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Abstract 

The current energy crisis has prompted the development and utilization of renewable energy and energy storage 
material. In this study, levulinic acid (LA) and 1,4-butanediol (BDO) were used to synthesize a novel levulinic acid 
1,4-butanediol ester (LBE) by both enzymatic and chemical methods. The enzymatic method exhibited excellent per-
formance during the synthesis process, and resulted in 87.33% of LBE yield, while the chemical method caused more 
by-products and higher energy consumption. What’s more, the thermal properties of the obtained LBE as a phase 
change material (PCM) were evaluated. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) 
showed that the melting temperature, latent heat of melting, and pyrolysis temperature were 50.51 °C, 156.1 J/g, and 
150–160 °C, respectively. Compared with the traditional paraffin, the prepared PCM has a superior phase transition 
temperature, a higher latent heat of melting, and better thermal stability. The thermal conductivity could be increased 
to 0.34 W/m/k after adding expanded graphite (EG). In summary, LBE has great potential in the application of energy 
storage as a low-temperature phase change energy storage material.
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Introduction
With the rapid consumption of traditional fossil fuels, the 
Earth received approximately 122,000  TW (70%) of the 
solar radiation into the upper atmosphere (174,000 TW) 
(Paul et al. 2021). The energy demand is expected to reach 
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26.76  TW within the next two decades, so the energy 
crisis urges people to find more sustainable and clean 
alternative energy sources (Liang et  al. 2021). In recent 
years, the energy crisis has been alleviated to some extent 
through the development of solar energy, wind energy, 
and other renewable energy (Zhang et  al. 2018). In the 
process of the energy transition, renewable energy from 
the industrial and building sectors has attracted more 
and more attention (Stamatiou et  al. 2017). To better 
avoid the fluctuation of renewable energy supply, energy 
storage systems will be an important constituent part of 
energy consumption in the future (Kant et al. 2016). As 
a typical energy storage material, phase change materi-
als have received much attention from researchers and 
industrial enterprises in recent years. Because they can 
absorb or release a lot of latent heat at their melting point 
to trigger the increase or decrease of the temperature in 
the surrounding area (Zhang et al. 2016, 2018; Kant et al. 
2016; Wang et al. 2018), Paraffin is a significant thermal 
energy storage (TES) material (Zhao et  al. 2021). It has 
been used as the basic raw material to synthesize com-
posite phase change materials in the temperature range 
between low temperature and medium temperature. 
However, its low thermal conductivity, poor flammabil-
ity, and non-renewability limit the further application 
(Sari 2012; Sarı and Karaipekli 2012; Stamatiou et  al. 
2017; Ravotti et al. 2020). Therefore, most current stud-
ies focus on the development of renewable phase change 
energy storage materials with high latent heat and ther-
mal conductivity.

Levulinic acid, a biobased chemical with carboxyl 
and carbonyl functional group can be easily produced 
from glucose, fructose, starch, and lignocellulosic resi-
dues (Climent et  al. 2014). It has been considered one 
of the 12 most promising molecules derived from bio-
mass because it could be converted to various important 
compounds in the chemical industry (Silva 2014; Jeong 
et al. 2017). The levulinate esters obtained by esterifica-
tion of LA with some alcohols have a great potential in 
the application of diesel fuel additive, plasticizer, and fla-
voring industries (Jones et al. 2016; Dutta et al. 2019; T. 
Adeleye et al. 2019). However, the esterification between 
levulinic acid and polyol to prepare phase change mate-
rials is rarely reported. In the study, a polyol-BDO, and 
LA was were used as the raw material to synthesize LBE. 
Because BDO also can be produced by biological fermen-
tation or biomass conversion (Wu et  al. 2017). LBE has 
an outstanding advantage due to the renewable property 
of raw materials.

LBE is usually produced by enzymatic or chemi-
cal esterification of levulinic acid with polyol (Trom-
bettoni et  al. 2017; Zhu et  al. 2020). Compared with 

the chemical method, enzymatic catalysis has many 
advantages, such as environmental friendliness, less 
by-products, and mild operation conditions (Mukher-
jee et al. 2015; Jaiswal and Rathod 2021). However, the 
reversible reaction and the side product (H2O) have an 
inhibiting effect on the esterification reaction. In order 
to obtain a high LBE yield, esterification should be car-
ried out in a non-aqueous system (Song et  al. 2021). 
The application of lipase in enzymatic esterification 
reaction has been developed for many years (Byrne 
et al. 2021). Enzyme immobilization provides the pos-
sibility for recycling biocatalyst, thus reducing the cost 
of esterification reaction. Moreover, the catalytic activ-
ity and stability of the immobilized enzyme were also 
significantly improved (Moon et  al. 2021; Song et  al. 
2021). The lipase (Novozym 435) was produced from 
Candida antarctica, which is immobilized on a hydro-
phobic carrier (acrylic resin), the immobilized enzyme 
shows good performance both in the properties of 
conversion efficiency and recoverability during esteri-
fication and transesterification reactions (Ortiz et  al. 
2019). For example, butyl butyrate was synthesized 
using butyric acid and butanol via esterification in a 
solvent-free system and the yield reached nearly 100% 
after the optimization of parameters with response 
surface methodology (Sjöblom et  al. 2017). Using 
hexane as solvent and Novozym 435 as a catalyst, cit-
ronellyl palmitate ester was obtained through an ester-
ification reaction with a yield of more than 95% (Ortiz 
et  al. 2019). Enzymatic reactions with organic solvent 
systems require expensive reactors and tools (Liu 
et al. 2021), thus limiting the application in the indus-
try (Zhu et  al. 2020). The solvent-free system has the 
advantages of high selectivity and a simple purification 
procedure. However, using lipase-catalyzed esterifi-
cation to synthesize LBE in a solvent-free system was 
rarely studied at present (Jaiswal et al. 2021).

This study aimed to develop a robust, environmen-
tally friendly, and highly efficient route to produce LBE 
with renewable materials (LA and BDO), Novozym 435 
as the catalyst. The effects of several reaction parame-
ters including reaction temperatures, enzyme dosages, 
and molar ratios of substrates on the synthesis of LBE 
and the reusability of the enzyme during the enzymatic 
reaction process were investigated. The schematic rep-
resentation of the esterification reaction between LA 
and BDO is shown in Fig.  1. The LBE was purified by 
a rotary membrane molecular distillation system. The 
latent heat properties, thermal stability, and thermal 
conductivity were measured. The potential of the syn-
thesized esters for solid–liquid phase change energy 
storage material was also evaluated.
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Materials and methods
Materials and chemicals
Levulinic acid (99%, wt.%) and 1,4-butanediol were 
purchased from Adamas Reagent Co., Ltd. (Shang-
hai, China) and Maclean Biochemical Technology Co., 
Ltd. (Shanghai, China), respectively. Amberlyst-15 
was bought from Aladdin Reagent Co., Ltd. (Shang-
hai, China), and H2SO4 (98%, wt.%) was obtained from 
Beijing Chemical Factory (Beijing, China). Novozym 
435 with an initial enzyme activity of 10,000  U/g was 
provided by Beijing Ruisen Co., Ltd. (Beijing, China). 
Candida sp. 99-125 lipase was provided by Beijing CTA 
New Century Biotechnology Co, Ltd. (Beijing, China). 
Thermomyces lanuginosus immobilized on silica gel 
(Lipozyme TLIM) were purchased from Novozym (Bei-
jing, China).

LBE synthesis
LBE was synthesized by both chemical and enzymatic 
methods. For the chemical method, H2SO4 and Amber-
lyst-15 were used as a homogeneous and heterogeneous 
catalysts, respectively. The catalysts used for enzymatic 
synthesis were Novozym 435, Candida sp. 99-125, and 
Lipozyme TLIM. All the reactions were carried out in a 
three-necked round-bottom flask (250 mL) fitting with 
a magnetic stirring system at temperatures of 50–90 °C. 
0.22  mol LA and 0.1  mol BDO were used as the sub-
strates and the stirring speed was kept at 200  rpm. 
The reaction conditions were determined according 
to a previous republication (Ji et  al. 2015). The dos-
ages of the catalysts were determined to be 1% H2SO4, 
5% Amberlyst-15, 5% Novozym 435, 5% Candida sp. 
99-125, and 5% Lipozyme TLIM according to the sub-
strate weight. During the reaction process, dry air was 
introduced to remove the generated water. Samples 
were taken out every 1 h to monitor the ester content 
by gas chromatography (GC).

The catalyst with the best performance was selected 
for further investigation based on the above results. 
Then, the effects of esterification time, reaction tem-
perature, molar ratio, and enzyme dosage on enzy-
matic synthesis were investigated. LA and BDO were 

mixed in the reactor at a certain mole ratio (1:1.8–2.6), 
and a certain amount of lipase (1–6%) was added into 
the reactor subsequently. The ranges of reaction times 
and temperatures were determined to be 0–8  h and 
40–60  °C, respectively. The stirring speed was kept at 
200 rpm. Dry air was injected into the reaction system 
to remove the produced water during the reaction. The 
ester content was monitored by GC.

After the reaction, the reaction mixture was cen-
trifuged at 8000×g for 10  min to obtain the crude LBE 
product. Lipase was washed for recycling and re-uti-
lization. The crude product was distilled by a Rotary 
Film Molecular Distillation (VTA GMBH & Co. KG, 
Germany), with an inlet temperature of 60 °C; a scraper 
evaporator temperature of 140  °C; central cooling tube 
temperature of 20 °C; heavy-phase outlet temperature of 
30 °C, and 1 bar) to remove the impurities. After that, the 
obtained product from the first distillation was distilled 
once again with the parameters of (inlet temperature of 
60 °C; scraper evaporator temperature of 200 °C; central 
cooling tube temperature of 20  °C; heavy-phase outlet 
temperature of 30  °C, and 0.3  bar) to get the final LBE 
product with a high purity of 98.31%.

Analytical procedure
For GC analysis of LBE, the samples were first diluted 
with ethyl acetate to 1 × 104 ppm and analyzed through 
Shimadzu GC 2030-FID equipped with a DB-1Ht column 
(30 m × 0.25 mm × 0.1 µm, Agilent, USA) with nitrogen 
as the carrier gas, a total flow rate of 53.4 mL/min, and 
pressure of 138.9 kPa. The split ratio, injection tempera-
ture, and FID detector temperature were 30, 300, and 
360 °C, respectively. The column temperature was held at 
110  °C, then heated to 132  °C at 12  °C/min, and 180  °C 
at 30 °C/min and finally to 300 °C at 20 °C/min and then 
maintained for 5  min. The temperatures of the injec-
tor and detector were set at 300  °C. The retention time 
of levulinic acid and mono-, disubstituted BDO esters 
(Fig.  2) were 1.842  min and 3.658  min, and 6.288  min, 
respectively. The content of each substance was deter-
mined by the area normalization method, and the aver-
age value was calculated from three parallel experiments 
(Zhang et al. 2020).

Fig. 1  Schematic representation of the esterification reaction between LA and BDO
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Nuclear magnetic resonance (NMR) analysis was used 
for the structural characterization of LBE. First, 0.25 μL 
of the sample was diluted with 0.5 mL of CDCl3 solvent. 
Then, the diluted sample was transferred into the NMR 
tube for analysis. 1H NMR and 13C NMR spectra were 
recorded using the AV400 NMR spectrometer (Bruker 
Co., Ltd., GER).

Thermal performance analysis of LBE
The obtained PCM was characterized by Mettler-Toledo 
DSC. The sample was placed in an aluminum standard 
dish for the measurement, and the measured temperature 
ranged from −40 to 80 °C with a heating rate of 5 °C/min. 
The DSC analysis is performed under a nitrogen environ-
ment with a volume flow rate of 100 mL/min. After the 
first measurement, the second temperature characteristic 
curve was tested at the same initial temperature, germi-
nation temperature, and heating rate, and the cycle was 
30 times to measure the cyclic stability of PCM.

The thermal conductivity of the synthesized PCM was 
measured by an LFA467 thermal conductivity measuring 
apparatus at room temperature. TGA was performed on 

a METTLER thermogravimetric differential thermal ana-
lyzer under a flow of nitrogen (flow rate of 40 mL/min) at 
a constant heating rate of 10 °C/min.

Results and discussion
Comparison of chemical and enzymatic synthesis of LBE
Esterification of LA and BDO by the enzymatic and 
chemical methods was compared under the optimal con-
ditions. The results are shown in Table 1. For the chemi-
cal catalysis, the diester contents in the products from 
sulfuric acid and Amberlyst-15 catalysis were 73.3% and 
47.07%, respectively. Although chemical catalysis real-
ized the esterification of LA and BDO, a high reaction 
temperature of 90  °C was necessary. Moreover, sulfuric 
acid caused the partial oxidation of raw materials and 
corrosion of equipment because of its strong oxidizing 
and acidity (Alegría et al. 2015). Otherwise, the product 
was difficult to separate from the homogeneous catalyst, 
sulfuric acid. While using the heterogeneous catalyst of 
Amberlyst-15 to overcome the difficulty of product sep-
aration, the reaction needs to be carried out in a high-
temperature environment. The reaction efficiency was 

Fig. 2  The GC chromatograms of the products during enzymatic esterification. 0—stands for LA (1.842 min); 1—stands for monosubstituted BDO 
esters (3.658 min); 2—stands for disubstituted BDO esters (6.288 min)

Table 1  Esterification of BDO and LA catalyzed by various catalysts

Reaction conditions: 1—0.22 mol LA, 0.1 mol BDO, 1%wt H2SO4, 90 °C, 3 h, 200 rpm. 2—0.22 mol LA, 0.1 mol BDO, 5%wt Amberlyst-15,90 °C, 7 h, 200 rpm. 3—0.22 mol 
LA, 0.1 mol BDO, 5%wt Novozym 435, 50 °C, 7 h, 200 rpm. 4—0.22 mol LA, 0.1 mol BDO, 5%wt Candida sp.99-125, 50 °C, 7 h, 200 rpm. 5—0.22 mol LA, 0.1 mol BDO, 
5%wt Lipozyme TLIM, 50 °C, 7 h, 200 rpm

Entry Catalyst Monoester content (%) Diester content (%)

Chemical catalyst 1 H2SO4 7.26 ± 1.23 73.33 ± 0.96

2 Amberlyst-15 3.26 ± 0.95 47.07 ± 1.21

Biological catalyst 3 Novozym 435 6.92 ± 0.82 85.81 ± 0.81

4 Candida sp. 99-125 12.17 ± 1.25 1.32 ± 0.92

5 Lipozyme TLIM 5.83 ± 1.31 21.91 ± 1.43



Page 5 of 10Zhai et al. Bioresources and Bioprocessing            (2022) 9:12 	

as low as 47.07% (Robles-Medina et  al. 2009). For the 
enzymatic method, using Novozym 435, Candida sp. 
99-125, Lipozyme TLIM as the catalysts, Novozym 435 
displayed the highest diester content (85.81%), while the 
diester contents obtained by Candida sp. 99-125 and 
Lipozyme TLIM were significantly lower (1.32% and 
21.91%, respectively). The low affinity of biocatalysts 
to BDO might be the reason for the low diester content 
obtained by Candida sp. 99-125 and Lipozyme TLIM 
(Lăcătuş et al. 2018). Novozym 435 is a stable and versa-
tile biocatalyst that has been widely used in esterification 
and transesterification reactions (Qin et al. 2016). Com-
pared with the chemical method, the enzymatic method 
presented many advantages such as mild reaction condi-
tions, catalyst recycling, low pollution emissions, and low 
energy consumption (Badgujar et  al. 2016). Therefore, 
Novozym 435 was selected as a catalyst for further opti-
mization of the reaction.

Optimization of the reaction conditions
In order to obtain a good esterification performance, 
an enzyme-catalyzed esterification reaction with LA 
and BDO was carried out under different experimen-
tal conditions. Under the reaction temperature of 50 °C, 
enzyme loading of 5%, alcohol-to-acid ratio of 1:2.2, the 
effect of different catalytic times 0–12 h on LBE synthe-
sis was analyzed. From the results shown in Fig. 3A, the 
contents of monoester and diester increased within the 
first 1 h, the contents of monoester and diester reached 
28.94% and 35.43%, respectively. The reason could be 
concluded that the lipase simultaneously catalyzed the 
mono and diesterification of LA and BDO. With the 
increase in diester content, the monoester content gradu-
ally decreased during the reaction times of 1–6 h. After 
7 h of reaction time, the reaction system tended to reach 
equilibrium due to the reduction of LA and BDO, and the 
highest yield of diester reached 86.16%. Therefore, the 

Fig. 3  Optimization of reaction conditions for the enzyme-catalyzed synthesis of PCM. A under certain conditions, LBE content changes with 
reaction time; B the change of LBE content with reaction time at different temperatures; C the change of LBE content with reaction time at different 
ratios of enzyme addition; D the relative percentages of LBE content in the product at different acid–alcohol ratios
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optimal reaction time for Novozym 435 for the esterifica-
tion of LA and BDO was 7 h.

In non-aqueous phase enzymatic reactions, tempera-
ture affects the enzymatic reaction mainly by affecting 
enzyme stability, enzyme activity, substrate solubility, 
and mass transfer resistance. The influence of tempera-
tures (40–60  °C) on the synthesis of LBE was analyzed 
under the conditions of 5% enzyme load, 1:2.2 of alco-
hol-to-acid ratio, and reaction for 12  h. According to 
the results in Fig. 3B, the diester content increased from 
72.30 to 87.85% as the temperature increased from 40 
to 50  °C. With the increase of temperature, the interfa-
cial mass transfer and the conformational flexibility of 
the enzyme were improved, and the release rate of water 
in the system was also increased, which resulted in a 
high reaction rate. However, when the temperature was 
raised to 60 °C, the diester content decreased from 87.85 
to 43.01%. The reason may be that the high temperature 
affects the three-dimensional conformation, the intermo-
lecular force of enzyme, and the formation of intermedi-
ate complexes, resulting in the reduction of reaction rate 
and enzyme activity. Therefore, 50 °C was determined to 
be the optimum reaction temperature for esterification 
reaction.

The amount of enzyme has a significant impact on 
diester conversion. Under the conditions of 50 °C of reac-
tion temperature, alcohol-to-acid ratio of 1:2.2, and 12 h 
of reaction time, the influence of enzyme loading (1–6%) 
on the synthesis of LBE was analyzed. From the results 
shown in Fig.  3C, the maximum diester conversion 
rate was 3.18% with an enzyme loading of 1%. With the 
increase of enzyme dosage, competitive inhibition was 
relieved and the reaction rate increased from zero-order 
reaction to first-order reaction. Therefore, when the 
enzyme dosage increased from 1 to 4%, the content of the 
diester increased significantly. When the reaction reaches 
an equilibrium state, the conversion rate tends to be sta-
ble. When the enzyme content increased from 5 to 6%, 
no significant increase of the conversion rate was found. 
Therefore, the optimal reaction enzyme dosage is 5%.

The influence of the molar ratio of BDO to LA on the 
reaction is shown in Fig. 3D. The effect of substrate ini-
tial molar ratios (1:1.8–1:2.6) on the synthesis of LBE 
was analyzed under 50  °C with 5% enzymatic loading 
for 7 h. The reaction rate significantly increased with a 
high molar ratio. With the increase of the molar ratio 
of BDO to LA from 1:1.8 to 1:2.6, the conversion rate 
of the diesters increased from 78.91 to 87.87%. It was 
found that the ratio of BDO to LA mainly affected the 
relative concentration of monoester and diester, which 
was similar to the results of previous studies (Åkerman 
et  al., 2011). For a certain amount of BDO, increasing 
LA content led to an increase in LBE yield. When the 

molar ratio of BDO to LA was 1:2.4, the content of the 
target product reached 87.33%. No obvious increase of 
LBE content was found when adding more LA. There-
fore, an alcohol–acid ratio of 1:2.4 was identified for the 
LBE synthesis.

Recycling of catalysts
Compared with the traditional chemical catalysts, biocat-
alysts displayed many advantages concluding high selec-
tivity and environmental friendliness. However, relatively 
high price usually limits their industrial applications. 
Recyclable immobilized biocatalysts could significantly 
reduce catalytic costs. Figure  4 shows the reusability of 
biocatalyst (Novozym 435) during LBE synthesis. When 
the experiment was repeated for 5 times, the yield of 
LBE still keep at 84.20% above. After 8 times, the yield of 
LBE achieved as high as 75.20%. During the experiment, 
partial damage of the immobilized enzyme particles 
was observed after 8 repeats, which resulted in a slight 
decrease of LBE yield. Further development of enzymes 
with better cyclic stability is needed.

Structural characterization of LBE
The results of the NMR spectral analysis of LBE are 
shown in Fig.  5, and the main chemical shifts are given 
below: 1H NMR (400 MHz, CDCl3): δ 1.72 (m, 4H), 2.21 
(s, 6H), 2.59 (t, J = 6.6  Hz, 6H), 2.77 (t, J = 6.4  Hz, 4H), 
4.12 (m, 4H). 13C NMR (100  MHz, CDCl3): δ 206.65, 
172.75, 64.12, 37.92, 29.85, 27.93, 25.22. The results of 
NMR analysis showed that the chemical structure of pro-
duced LBE was consistent with its theoretical structure.

Fig.4  Effects of repeated use of Novozym 435 on LBE yield
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Fig. 5.  1H NMR and 13C NMR spectra of LBE (A 1; 2; 3; 4; 5 for different hydrogen labeling and chemical structure corresponding to the position. B 
1;2;3;4;5;6;7 for different carbon labeling and chemical structure corresponding to the position)
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Thermal properties of the prepared PCM
In order to evaluate the performance of LBE as PCM, the 
melting temperature, thermal melting, thermal conduc-
tivity, and thermal stability of LBE were measured and 
compared with that of a traditional PCM (paraffin).

The heat storage performance of the synthesized PCM 
was determined by DSC. Two endothermic peaks of var-
ying sizes were found in the DSC curve of paraffin while 
only one endothermic peak was observed in that of LBE. 
From the results shown in Fig. 6, the enthalpy of paraf-
fin melting was 161.6  J/g and the melting temperature 
was 55.99 °C. The melting enthalpy of LBE was 156.1 J/g 
and the melting temperature was 50.51  °C. The results 
showed that the melting temperature and enthalpy of 

LBE were similar to that of paraffin, which indicated that 
LBE is a promising alternative in replacing paraffin. And 
the low transformation temperature of LBE suggests that 
it can be used as a suitable material for low-temperature 
thermal energy storage in solar heating applications 
(Wang et  al. 2020). Thermal cycling tests for LBE were 
also carried out by DSC measurement. After 30 cycles, 
no obvious changes in the phase transition temperature 
and latent heat value of phase transition were found. That 
means the synthesized PCM has a good thermal stability 
over a long service life.

The thermal stability of phase change materials is one 
of the most important parameters in thermal energy 
storage applications because thermal decomposition, 
degradation, and sublimation will limit their availability. 
According to the results in Fig. 7, the thermal stabilities 
of paraffin and LBE were studied by thermogravimet-
ric analysis. The decomposition temperature of LBE 
(150–160  °C) was lower than that of paraffin, the latter 
has been widely used as low-temperature energy storage 
material. Within the temperature range of below 100 °C, 
no weight loss and degradation of the phase change 
material indicated that the PCM has good thermal dura-
bility within operating temperature range. Both paraffin 
and LBE decomposed rapidly at 250–300  °C. When the 
temperature increased to 300 °C above, LBE was almost 
completely decomposed without residual residue. Based 
on the results of TGA, it illustrated that the prepared 
LBE has good thermal durability for thermal energy stor-
age applications.

The thermal conductivity, phase change temperature, 
and latent heat values of PCM are also other important 
parameter in energy storage applications. Low thermal 
conductivity is the main shortcoming of phase change 

Fig. 6  DSC melting curves for LBE and paraffin

Fig. 7  The TGA curves of the LBE and paraffin
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materials in the heat storage and heat release process. 
Therefore, low thermal conductivity usually limits the 
range of PCM applications. Adding graphite or EG into 
PCM is one of the most effective methods to improve 
its thermal conductivity because of its high thermal 
conductivity porous structure, compatibility with 
organic materials, lightweight (Mazman et  al. 2008). 
The measured thermal conductivities of LBE and par-
affin were 0.22 and 0.27  W/m/k at room temperature, 
respectively. Expanded graphite with high thermal con-
ductivity was added into the prepared PCM with a mass 
fraction of 5%. The thermal conductivity was improved 
to 0.34 and 0.31  W/m/k, respectively. The results 
showed that the thermal conductivities of LBE and par-
affin wax were increased by 54.5% and 14.8%, respec-
tively, after adding EG. And the thermal conductivity of 
LBE is higher than that of the traditional paraffin.

Conclusions
Thermal energy storage material has attracted more 
and more attention due to its high energy density and 
isothermal charge–discharge potential. Therefore, it 
is essential to develop reliable, cost-effective, and sus-
tainable phase change materials. In this study, a novel 
polyol ester was synthesized from LA and BDO via 
enzymatic and chemical methods. The results indicated 
that the enzymatic method showed a better perfor-
mance in the synthesis process. The optimal condition 
of synthesis was determined as follows: reaction tem-
perature of 50 °C, alcohol–acid ratio of 1:2.4, Novozym 
435 dosage of 5%, and reaction time of 7 h. Under the 
optimal condition, the LBE yield reached 87.33%. The 
thermal properties of the phase change materials were 
also evaluated. The melting temperature and latent heat 
of melting of LBE were 50.51 °C and 156.1 J/g. The pre-
pared PCM exhibited a similar transformation temper-
ature and higher melting enthalpy when compared with 
that of a traditional PCM (paraffin). All samples decom-
posed above 150–160  °C and had good thermal stabil-
ity under low temperatures. At room temperature, the 
thermal conductivity of the paraffin and the prepared 
PCM were 0.22 and 0.27 W/m/k, respectively. With the 
addition of EG, the thermal conductivity of LBE was 
higher than that of paraffin wax, reaching 0.34 W/m/k. 
Unlike inorganic PCM, LBE has no phase separation 
and no corrosion. In addition, LBE has completely con-
sistent phase transition behavior and good cyclic stabil-
ity. The biologically based raw materials and the mild 
synthetic process conditions make it a more sustainable 
option than other types of PCM.

Abbreviations
BDO: 1,4-Butanediol; LA: Levulinic acid; LBE: Levulinic acid 1,4-butanediol 
ester; PCM: Phase change material; DSC: Differential scanning calorimetry; 
TGA​: Thermogravimetric analysis; TES: Thermal energy storage; Novozym 435: 
Immobilized Candida Antarctica lipase B; EG: Expanded graphite; Lipozyme 
TLIM: Thermomyces lanuginosus immobilized on silica gel.

Acknowledgements
Not applicable.

Authors’ contributions
SZ: carried out the experiments, analyzed the results, and drafted the 
manuscript. LZ and XZ: review and editing. QW, YY, and CL: formal analysis. 
XZ: supervision, investigation. All authors commented on the manuscript. All 
authors read and approved the final manuscript.

Funding
This work was partially funded by the National Key Research and Develop-
ment Program of China (2021YFC2101300).

Availability of data and materials
All data are fully available without restriction.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 30 October 2021   Accepted: 31 January 2022

References
Adeleye TA, Louis H, Akakuru OU, Joseph I, Enudi OC, Michael DP (2019) A 

review on the conversion of levulinic acid and its esters to various useful 
chemicals. AIMS Energy 7(2):165–185. https://​doi.​org/​10.​3934/​energy.​
2019.2.​165

Åkerman CO, Hagström AEV, Mollaahmad MA, Karlsson S, Hatti-Kaul R (2011) 
Biolubricant synthesis using immobilised lipase: process optimisation of 
trimethylolpropane oleate production. Process Biochem 46(12):2225–
2231. https://​doi.​org/​10.​1016/j.​procb​io.​2011.​08.​006

Alegría A, Cuellar J (2015) Esterification of oleic acid for biodiesel produc-
tion catalyzed by 4-dodecylbenzenesulfonic acid. Appl Catal B-Environ 
179:530–541. https://​doi.​org/​10.​1016/j.​apcatb.​2015.​05.​057

Badgujar KC, Bhanage BM (2016) The green metric evaluation and synthesis of 
diesel-blend compounds from biomass derived levulinic acid in super-
critical carbon dioxide. Biomass Bioenergy 84:12–21. https://​doi.​org/​10.​
1016/j.​biomb​ioe.​2015.​11.​007

Byrne FP, Assemat JMZ, Stanford AE, Farmer TJ, Comerford JW, Pellis A (2021) 
Enzyme-catalyzed synthesis of malonate polyesters and their use as 
metal chelating materials. Green Chem 23(14):5043–5048. https://​doi.​
org/​10.​1039/​d1gc0​1783g

Climent MJ, Corma A, Iborra S (2014) Conversion of biomass platform 
molecules into fuel additives and liquid hydrocarbon fuels. Green Chem 
16(2):516–547. https://​doi.​org/​10.​1039/​c3gc4​1492b

Dutta S, Yu IKM, Tsang DCW, Ng YH, Ok YS, Sherwood J (2019) Green synthesis 
of gamma-valerolactone (GVL) through hydrogenation of biomass-
derived levulinic acid using non-noble metal catalysts: a critical review. 
Chem Eng J 372:992–1006. https://​doi.​org/​10.​1016/j.​cej.​2019.​04.​199

https://doi.org/10.3934/energy.2019.2.165
https://doi.org/10.3934/energy.2019.2.165
https://doi.org/10.1016/j.procbio.2011.08.006
https://doi.org/10.1016/j.apcatb.2015.05.057
https://doi.org/10.1016/j.biombioe.2015.11.007
https://doi.org/10.1016/j.biombioe.2015.11.007
https://doi.org/10.1039/d1gc01783g
https://doi.org/10.1039/d1gc01783g
https://doi.org/10.1039/c3gc41492b
https://doi.org/10.1016/j.cej.2019.04.199


Page 10 of 10Zhai et al. Bioresources and Bioprocessing            (2022) 9:12 

Jaiswal KS, Rathod VK (2021) Green synthesis of amyl levulinate using lipase in 
the solvent free system: optimization, mechanism and thermodynamics 
studies. Catal Today 375:120–131. https://​doi.​org/​10.​1016/j.​cattod.​2020.​
06.​059

Jeong H, Jang SK, Hong CY, Kim SH, Lee SY, Lee SM (2017) Levulinic acid 
production by two-step acid-catalyzed treatment of Quercus mongolica 
using dilute sulfuric acid. Bioresour Technol 225:183–190. https://​doi.​org/​
10.​1016/j.​biort​ech.​2016.​11.​063

Ji H, Wang B, Zhang X, Tan T (2015) Synthesis of levulinic acid-based polyol 
ester and its influence on tribological behavior as a potential lubricant. 
RSC Adv 5(122):100443–100451. https://​doi.​org/​10.​1039/​c5ra1​4366g

Jones DR, Iqbal S, Ishikawa S, Reece C, Thomas LM, Miedziak PJ (2016) The 
conversion of levulinic acid into γ-valerolactone using Cu–ZrO2 catalysts. 
Catal Sci Technol 6(15):6022–6030. https://​doi.​org/​10.​1039/​c6cy0​0382f

Kant K, Shukla A, Sharma A (2016) Ternary mixture of fatty acids as phase 
change materials for thermal energy storage applications. Energy Rep 
2:274–279. https://​doi.​org/​10.​1016/j.​egyr.​2016.​10.​002

Lăcătuş MA, Bencze LC, Toşa MI, Paizs C, Irimie FD (2018) Eco-friendly enzy-
matic production of 2,5-bis(hydroxymethyl)furan fatty acid diesters, 
potential biodiesel additives. ACS Sustain Chem Eng 6(9):11353–11359. 
https://​doi.​org/​10.​1021/​acssu​schem​eng.​8b012​06

Liang J, Zhang X, Ji J (2021) Hygroscopic phase change composite material—a 
review. J Energy Storage. https://​doi.​org/​10.​1016/j.​est.​2021.​102395

Liu W, Xiao B, Wang X, Chen J, Yang G (2021) Solvent-free synthesis of phy-
tosterol linoleic acid esters at low temperature. RSC Adv 11(18):10738–
10746. https://​doi.​org/​10.​1039/​d1ra0​0798j

Mazman M, Cabeza LF, Mehling H, Paksoy HÖ, Evliya H (2008) Heat transfer 
enhancement of fatty acids when used as PCMs in thermal energy stor-
age. Res Int J Energy Res 32(2):135–143. https://​doi.​org/​10.​1002/​er.​1348

Moon M, Yeon YJ, Park HJ, Park J, Park GW, Kim GH (2021) Chemoenzymatic 
valorization of agricultural wastes into 4-hydroxyvaleric acid via levulinic 
acid. Bioresour Technol 337:125479. https://​doi.​org/​10.​1016/j.​biort​ech.​
2021.​125479

Mukherjee A, Dumont M-J, Raghavan V (2015) Review: Sustainable production 
of hydroxymethylfurfural and levulinic acid: challenges and opportuni-
ties. Biomass Bioenergy 72:143–183. https://​doi.​org/​10.​1016/j.​biomb​ioe.​
2014.​11.​007

Oliveira BL, Teixeira da Silva V (2014) Sulfonated carbon nanotubes as catalysts 
for the conversion of levulinic acid into ethyl levulinate. Catal Today 
234:257–263. https://​doi.​org/​10.​1016/j.​cattod.​2013.​11.​028

Ortiz C, Ferreira ML, Barbosa O, dos Santos JCS, Rodrigues RC, Berenguer-
Murcia, (2019) Novozym 435: the “perfect” lipase immobilized biocatalyst? 
Catal Sci Technol 9(10):2380–2420. https://​doi.​org/​10.​1039/​c9cy0​0415g

Paul J, Kadirgama K, Samykano M, Pandey AK, Tyagi VV (2021) A comprehen-
sive review on thermophysical properties and solar thermal applications 
of organic nano composite phase change materials. J Energy Storage. 
https://​doi.​org/​10.​1016/j.​est.​2021.​103415

Qin Y-Z, Zong M-H, Lou W-Y, Li N (2016) Biocatalytic Upgrading of 5-hydroxy-
methylfurfural (hmf ) with levulinic acid to hmf levulinate in biomass-
derived solvents. ACS Sustain Chem Eng 4(7):4050–4054. https://​doi.​org/​
10.​1021/​acssu​schem​eng.​6b009​96

Ravotti R, Fellmann O, Fischer LJ, Worlitschek J, Stamatiou A (2020) Assess-
ment of the thermal properties of aromatic esters as novel phase change 
materials. Curr Comput-Aided Drug Des 10(10):919. https://​doi.​org/​10.​
3390/​cryst​10100​919

Robles-Medina A, Gonzalez-Moreno PA, Esteban-Cerdan L, Molina-Grima E 
(2009) Biocatalysis: towards ever greener biodiesel production. Biotech-
nol Adv 27(4):398–408. https://​doi.​org/​10.​1016/j.​biote​chadv.​2008.​10.​008

Sari A (2012) Thermal energy storage properties of mannitol–fatty acid esters 
as novel organic solid–liquid phase change materials. Energy Convers 
Manage 64:68–78. https://​doi.​org/​10.​1016/j.​encon​man.​2012.​07.​003

Sarı A, Karaipekli A (2012) Fatty acid esters-based composite phase change 
materials for thermal energy storage in buildings. Appl Therm Eng 
37:208–216. https://​doi.​org/​10.​1016/j.​applt​herma​leng.​2011.​11.​017

Sjöblom M, Risberg P, Filippova A, Öhrman OGW, Rova U, Christakopoulos P 
(2017) In situ biocatalytic synthesis of butyl butyrate in diesel and engine 
evaluations. ChemCatChem 9(24):4529–4537. https://​doi.​org/​10.​1002/​
cctc.​20170​0855

Song M, Di X, Zhang Y, Sun Y, Wang Z, Yuan Z (2021) The effect of enzyme 
loading, alcohol/acid ratio and temperature on the enzymatic esterifica-
tion of levulinic acid with methanol for methyl levulinate production: 

a kinetic study. RSC Adv 11(25):15054–15059. https://​doi.​org/​10.​1039/​
d1ra0​1780b

Stamatiou A, Obermeyer M, Fischer LJ, Schuetz P, Worlitschek J (2017) Inves-
tigation of unbranched, saturated, carboxylic esters as phase change 
materials. Renew Energy 108:401–409. https://​doi.​org/​10.​1016/j.​renene.​
2017.​02.​056

Trombettoni V, Bianchi L, Zupanic A, Porciello A, Cuomo M, Piermatti O (2017) 
Efficient catalytic upgrading of levulinic acid into alkyl levulinates by 
resin-supported acids and flow reactors. Catalysts 7(8):235. https://​doi.​
org/​10.​3390/​catal​70802​35

Wang R, Ren M, Gao X, Qin L (2018) Preparation and properties of fatty acids 
based thermal energy storage aggregate concrete. Constr Build Mater 
165:1–10. https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2018.​01.​034

Wang Z, Li R, Hu J, Hu X, Gu Z (2020) Experimental study on hybrid organic 
phase change materials used for solar energy storage. J Therm Sci 
29(2):486–491. https://​doi.​org/​10.​1007/​s11630-​020-​1224-3

Wu MY, Sung LY, Li H, Huang CH, Hu YC (2017) Combining CRISPR and CRISPRi 
Systems for Metabolic Engineering of E coli and 1,4-BDO Biosynthesis. 
ACS Synth Biol 6(12):2350–2361. https://​doi.​org/​10.​1021/​acssy​nbio.​7b002​
51

Zhang Y, Wang L, Tang B, Lu R, Zhang S (2016) Form-stable phase change 
materials with high phase change enthalpy from the composite of paraf-
fin and cross-linking phase change structure. Appl Energy 184:241–246. 
https://​doi.​org/​10.​1016/j.​apene​rgy.​2016.​10.​021

Zhang W, Zhang X, Huang Z, Yin Z, Wen R, Huang Y (2018) Preparation and 
characterization of capric-palmitic-stearic acid ternary eutectic mixture/
expanded vermiculite composites as form-stabilized thermal energy 
storage materials. J Mater Sci Technol 34(2):379–386. https://​doi.​org/​10.​
1016/j.​jmst.​2017.​06.​003

Zhang W, Wu J, Yu S, Shen Y, Wu Y, Chen B (2020) Modification and synthesis of 
low pour point plant-based lubricants with ionic liquid catalysis. Renew 
Energy 153:1320–1329. https://​doi.​org/​10.​1016/j.​renene.​2020.​02.​067

Zhao Y, Zhang X, Hua W (2021) Review of preparation technologies of organic 
composite phase change materials in energy storage. J Mol Liq. https://​
doi.​org/​10.​1016/j.​molliq.​2021.​115923

Zhu W, Liang F, Hou H, Chen Y, Liu X, Zhu X (2020) Enzymatic synthesis 
of a polyol ester from levulinic acid and trimethylolpropane and its 
tribological behavior as potential biolubricant basestock. Polymers-Basel 
12(10):2256. https://​doi.​org/​10.​3390/​polym​12102​256

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.cattod.2020.06.059
https://doi.org/10.1016/j.cattod.2020.06.059
https://doi.org/10.1016/j.biortech.2016.11.063
https://doi.org/10.1016/j.biortech.2016.11.063
https://doi.org/10.1039/c5ra14366g
https://doi.org/10.1039/c6cy00382f
https://doi.org/10.1016/j.egyr.2016.10.002
https://doi.org/10.1021/acssuschemeng.8b01206
https://doi.org/10.1016/j.est.2021.102395
https://doi.org/10.1039/d1ra00798j
https://doi.org/10.1002/er.1348
https://doi.org/10.1016/j.biortech.2021.125479
https://doi.org/10.1016/j.biortech.2021.125479
https://doi.org/10.1016/j.biombioe.2014.11.007
https://doi.org/10.1016/j.biombioe.2014.11.007
https://doi.org/10.1016/j.cattod.2013.11.028
https://doi.org/10.1039/c9cy00415g
https://doi.org/10.1016/j.est.2021.103415
https://doi.org/10.1021/acssuschemeng.6b00996
https://doi.org/10.1021/acssuschemeng.6b00996
https://doi.org/10.3390/cryst10100919
https://doi.org/10.3390/cryst10100919
https://doi.org/10.1016/j.biotechadv.2008.10.008
https://doi.org/10.1016/j.enconman.2012.07.003
https://doi.org/10.1016/j.applthermaleng.2011.11.017
https://doi.org/10.1002/cctc.201700855
https://doi.org/10.1002/cctc.201700855
https://doi.org/10.1039/d1ra01780b
https://doi.org/10.1039/d1ra01780b
https://doi.org/10.1016/j.renene.2017.02.056
https://doi.org/10.1016/j.renene.2017.02.056
https://doi.org/10.3390/catal7080235
https://doi.org/10.3390/catal7080235
https://doi.org/10.1016/j.conbuildmat.2018.01.034
https://doi.org/10.1007/s11630-020-1224-3
https://doi.org/10.1021/acssynbio.7b00251
https://doi.org/10.1021/acssynbio.7b00251
https://doi.org/10.1016/j.apenergy.2016.10.021
https://doi.org/10.1016/j.jmst.2017.06.003
https://doi.org/10.1016/j.jmst.2017.06.003
https://doi.org/10.1016/j.renene.2020.02.067
https://doi.org/10.1016/j.molliq.2021.115923
https://doi.org/10.1016/j.molliq.2021.115923
https://doi.org/10.3390/polym12102256

	Enzymatic synthesis of a novel solid–liquid phase change energy storage material based on levulinic acid and 1,4-butanediol
	Abstract 
	Introduction
	Materials and methods
	Materials and chemicals
	LBE synthesis
	Analytical procedure
	Thermal performance analysis of LBE

	Results and discussion
	Comparison of chemical and enzymatic synthesis of LBE
	Optimization of the reaction conditions
	Recycling of catalysts
	Structural characterization of LBE
	Thermal properties of the prepared PCM

	Conclusions
	Acknowledgements
	References




