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Abstract
The multifunctional groups of 5-hydroxymethylfurfural (5-HMF) make it could 
extend carbon chain by different C–C coupling reactions and extensively applied in 
the bio-jet fuel synthesis. Herein, one-pot reaction of lignocellulose derived chemi-
cals with 5-HMF was studied by experimental and density functional theory (DFT) 
methods. The kinetic models of products were established and the apparent activa-
tion energies of the products by C–C coupling reaction of phenol, anisole, guai-
acol, cyclohexanone and acetone with 5-HMF on Hβ were 95.3 kJ/mol, 104.8 kJ/
mol, 90.4 kJ/mol, 90.0 kJ/mol and 112.2 kJ/mol, indicating these reactions center-
ing on 5-HMF competitive intensively. Then the effects of the catalysis were ana-
lyzed by applying commercial catalysis to the mixed coupling reaction of 5-HMF. 
It was found that Brønsted acid is more favorable to alkylation reaction, and Lewis 
acid is more beneficial to aldol condensation reaction. By Fukui function, due to 
the nucleophilic index of cyclohexanone (2.74 eV) is higher than that (2.48 eV) of 
acetone, and the Mulliken electronegativity (3.43 eV) is weaker than that (3.55 eV) 
of acetone, cyclohexanone is more conducive than acetone to the aldol condensation 
reaction. This work provides data reference for product regulation in the bio-jet fuel 
synthesis.

Keywords  Alkylation · Aldol condensation · Solid acid · Bio-jet fuel · Competitive 
one-pot reaction · Fukui function

Introduction

Nowdays, fossil resource is still the main source to meet our needs for energy, chem-
icals and materials [1]. However, fossil resource is non-renewable and the consume 
has cause energy crisis, environmental pollution and global climate change. To solve 
these problems, it is urgent to develop renewable sources to replace fossil ones. In 
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this context, lignocellulose is drawing much attention due to its potential for use in 
fuels and chemicals.

Lignocellulose is mainly composed of about 30–50% cellulose, 20–40% hemi-
cellulose and 15–25% lignin and it is the main component of plant wall. With the 
development of cellulose-first biorefineries [2] and lignin-first depolymerization 
[3] of lignocellulose, lignocellulose can be depolymerized into sugar (e.g., glucose, 
fructose), acids (e.g., gluconic acid, formic acid, lactic acid, levulinic acid), ketones 
(e.g., acetone, cyclohexanone), aldehydes (e.g., 5-hydroxymethylfurfural, furfural), 
furan (e.g., furan, tetrahydrofuran), phenols (e.g., phenol, guaiacol) and aromatic 
oligomer (e.g., polycarbonate, polyester, polyether). Importantly, unless specially 
treated, what we usually get is a mixture of various chemicals [4].

Among these chemicals, 5-hydroxymethylfurfural (5-HMF) is one of the most 
widely studied chemicals. Various catalysts, such as deep eutectic solvents (DES) 
[5], solid catalyst [6, 7], homogeneous catalyst [8], etc. have been employed to 
directly hydrolyze cellulose/hydrolyze glucose/fructose/sucrose to obtain 5-HMF 
with yields ranging from 36.5 to 85.6%. 5-HMF can also be further converted to 
various chemicals, including levulinic acid [9], 5-acetoxymethylfurfural [10], 5-eth-
oxymethylfurfural [11], 2,5-diformylfuran [12], and fuels [13]. The hydroxyl group, 
aldehyde group and a furan ring give 5-HMF the ability to extend the carbon chain 
by alkylation and aldol condensation to make transport fuel precursors. Acid cata-
lysts, such as zeolites [14], polymers [15], metal halides [16] and heteropoly acids 
[17] have been intensively applied in the alkylation reaction of 5-HMF with aro-
matic compounds. Alkaline catalysts, such as NaOH [18], MgZr [19], and acid cat-
alysts [20] are commonly used in the aldol condensation of 5-HMF/ketones with 
acetone, cyclohexanone, cyclopentanone, etc. Actually, the alkaline catalyst hydro-
talcite [21] and the acidic catalyst Al-DTP@ZIF-8 [22] have been used to catalyze 
the aldol condensation reaction of 5-HMF with acetone to form jet fuel precursors 
4-[5-(hydroxymethyl)-2-furanyl]-3-buten-2-one and 1,5-bis[(5-hydroxymethyl)-2-
furanyl]-1,4-penta-dien-3-one. Subsequently, the multi-functional Pd/NbOPO4 [23] 
efficiently catalyzes the precursors to produce C9–C15 liquid alkanes by hydrogen-
ation under mild conditions. That is, acid catalyst can catalyze both alkylation of 
5-HMF with aromatic compounds and aldol condensation of 5-HMF with ketones, 
which give the potential to achieve a pot reaction of the feedstock blending of ligno-
cellulosic to make jet fuel precursors. However, the competition between the reac-
tions affects the products distribution and in turn affects the composition of the final 
fuel [24]. This is an interesting point, and until now there is no discussion about the 
competing C–C coupling reactions about 5-HMF with many compounds in one-pot 
by acid catalyst to grow carbon chain for making jet fuel.

Acid catalyst, especially the solid acid is the research hotspot in C–C coupling 
reactions, such as metal oxide, acid resin, heteropoly acid and especially zeo-
lites. Due to zeolites have much and strong acid sites, large specific area, high ion 
exchange capacity, medium and high thermal stability and hydrothermal stability, 
it has been widely applied in acid catalyzed industrial reactions. Especially, Hβ has 
a three-dimensional skeleton with 12-membered ring channels, where the intersec-
tion of the channels provides sufficient space for reactions [25]. Compared with 
the widely used HZSM-5 zeolite, Hβ has a larger pore size, which allows di- to 
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tri- condensed compounds to enter into or get out the pores of the catalysis in the 
reaction. Compared with mesoporous zeolite MCM-41, Hβ has a higher concentra-
tion of acid sites and abundant acid type ratio [26], which can provide more reaction 
sites for acid-catalyzed reactions [27]. Recently, modified β zeolite has been used to 
catalyze the aldol condensation reaction of furfural with acetone [28] and the alkyla-
tion reaction of phenol with cyclohexanol [29] to produce 4-(2-furyl)-3-buten-2-one, 
1,5-di-2-furanyl-1,4-pentadien-3-one, monoalkylphenol and dicyclohexylphenol. 
The selectivity can be as high as 97% and the yield can reach up to 83.4%.

In this paper, one-pot C–C coupling reactions of 5-HMF with other lignocel-
lulose derived chemicals (phenol, anisole, guaiacol, cyclohexanone and acetone) 
were catalyzed by Hβ, and the competition was investigated by combining experi-
mental and theoretical calculation. Under solvent-free conditions, reaction kinetics 
were studied at different temperatures with a molar ratio of 1:10 of 5-HMF to other 
reactants and kinetic models of coupled products were established. The reaction rate 
constants and activation energies for various coupled products in different reactions 
were calculated and compared. Then, the density functional theory (DFT) is used to 
further understand the competitiveness of 5-HMF with cyclohexanone and acetone 
catalyzed by Hβ. Moreover, the relevance of reaction with the acid properties of the 
catalysis was analyzed. This work provides data reference for predicting and regulat-
ing product distribution of one-pot reaction centered on 5-HMF with lignocellulosic 
chemicals.

Experimental

Materials

5-HMF (99.0%) was purchased from Aladdin (Shanghai, China). Cyclohexanone 
(≥ 99.5%) was purchased from Shanghai Titan Technology Co., Ltd. Phenol 
(≥ 99.0%) was purchased from Sinopharm Chemical Reagent Co., Ltd. Anisole 
(99.0%) was purchased from Tianjin BASF Chemical Co., Ltd. Guaiacol (98.0%) 
was purchased from Sarn Chemical Technology (Shanghai) Co., Ltd. Acetone 
(≥ 99.5%) was purchased from Liaodong Fine Chemical Co., Ltd. Isooctyl alcohol 
(> 99.0%) was purchased from Shanghai Maclin Biochemical Technology Co., Ltd. 
Phosphotungstic acid (HPW) was purchased from Shanghai Yuanfan Biotechnology 
Co., LTD. Si-MCM-41, Hβ (SiO2/Al2O3 = 25) and γ-Al2O3 were purchased from 
Tianjin Nankai University Molecular Sieve Factory. 80%HPW/MCM-41 catalyst 
was synthesized according to our previous work [30].

Catalyst characterization

The Bruno–Emmett–Teller (BET) specific surface area and pore structure of the 
catalyst were analyzed by N2 physical adsorption method at -196  °C (Micomerit-
ics ASAP 2020). Ammonia temperature-programmed adsorption–desorption 
(NH3-TPD) experiments were carried out with argon as the carrier gas, and the 
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structural properties and acid amount of the catalyst were obtained. The type of acid 
was determined by pyridine adsorption infrared spectroscopy (Py-IR).

Catalytic reactions and product analysis

5-HMF (0.76  g) and phenol (5.65  g)/anisole (6.49  g)/guaiacol (7.45  g)/cyclohex-
anone (5.89 g)/acetone (3.48 g) reacted separately, or 5-HMF (0.76 g) and phenol 
(0.98 g), anisole (1.22 g), guaiacol (1.39 g), cyclohexanone (1.10 g), acetone (0.65 g) 
were mixed as well as Hβ (0.20 g) were placed in a 30 mL three-neck flask to react 
at 343.15 (± 1 k), 353.15 (± 1 k) and 363.15 (± 1 k) for different time. The reac-
tion products were qualitatively and quantitatively analyzed. Agilent 7890B/5975C 
gas chromatograph-mass spectrometer (GC–MS) equipped with HP-5 capillary col-
umn (30 m × 0.32 mm × 0.25 μm) was used for qualitative analysis, and gas chro-
matograph (GC-2010 Pro) equipped with FID detector and HP-5 capillary column 
(30 m × 0.32 mm × 0.25 μm) was used for quantitative analysis. Isooctyl alcohol was 
used as the standard substance and the internal standard curve of 5-HMF (Fig. S1) 
was established.

Computational methods

All calculations are performed using a Gaussian 16 revision C.01 [31]. The nucle-
ophilicity index and mulliken electronegativity of cyclohexanone and acetone was 
predicted by B3LYP/6-31G* basis set combined with Fukui function to illustrate the 
competitiveness of 5-HMF in the aldol condensation reaction with cyclohexanone 
and acetone. Analysis of the nucleophilicity index and mulliken electronegativity is 
carried out with the help of Multiwfn 3.8 (dev) software [32].

Results and discussion

One‑pot reaction of 5‑HMF

Herein, the C–C coupling reaction of 5-HMF with phenol, anisole, guaiacol, 
cyclohexanone and acetone were mixed was monitored to observe the reaction 
evolution process. Five main reactions were detected and shown in Fig. 1a and the 
products are named as P1, P2, P3, P4 and P5 (Fig. S2). Analysis of all products 
is performed using AMDIS software. All the products are mainly crossed mono-
condensation products about 5-HMF with other lignocellulosic compounds due to 
the excessive of phenol, anisole, guaiacol, cyclohexanone and acetone. As shown in 
Fig. 1a, the hydroxyl groups of 5-HMF undergoes alkylation with phenol, anisole 
and guaiacol to form the corresponding alkylation product P1, P2 and P3. The alde-
hyde group of 5-HMF underwent aldol condensation reaction with cyclohexanone 
and acetone to generate the corresponding condensation products P4 and P5.

The conversion of 5-HMF and the selectivity of the products are shown in Table S1, 
and the product evolution process is described in Fig.  1b. Along with the time, the 



1915

1 3

Reaction Kinetics, Mechanisms and Catalysis (2024) 137:1911–1925	

conversion of 5-HMF increases gradually in line and the selectivity of all compounds 
are relatively stable after 1 h with the selectivity of P4 > P3 > P2 > P1 > P5. It is worth 
noting that the selectivity of P4 is much higher than that of the others. Here, reaction 1, 
2 and 3 are alkylation reactions of 5-HMF with the similar structure of feedstock. The 
activity of aromatic compounds in the alkylation reactions follow the order of guai-
acol > phenol > anisole. This is attributed to the fact that the aromatic ring in guaiacol is 
more electron-rich than others due to the presence of  –OH and  –OCH3, two electron-
donating groups, which make aromatic ring more nucleophilic in the alkylation. Addi-
tionally, the conversion of anisole is lower than phenol because of the lower electron-
donating ability of  –OCH3 than  –OH [16]. Although reaction 4 and reaction 5 are aldol 
condensation, the product selectivity varies greatly and the product selectivity of P5 
having much lower selectivity than P4.

In order to figure out the competition of these reactions, firstly, the reaction acti-
vation energies were obtained by experiment. Here, the reactions of 5-HMF with 
cyclohexanone, guaiacol, phenol, anisole and guaiacol at molar ratio of 1:10 were con-
ducted under relative low temperatures. Based on the excessive amounts of cyclohex-
anone, guaiacol, phenol, anisole and guaiacol compared to 5-HMF, all the reactions are 
first-order reactions for the conversion of 5-HMF [33]. Thus, according to Eqs. 1–5, 
the rate of product formation is proportional to the concentration of 5-HMF in this 
experiment.
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Fig. 1   The C–C coupling reaction of 5-HMF with other lignocellulose-derived chemicals (a) and the 
reaction trend of the mixed reaction of 5-HMF with phenol, anisole, guaiacol, cyclohexanone and ace-
tone on Hβ (b). Reaction conditions in b 5-HMF (0.76 g), phenol (5.65 g), anisole (6.49 g), guaiacol 
(7.45 g), cyclohexanone (5.89 g), acetone (3.48 g), Hβ (0.20 g), 363.15 k
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At the beginning,CP1,0 = CP2,0 = CP3,0 = CP4,0 = CP5,0 = 0. According to stoi-
chiometric relationship, CP1 + CA = CA,0 , CP2 + CA = CA,0 , CP3 + CA = CA,0 , 
CP4 + CA = CA,0 , CP5 + CA = CA,0 , where CA,0 represents the initial concentra-
tion of 5-HMF, CA denotes the concentration of 5-HMF at time t. CP1 , CP2 , CP3 , 
CP4, CP5 are the concentrations of condensation products of cyclohexanone, guai-
acol, phenol, anisole and acetone with 5-HMF in Reaction 1-Reaction 5 (Fig. 1a). 
k1 , k2 , k3 , k4 , k5 are the reaction rate constants for the formation of condensation 
products of phenol, anisole, guaiacol, cyclohexanone and acetone with 5-HMF, k 
only changes with the change of reaction temperature.

In order to determine the product selectivity and reaction kinetic rate constant, 
a series of experiments were conducted. Condensation reactions were performed 
at three different temperatures: 343.15 K, 353.15 K, 363.15 K. Because temper-
ature has a significant impact on both the reaction rate and the product selec-
tivity. 5–6 samples were taken and analyzed at various time for each reaction. 
The measured composition and concentration of the products at various time and 
temperature (343.15 K, 353.15 K, 363.15 K) were collected (Table S2-S6). The 
reaction data obtained from the experiment were fitted by the kinetic model pro-
posed in Eqs. 1–5 with the help of MATLAB program [34]. The program solves 
the problem of nonlinear least square fitting by Isqnonlin function, and draws the 
fitting curve of reaction rate by fifth order Rung-Kutta method. The results of 
the fitting are presenting in Fig. S3-S7, and Table 1 showcases the high determi-
nation coefficients (R2), indicating the excellent agreement between the kinetic 
models and experimental data. From the fitting results, reaction rate constants for 
each reaction product at various temperatures are obtained and summarized in 
Table 1. The correlation coefficients consistently exceed 0.90, ensuring the pre-
cision of the simulation. Notably, the reaction rate constants follow the order 
k4 > k3 > k1 > k2 > k5 at identical temperatures, with reaction rates increasing as 
the temperature rises.

The k1 , k2 , k3 , k4 and k5 represent the reaction rate constants of 5-HMF with 
phenol, anisole guaiacol, cyclohexanone and acetone at different temperatures. R1 
2, R2 2, R3 2, R4 2 and R5 2 represent the coefficient of determination of the fitting 
curves of the concentration of the reaction product of 5-HMF with phenol, ani-
sole guaiacol, cyclohexanone and acetone over time.

The Arrhenius equation is an empirical formula for the relationship between 
the reaction rate constant and temperature, as shown in Eq.  6. In this system, 
since the product is determined, the pre-exponential factor (A) and the molar 

(3)
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gas constant (R) are constants, so using the reaction rate constants at different 
temperatures, the apparent activation energy (Ea) can be obtained by using this 
equation.

The Arrhenius plots are constructed by plotting the negative natural logarithm 
of the reaction rate constant (-ln k) with the reciprocal of the temperature, and the 
apparent activation energy (Ea) is determined, the slope obtained by plotting is the 
apparent activation energy (Ea). The Arrhenius plots of the reaction products of the 
five reactions on Hβ are shown in Fig. 2. The activation energy (Ea) and the cor-
relation coefficient (R2) obtained from the Arrhenius curve are recorded in Table 2. 
The R2 values are higher than 0.90, which confirmed the fitting of kinetic data. The 
respective apparent activation energies are 95.3 kJ/mol for P1, 104.8 kJ/mol for P2, 
90.4 kJ/mol for P3, 90.0 kJ/mol for P4 and 112.2 kJ/mol for P5 (Table 2, indicat-
ing the reactions occurs from easy to hard in the order follows reaction 4 > reaction 
3 > reaction 2 > reaction 1 > reaction 5. Reasonably, the selectivity of P4 is the high-
est and selectivity of P5 is the lowest in the mixture reaction.

The Ea1 , Ea2 , Ea3 , Ea4 and Ea5 represent the reaction rate constants of 5-HMF 
with phenol, anisole guaiacol, cyclohexanone and acetone at different temperatures. 
R1 2, R2 2, R3 2, R4 2 and R5 2 represent the coefficient of determination of the fitting 
curves of the concentration of the reaction products of 5-HMF with phenol, anisole 
guaiacol, cyclohexanone and acetone over time.

Regulation products distribution by catalysis

Actually, the competitive relationship between these reactions is closely related 
to the properties of catalyst. As shown in the Fig.  3, the conversion of 5-HMF 

(6)−lnk =
Ea

RT
− lnA

Table 1   The estimated rate constants (k) and the corresponding correlation coefficient R2 of the products 
formed by the reaction of 5-HMF with phenol, anisole guaiacol, cyclohexanone and acetone at different 
temperatures

Temperature (K) 343.15 353.15 363.15

k1 2.31 (± 0.18) × 10–3 6.96 (± 0.32) × 10–3 1.31 (± 0.14) × 10–2

k2 1.71 (± 0.05) × 10–3 6.52 (± 0.20) × 10–3 1.28 (± 0.04) × 10–2

k3 2.33 (± 0.21) × 10–3 7.08 (± 0.16) × 10–3 1.33 (± 0.11) × 10–2

k4 1.03 (± 0.07) × 10–2 3.20 (± 0.18) × 10–2 5.83 (± 0.30) × 10–2

k5 1.40 (± 0.08) × 10–3 4.39 (± 0.06) × 10–3 1.12 (± 0.08) × 10–2

R1 2 0.968 0.994 0.922
R2 2 0.900 0.922 0.998
R3 2 0.993 0.974 0.949
R4 2 0.998 0.933 0.956
R5 2 0.985 0.966 0.964



1918	 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:1911–1925

1 3

0.000330 0.000335 0.000340 0.000345 0.000350

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

4.6

4.8

0.000330 0.000335 0.000340 0.000345 0.000350
4.0

4.5

5.0

5.5

6.0

6.5

0.000330 0.000335 0.000340 0.000345 0.000350

4.2

4.4

4.6

4.8

5.0

5.2

5.4

5.6

5.8

6.0

6.2

0.000330 0.000335 0.000340 0.000345 0.000350
4.0

4.5

5.0

5.5

6.0

6.5

0.000330 0.000335 0.000340 0.000345 0.000350
4.0

4.5

5.0

5.5

6.0

6.5
(f)

(d)(c)

(b)

-ln
k

1/RT

-lnk=90034/RT+27.061
R2=0.974

-ln
k

1/RT

-lnk=90445/RT+25.710
R2=0.980

-ln
k

1/RT

-lnk=95330/RT+27.328
R2=0.974

-ln
k

1/RT

-lnk=104752/RT+30.381
R2=0.971

-ln
k

1/RT

-lnk=112179/RT+32.759
R2=0.999

(a)

Fig. 2   Arrhenius plots and apparent activation energy for the formation of the product of P1 (a), P2 (b), 
P3 (c), P4 (d) and P5 (e) over Hβ in respective reactions. Reaction condition: 5-HMF (0.76 g) reacted 
with phenol (5.65 g), anisole (6.49 g), guaiacol (7.45 g), cyclohexanone (5.89 g) and acetone (3.48 g) at 
343.15 K-363.15 K

Table 2   The apparent activation 
energies and corresponding R2 
based on the Arrhenius plots for 
the formations of P1, P2, P3, P4 
and P5

Product Ea (kJ/mol) R2

P1 ( Ea1 R1 2) 95.3(± 15.5) 0.999
P2 ( Ea2 R2 2) 104.8(± 18.1) 0.971
P3 ( Ea3 R3 2) 90.4(± 12.9) 0.980
P4(Ea4 R4 2) 90.0(± 14.5) 0.974
P5(Ea5 R5 2) 112.2(± 1.8) 0.999
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follows the order of Hβ (23.9%) > 80%HPW/MCM-41 (20.9%) > Amberlyst-15 
(16.2%) > γ-Al2O3 (10.1%), which is in consistence with the acid contents of the 
catalysis that Hβ (0.97 mmol g−1) > 80%HPW/MCM-41 (0.92 mmol·g−1) > γ-Al2O3 
(0.51 mmol·g−1)  in Table 3, expect Amberlyst-15 (4.13 mmol  g−1) because of too 
small surface area (45 m2/g). However, the selectivity of products varies greatly. 
As 80%HPW/MCM-41 was used as catalysis, the selectivity of products is in the 
order of P3 > P1 > P4 > P2 > P5 with alkylated products content increase tremen-
dously, attributed to the high content of Brønsted acid of 80%HPW/MCM-41. When 
Amberlyst-15 with weak Brønsted acidity was used as catalyst, the selectivity order 
of products was also P3 > P1 > P4 > P2 > P5. The lower conversion rate can be attrib-
uted to the fact that although Amberlyst-15 resin has a high acid concentration, 
its acidity is relatively weak and its surface area is small, resulting in lower activ-
ity compared to 80%HPW/MCM-41. Under the catalysis of these two catalysts, it 
tends to produce alkylation products, which indicates that the Brønsted acid site is 
an effective catalytic active site for the alkylation reaction. When γ-Al2O3 was used 
as catalyst, the product selectivity order was P4 > P5 > P3(0%) = P1(0%) = P2(0%), 
and no alkylation product was generated. As shown in the Table 4, Brønsted acid is 
almost undetectable on γ-Al2O3, indicating that the Lewis acid site is the active site 
that is beneficial to the aldol condensation reaction.  

It should be noted that the selectivity of P5 is still lower than that of P4 no matter 
what kind of catalysis is used. In order to interpret this phenomenon, firstly, we cal-
culated the activation sites of 5-HMF. As shown in Fig. 4a and Table 5, found that 
C11 (f+ = 0.1638) and O15 (f+ = 0.1705) are the most active positions. Therefore, the 
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Fig. 3   The conversion of 5-HMF and the selectivity of the products in the mixed reaction of 5-HMF 
(0.76 g) with phenol (0.98 g), anisole (1.22 g), guaiacol (1.39 g), cyclohexanone (1.10 g) and acetone 
(0.65 g) by different catalysts at 363.15 K for 6 h
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aldehyde group on 5-HMF is the most inclined site for nucleophilic addition (aldol 
condensation) reactions, indicating that cyclohexanone and acetone as nucleophiles 
tend to attack the aldehyde group of 5-HMF to generate the condensation products 
P4 and P5. Subsequently, we obtained that the nucleophilic index of cyclohexanone 
is 2.74  eV (Fig.  4b, c), which is greater than the nucleophilic index of acetone 
(2.48 eV). The aldol condensation reaction is a typical nucleophilic addition reac-
tion. The larger the nucleophilic index, the more likely the nucleophilic addition 
reaction occurs. Therefore, cyclohexanone is easier to attack 5-HMF than acetone, 
and the aldol condensation reaction occurs to generate the corresponding condensa-
tion product [31]. At the same time, we used electronegativity to verify this calcu-
lation result. The electronegativity of cyclohexanone is 3.43  eV, which is smaller 
than 3.55 eV of acetone. The smaller the electronegativity is, the stronger the elec-
tron-donating ability is, which is beneficial to the attack of nucleophiles. Therefore, 
according to theoretical calculations, cyclohexanone is more likely to undergo aldol 
condensation reaction than acetone with 5-HMF.

Table 3   The surface area, volume and diameter of catalysts by N2 adsorption and desorption characteri-
zation

a Reference [35]
– Undetected

Samples SBET (m2/g) Vtotal (cm3/g) Pore size (nm)

Hβ 494 0.41 3.32
80%TPA/MCM-41 415 0.41 3.95
Amberlyst-15a 45a 0.31a –
γ-Al2O3 139 0.23 6.71

Table 4   Acid properties of different catalysts

a Reference [35]
– Undetected

Sample Acid amount by NH3-TPD (mmol g−1) Acid amount by pyridine FT-IR (mmol 
g−1) at 250 ℃

Total Weak Medium Strong B L B + L B/L

Hβ 0.97 0.19 0.33 0.45 0.14 0.23 0.37 0.61
80%TPA/MCM-41 0.92 0.19 0.19 0.54 1.22 0.17 1.39 7.2
Amberlyst-15a 4.13a – – – 4.13 – 4.13 –
γ-Al2O3 0.51 0.29 – 0.29 – 0.20 – –
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Fig. 4   A The chemical structure of 5-HMF, nucleophilic index and Mulliken electronegativity of 
cyclohexanone (b) and acetone (c). Computational methods: Calculations are performed using a Gauss-
ian 16 revision C.01. The nucleophilicity index and mulliken electronegativity of cyclohexanone and 
acetone was predicted by B3LYP/6-31G* basis set combined with Fukui function

Table 5   Natural population 
analysis (NPA) charge 
distributions and condensed 
Fukui index (f+) of 5-HMF

Atom q(N) q(N-1) q(N + 1) f+

C1 0.0369 -0.0159 0.1654 0.0528
O2 -0.0683 -0.1309 -0.0240 0.0626
C3 0.0803 -0.0148 0.1906 0.0951
C4 -0.0794 -0.1356 0.0237 0.0562
C5 -0.0433 -0.1517 0.0354 0.1084
H6 0.0548 0.0124 0.1046 0.0425
H7 0.0667 0.0175 0.1107 0.0492
C8 0.0354 0.0126 0.0710 0.0228
H9 0.0374 0.0039 0.0895 0.0336
H10 0.0375 0.0040 0.0894 0.0334
C11 0.1150 -0.0488 0.1639 0.1638
O12 -0.2303 -0.2419 -0.1789 0.0116
H13 0.1747 0.1501 0.2073 0.0245
H14 0.0383 -0.0383 0.0792 0.0729
C15 -0.2559 -0.4264 -0.1281 0.1705
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Conclusion

In this work, one-pot competitive C–C coupling reactions of 5-HMF with other lig-
nocellulose derived chemicals by acid catalysis are interpreted. The apparent acti-
vation energies of condensed products of 5-HMF with phenol, anisole, guaiacol, 
cyclohexanone and acetone are obtained and compared by establishing a kinetic 
model using Matlab and experiment that 95.3  kJ/mol, 104.8  kJ/mol, 90.4  kJ/mol, 
90.0 kJ/mol, 112.2 kJ/mol correspondingly as Hβ as catalysis. Rate of product for-
mation can also be regulated by different catalysis applied that B acid is more bene-
ficial to the alkylation reaction, and L acid preferentially catalyzes the aldol conden-
sation reaction. However, the big discrepancy of nucleophilic index and Mulliken 
electronegativity of cyclohexanone and acetone makes the aldol condensation diffi-
cult to regulate confined by catalysis. This work gives some inspiration for products 
distribution regulation in the one-pot reaction.
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