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ARTICLE INFO ABSTRACT

Keywords:
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Driving C-C coupling reactions to produce biofuels is usually energy-consuming and requires well-tailored cat-
alysts. Herein, a novel photothermal catalytic strategy was developed to be highly efficient for cascade
hydroxyalkylation-alkylation (HAA) of various biomass-derived aldehydes/ketones with 2-methylfuran or ace-
talization of different bioalcohols with furfural to exclusively afford furanic biofuel molecules (up to 94.8 %
yield). The developed bio-based SOsH-functionalized graphene-like catalyst (GLB-SO3H-700) could complete the
HAA and acetalization reactions in 10 min under solvent-free and room-temperature conditions. Infrared thermal
imaging revealed that the local photothermal effect of interfacial solar heating could in-situ remove water co-
product, thereby improving the reaction selectivity and rate as evidenced by kinetic study. Moreover, the
GLB-SO3H-700 catalyst exhibited good stability and recyclability. The developed SOsH-functionalized graphene-
like photothermal materials hold great potential for catalytic upgrading of biomass into high-quality biofuels

Biofuels

Photothermal effect
Solvent-free reaction
Biomass-based materials

under mild conditions.

1. Introduction

Biomass is the fourth largest energy source after coal, oil, and natural
gas, with annual output exceeding 140 billion metric tons (dry weight)
in the world, which is 10 times larger than global energy consumption
[1,2]. Compared with fossil fuels, the most obvious advantages of
renewable biomass are wide distribution, large reserves, and low cost. At
present, catalytic conversion of biomass into value-added chemicals and
biofuels has been widely reported [3,4]. Among them, the obtained
biomass derivatives like alkanes, furans, alcohols, and lipids are po-
tential biofuels, while most of them are C5-C6 molecules, which cannot
meet the carbon number (C9-C20) required for gasoline and diesel [5].
Therefore, it is highly promising to develop carbon-increasing strategies
for energy-intensive biofuels.

In comparison with conventional C—C coupling catalytic processes,
such as Aldol condensation, ketonization, Diels-Alder, Guerbet, and
acylation reactions, the cascade reaction of hydroalkylation-alkylation
(HAA) can more effectively increase the carbon-chain length of the
platform molecules via the sequential double condensation process [5].
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For example, biomass-derived 5-hydroxymethylfurfural (5-HMF), levu-
linic acid (LA), and furfural (FAL) could be subjected to HAA reaction
with 2-methylfuran (2-MF) to prepare C8-C15 biofuels [6,7]. Both ho-
mogeneous (e.g., sulfuric acid, p-toluenesulfonic acid, phosphoric acid
and trifluoromethanesulfonic acid) and heterogeneous (e.g., Pd/
NbOPO,, P-SiO;, TFA-ZrO,, Ir-ReO,/SiOs, SigsC3sHT-SOsH and Cu
(OTf)2) acid catalysts have been used to drive the HAA condensation
reactions under relatively harsh conditions (up to 140 °C for 2-24 h,
Scheme 1) [8-12]. The co-product during HAA to furnish the carbon-
increased biofuels is water, which not only impedes the complete pro-
ceeding of the reaction but also interacts with the used catalysts and
reactants to cause adverse effects (e.g., catalyst deactivation and side
reactions) [13]. Given this, the key to the high-efficiency production of
energy-intensive biofuels with specific carbon-chain length from
biomass is to develop efficient protocols for in-situ removal of water
from heterogeneous acid catalysts to break the reaction equilibrium
with improved conversion/selectivity and maintain the intact structure
of the catalyst.

Sunlight is a green, clean, and sustainable energy source, providing
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energy for all life activities on earth through emitting ultraviolet (UV),
visible, and infrared (IR) lights that carry photons of different vibration
frequencies [14]. Interestingly, interfacial solar heating and local pho-
tothermal effects with high solar utilization show great potential in the
fields of seawater desalination, sewage treatment, and photothermal
catalysis [15], with the assistance of various photothermal materials like
metal nanoparticles (e.g., Ag, Pd, Al, Cu, Ge, and Co), semiconductors (e.
g., TiO2, M0O3.y, WO3.,, ZnO, and CdO), carbon-based nanomaterials (e.
g., carbon quantum dots, graphite, carbon nanotubes, and graphene),
organic polymers (polythiophene, polypyrrole, polyaniline, and poly-
dopamine), and two-dimensional transition metal carbides/nitrides
[16]. In recent years, carbon-based nanomaterials have become a
research hotspot in the field of photothermal catalysis due to their ad-
vantages of low cost, simple preparation method, stable chemical
properties, broadband light absorption, high thermal conductivity, and
adjustable molecular and electronic structures [16]. However, rare
studies have been conducted on the catalytic production of energy-
intensive biofuels via photothermally driven HAA or other relevant re-
actions of renewable biomass feedstocks under mild conditions.

Here, a biomass-derived SOsH-functionalized graphene-like catalyst
(GLB-SO3H-700) was facilely prepared from Chlorella residue after lipid
extraction, combining the tunable acidity of carbon-based nano-
materials with the local photothermal effect of solar heating. Under
sunlight irradiation, the prepared functional material could rapidly form
a high local temperature in the reaction system, which is beneficial to
the removal of in-situ produced water. In addition, the generated high
local temperature has another two obvious advantages: (i) It would be
favorable for the formation of temperature difference in the reaction
system, which is conducive to the transfer of non-radiative relaxation of
excited electrons to the material lattice and the realization of efficient
light conversion into heat energy; (ii) It can benefit the diffusion of re-
actants and the desorption of products, accelerating the overall reaction
rate. With the renewed carbon-increasing strategy via cascade HAA
enabled by the tunable photothermal effect, this study realizes the high-
efficiency catalytic conversion of biomass derivatives into energy-
intensive furanic biofuel molecules in specifically increased carbon
numbers at room temperature within a quite short reaction time of 10
min (Scheme 1).

2. Experimental

SOsH-functionalized graphene-like catalyst (GLB-SO3H-700) was
prepared from Chlorella residue after lipid extraction [17] by sequential
calcination and sulfonation with HySO4, according to previous literature
[18,19] with slight modifications. The catalyst structure and properties
were investigated by infrared thermal imaging, Raman, XRD, XPS, SEM,
TEM, NH3-TPD, and thermogravimetric analysis.
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Material Text S1. The specific preparation procedures and methods of
GLB-T and GLB-SO3H-T photothermal catalysts are shown in Supple-
mentary Material (Text S2.1 & S2.2). Catalyst characterization is
described in detail in Supplementary Material (Text S2.3). The detailed
procedures and analysis methods for the synthesis of furanic biofuel
molecules by HAA or acetalization are provided in Supplementary Ma-
terial (Text S2.4). The reusability of the catalyst and the acid density
analysis method and procedures are supplied in Supplementary Material
(Text S2.5 & S2.6).

3. Results and discussion
3.1. Catalyst characterization

In the HAA reaction process, acidic catalysts are usually indispens-
able and water is formed as the dominant co-product. Therefore, both
the acidity and hydrophobicity of the developed photothermal materials
(GLB-SO3H-T, T denotes calcination temperature of 500, 700, and
900 °C) should be considered. FT-IR spectra of GLB-SO3H-T illustrated
that the characteristic peaks of -SOsH appeared at 1021 cm ™! and 1258
cm™! [20], which belonged to the symmetric and asymmetric stretching
vibration of 0—=S—=O0, respectively, indicating the successful introduc-
tion of -SO3H into the graphene-like structure (Fig. 1a). The full survey
and C 1s XPS spectra revealed the presence of S element in the GLB-
SO3H-T catalysts and the formation of C—S bonds (Fig. 1b & S1) [21],
which further confirmed the above FT-IR results. The water contact
angle of GLB-SO3H-700 was determined to be 139.1° (Fig. S2), sug-
gesting its good hydrophobicity, which was conducive to the in-situ
elimination of water generated in the HAA reaction.

To evaluate the performance of the photothermal material in the
conversion of sunlight into heat energy, infrared thermal imaging was
used to monitor the local temperature of the GLB-SO3H-T (T = 500, 700,
and 900 °C) catalysts (Fig. 1c). It was found that the temperature of the
catalyst surface reached 54.5-78.7 °C after 2 min of light irradiation at
1000 W m~2, which would be helpful to drive the HAA reaction. The
involved mechanism of light conversion into heat over a photothermal
catalyst was that the carbon-based material absorbs light and excites
loose = electrons in the ground state to the excited state (Fig. S3), fol-
lowed by transferring to the lattice of the carbon material through non-
radiative relaxation in the form of excited phonons and vibrating to
generate heat [20]. Therefore, the more ordered the lattice periodicity of
the prepared catalyst was, the better the local photothermal effect could
be observed. Furthermore, the periodicity of the material lattice also
affected the transfer of heat, where the ordered lattice structure was
more apt to facilitate the rapid transfer of heat to the reactant molecules,
with great potential to improve the reaction selectivity and rate [22,23].
Raman spectra of GLB-SOsH-T (T = 500, 700, and 900 °C) exhibited two
broad characteristic peaks at 1345 cm ! and 1645 cm ™! (Fig. S4), which
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Scheme 1. Comparison of conventional methods and the developed photothermal catalytic protocol for producing energy-intensive furanic biofuels via cascade

hydroalkylation-alkylation (HAA).
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Fig. 1. FT-IR spectra (a), XPS spectra (b), infrared thermal images (c), and XRD patterns (d) of photothermal catalysts GLB-SO3H-T (T = 500, 700, and 900 °C).
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Fig. 2. SEM (a), AFM (b), and TEM (c,d) images of GLB-SO3H-700.
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could be attributed to the unique D and G bands of the carbon-based
materials [24]. The Ip/Ig values of GLB-SO3H-500, GLB-SO3H-700,
and GLB-SO3H-900, negatively correlated with the degree of graphiti-
zation, were calculated to be 3.42, 3.18, and 3.02, respectively, which
explicitly showed the tendency of the increasingly ordered lattice
structure of the material with the increase of calcination temperature.
XRD characterization (Fig. 1d) further clarified the crystal structure of
the catalyst, and the diffraction peaks at 26 of 23.2° and 44.1° demon-
strated the existence of amorphous carbon with (002) crystalline plane
and the graphite carbon structure with (100) facet, respectively
[25,26]. The results of Raman, XRD, and infrared thermal imaging were
mutually corroborated and congruously demonstrated that the higher
the catalyst carbonization temperature was, the higher the catalyst
graphitization degree and the better the photothermal effect would be
observed. SEM and AFM images (Fig. 2a & 2b) revealed that GLB-SO3H-
700 was an irregularly stacked nanosheet structure. The irregularly
stacked carbon layers and ripples could be clearly observed by TEM
(Fig. 2¢ & 2d), which was consistent with the structure detected by SEM.
The BET curve of GLB-SOsH-700 was IV-type hysteresis, revealing that
the catalyst was mesoporous (8.3 nm) with a relatively large specific
surface area (234.2 mz/g), which could be attributed to the irregularly
stacked carbon layer structure of GLB-SO3H-700 catalyst. It was worth
noting that the carbon layer structure of GLB-SO3H-700 would be
conducive to providing more -SOsH branching sites and larger reaction
sites (Fig S5) [27-30].

The catalyst acidity was tested by NH3-TPD (Figs. S6). Broad NH3
desorption bands at 80.6 °C and 188.7 °C manifested the presence of
weak and strong acid sites, respectively. In addition, it could also be
found that the acidity of GLB-700 was significantly enhanced after sul-
fonation, which further clarified that the carbon catalyst was success-
fully sulfonated to afford GLB-SO3H-700. The -SOsH densities of GLB-
SO3H-500, GLB-SO3H-700, and GLB-SO3H-900 catalysts were measured
by the Boehm titration method and found to be 2.89 mmol g™}, 2.14
mmol g~! and 1.21 mmol g~*, respectively. The percentages of S atoms
in these catalysts obtained by elemental analysis were 9.28, 6.85, and
3.88 % (Table S1), respectively, which were consistent with the results
of the Boehm titration method. Notably, the catalyst density of -SOsH
was likely in agreement with its Ip/Ig value, which could be explained
by the fact that the greater the degree of carbon disorder of the catalyst
was, the more favorable the -SO3sH species could be introduced [31]. On
the contrary, the catalyst (GLB-SOsH-900) with a more ordered carbon
lattice was not conducive to the introduction of -SO3H.

The thermal stability of the GLB-SO3H-700 catalyst was examined by
thermogravimetric analysis (TGA) (Fig. S7). It was found that the weight
loss of GLB-SO3H-700 was ca. 8 % at 50-600 °C, which belonged to the
volatilization and pyrolysis of HoO and -SO3H in the catalyst. The pho-
tothermal effect temperature of the system in this study could reach up

a
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to around 80 °C, which was much lower than the pyrolysis temperature
of -SO3H (ca. 200 °C). Therefore, the thermal stability of GLB-SOsH-700
met the requirements of this reaction system.

3.2. Catalytic performance and mechanism

In preliminary studies, biomass-derived 2-MF and FAL in a molar
ratio of 2:1 were selected as model molecules for HAA at room tem-
perature (25 °C) over different catalysts including GLB-SOsH-500, GLB-
SO3H-700, GLB-SO3H-900, GLB-700 and H,SO4, and the obtained re-
sults are collected in Fig. 3a. Among the tested catalysts, GLB-SO3H-700
catalyst was found to have the best catalytic performance in the pro-
duction of 5,5'-(furan-2-ylmethylene)bis(2-methylfuran) (FMBM) (94.8
% yield) (Fig. S8) while a quite inferior yield (ca. 50.2 %) was obtained
under otherwise identical but thermal conditions (~60 °C, Fig. 3a),
implying that the photothermal effect and -SOsH density of GLB-SO3H-
700 were both ideal for catalyzing the HAA reaction of FAL and 2-MF. In
contrast, the GLB-SO3H-500 with slightly worse lattice periodicity
exhibited a relatively lower photothermal effect, while GLB-SO3H-900
with a better periodicity of the lattice structure was unfavorable for the
introduction of -SOsH, resulting in a decrease in its acidity. Encouraged
by its pronounced performance, the GLB-SO3H-700 catalyst was further
used to catalyze the HAA of various biomass-derived aldehydes/ketones
with 2-MF or acetalization of bio-based alcohols with FAL, and high
yields (77.4-94.8 %) of relevant furanic biofuel molecules could be
obtained at 25 °C in 10 min, demonstrating the universal applicability of
GLB-SO3H-700 catalyst (Fig. 4).

For the ability of the GLB-SO3H-700 catalyst to in-situ remove water,
the local photothermal effect of interfacial solar heating was revealed by
infrared thermal imaging (Fig. 1c), and the hydrophobic surface was
disclosed by contact angle test (139.1°) (Fig. S2). In addition, the
chemical equilibrium study was carried out for the photothermal cata-
lyst GLB-SO3H-700, and a comparison was made with the HSOj4-
mediated catalytic system that could not generate the photothermal
effect under otherwise identical conditions (Figs. S9 and S10). It could
be found that the equilibrium conversion rate catalyzed by H,SO4 did
not change with the rise of temperature, possibly because water gener-
ated in a homogeneous system could not be removed by evaporation,
making the reaction reach a dynamic equilibrium quickly. In contrast,
the equilibrium conversion rate catalyzed by the GLB-SO3H-700 pho-
tothermal catalyst increased with the rise of photothermic temperature,
indicating that the local photothermal system of GLB-SO3H-700 was
able to break the dynamic equilibrium and make the reaction move
toward the positive direction, which might be due to continuous evap-
oration of generated water around acid sites. Overall, in the traditional
H,SO4 catalytic system driven by electric heating, the yield of FMBM
was maintained at 12.6-26.3 %. For the GLB-SO3H-700 photothermally
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Fig. 3. The HAA reaction of 2-MF and FAL over different catalysts (4.3 mol%) at 25 °C in 10 min (a), and GC spectra of reaction mixtures after different times (b).
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driven catalytic system, the yield of FMBM increased with the increase
of light intensity (25.5-74.4 %), further indicating that water in the
reaction system could be effectively in-situ removed (Fig. S9).
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Table 1 collects catalytic results of representative traditional thermal
catalysts and the developed GLB-SO3H-700 photothermal catalyst for
the HAA of FAL and 2-MF to produce the biofuel molecule FMBM. With
comparable and even superior activity to the previously reported cata-
lysts, GLB-SO3H-700 could accomplish the cascade conversion process
in a much shorter reaction time (10 min) at a lower reaction temperature
(25 °C). It was further expounded that the local high-temperature
environment could be rapidly generated over the GLB-SO3H-700 cata-
lyst under light irradiation, and a temperature difference around its
surroundings was formed in the reaction system, which could accelerate
the diffusion of reactants and the desorption of products to reduce the
occurrence of side reactions [32,33]. More importantly, the local high
temperature was beneficial to remove water generated by the HAA re-
action (step 2: alkylation), thus improving both the reaction rate and
selectivity. No intermediates were detected by gas chromatography (GC)
(Fig. 3b), which was attributed to the rapid dehydration of the generated
dimer (bis(5-methylfuran-2-yl)methanol) (step 2), indicating that the
reaction rate of step 2 (alkylation) was higher than that of step 1
(hydroxyalkylation). Moreover, our developed catalyst GLB-SO3H-700
was found to exhibit superior activity to those carbon-based acid cata-
lysts (Entries 3, 4, and 9, Table 1) under either thermal or photothermal
conditions. It was further indicated that the high local temperature in
the photothermal catalyst was beneficial to improve the reaction
selectivity and eliminate the negative influence of water on the catalyst
and reaction process.

3.3. Study of reaction kinetics and catalyst recyclability

Further, the involved reaction kinetics was studied and found to
follow first-order kinetics (Fig. 5a & 5b) under different light intensities
(500, 600, and 700 W m~2) and reaction times (4, 6, 8, 10, and 12 min).
The reaction activation energy of the developed photothermal system
calculated by the Arrhenius formula and fitting formula (Fig. 5¢) was
32.2 kJ mol ™}, which seemed not easy to take place at room tempera-
ture, indicating that the photothermal effect generated on the GLB-
SO3H-700 catalyst was crucial for its pronounced catalytic activity in
HAA.

The reusability of heterogeneous catalysts is an important parameter
to evaluate their stability. After five consecutive recycles of the GLB-
SO3H-700 catalyst, the obtained yield of FMBM was slightly reduced
from 94.8 % to 90.6 % (Fig. 5d). The FT-IR and S 2p XPS spectra of the
recovered and fresh GLB-SO3H-700 catalysts (Figs. S11 & S12) showed
the intact structure before and after the reaction. The good recyclability
of GLB-SO3H-700 should benefit from the rapid removal of co-product
water enabled by the local photothermal system, effectively prevent-
ing the active -SO3H group from hydrolysis/leaching. In addition, the
rapid desorption of the formed product from the catalytically active

Table 1
Results of catalytic HAA of 2-MF and FAL using different catalysts.
Entry Catalyst Time 2-MF: FAL(n/n) Temp. (°C) Energy Source FMBM yield (%) Ref.
1 p-TSA 12h 2.2:1 65 Heat 90 [24]
2 H,S04 12h 2.2:1 65 Heat 71.5 [24]
3 Commercial GO 6h 22:1 60 Heat (Light) 0 (0)° [24]
(10 min)
4 S-MWCNTs 7h 2:1 85 Heat (Light) 90 (8.2)h [34]
(10 min)
5 Amberlyst-15 24 h 2.2:1 50 Heat 95 [35]
6 Zr-SBA-15(20) 15h 2.5:1 140 Heat 93.9 [36]
7 p-TOSH 2h 2.3:1 70 Heat 78.4 [371
8 Nafion-212 2h 2:1 65 Heat 75 [38]
9 I1GO 6h 22:1 60 Heat (Light) 95 (12.3)" [24]
(10 min)
10 GLB-SO3H-700 2h 2:1 60 (25 Heat (Light) 96.2 This work
(10 min) (94.8)"

? Initial reaction temperature.
b Light irradiation results.
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surface might also contribute to the almost constant performance of
GLB-SO3H-700. Overall, the developed GLB-SO3H-700 photothermal
catalyst was greatly promising for conversion of biomass derivatives to
produce high-quality furanic biofuels in specific carbon-chain lengths
via cascade HHA and other relevant routes.

4. Conclusions

A photothermal material GLB-SO3H-700 derived from Chlorella res-
idue was developed to be efficient for the catalytic synthesis of high-
quality furanic biofuel molecules under ambient conditions. Due to
the local photothermal effect of solar interface heating, a high FMBM
yield of up to 94.8 % was obtained through the efficient and solvent-free
HAA carbon-increasing process at 25 °C within 10 min. In the GLB-
SO3H-700 mediated local photothermal system, the adverse effect of
water on the reaction and catalyst was substantially eliminated to
significantly improve the HAA reaction selectivity and rate. HAA of
various biomass-derived aldehydes/ketones with 2-MF or acetalization
of different bioalcohols with FAL to produce corresponding furanic
biofuels could also be achieved using the developed catalytic system. In
addition, GLB-SO3H-700 with an appropriate -SOsH density of 2.14
mmol g~} and lattice structure in good periodicity exhibited excellent
reusability after at least five cycles.
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