthesized by aldehyde–ketone condensation of BD and CPO
in ChCl/Fa–SnCl4 catalytic system. The high selectivity and total
yield of C12 and C19 (49.20%, 15.20% and 64.37%) were ob-
tained under the optimal conditions of BD : CPO molar ratio of
1 : 6, ChCl : Fa molar ratio of 1 : 12, 4 mmol SnCl4, 80 °C for
120 min. The further HDO of C12 and C19 precursors was
performed to form cyclic alkane fuels C12H14 and C19H18 with
the total yield of 18.50% and 3.67% respectively. DFT results
revealed that the presence of hydrogen and coordination bonds
between ChCl/Fa and SnCl4 played a pivotal role in forming the
desirable ChCl/Fa–SnCl4 system with a steadfast structure,
which resulted in lower reaction energy barriers to encourage
the condensation process of BD and CPO. The condensation of
BD and CPO into C12 and C19 was the consequence of syner-
gistic catalysis by DES and SnCl4. The ChCl/Fa–SnCl4 catalytic
system was proven to be benecial for the synthesis of biofuel
precursors with high selectivity and carbon chain length under
mild conditions. The ndings of this work open up an effective
and practicable avenue for the catalytic synthesis of sustainable
liquid biofuels. However, the recovery and reusability of DES in
the catalytic system are an important challenge and research
direction for the future research.
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