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Abstract
This work describes batch-type hydrothermal liquefaction (HTL) treatments of conifer wood chips at 180–425 °C, under 
either air or nitrogen atmosphere. Such experiments allow efficient extraction of 5-hydroxymethyl furfural (HMF) and 
other valuable chemical substances, such as glycolic acid and acetic acid, from the lignocellulosic biomass. These com-
pounds and their decomposition products present in the samples after HTL are analyzed and quantified using spectro-
scopic and chromatographic techniques. In general, the relatively higher-pressure nitrogen atmospheric condition is 
more suitable for obtaining the desired products, relative to the air atmosphere. Based on the quantitative results, the 
optimal temperatures for producing acetic acid, glycolic acid, and HMF are 300 °C, 250 °C, and 180 °C, respectively. The 
interesting relationship between HMF yield and temperature is also discussed; as the temperature increases, the yield 
of HMF first decreases and then increases. This phenomenon is explained by the exothermic nature of the HMF decom-
position reaction, which is inhibited by excessively high temperature (in the range from 380 to 425 °C). At moderately 
high temperatures (optimized conditions; 300 °C), the generation rate of HMF exceeds its decomposition rate, resulting 
in a high yield of HMF. Based on the results of the experiments conducted in this study, the decomposition mechanism 
describing HTL treatment of wood chips can be elucidated. This study therefore provides guidance for future work involv-
ing HMF extraction from lignocellulosic biomass.
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1 Introduction

Since the Industrial Revolution, society and technology 
have developed rapidly by employing fossil fuel resources, 
consequently exacerbating global warming. Carbon diox-
ide emitted from fossil fuel combustion is considered one 
of the main contributors to the greenhouse effect, which 
has several serious consequences. In particular, the melt-
ing of Arctic sea ice causes rising sea levels, reduction of 
land area, and frequent typhoons and heavy rain. Addi-
tionally, rising global temperatures lead to biological 

extinction and intense forest fires. Furthermore, gen-
eral climate change influences agricultural production 
[1]. Recent efforts to reduce dependence on fossil fuel 
resources have inspired scientists to search for new avail-
able energy sources.

To address modern societal energy demands, numer-
ous studies have investigated the use of clean, sustainable 
energy sources, such as solar, wind, and hydropower. How-
ever, the availability and intensity of solar and wind energy  
are governed by the weather, which leads to unstable out 
put. Similarly, hydroelectric power generation is impacted 
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by hydrology and geomorphology. In contrast, energy 
sources derived from biomass do not face any of these 
shortcomings [2]. Biomass is plant or animal material that 
can be used (1) to generate electrical or thermal energy, 
or (2) as the raw material in various industrial manufactur-
ing processes [3]. The most notable advantages of using 
biomass for energy-related purposes are its abundance, 
availability, and carbon–neutral nature. This means that 
the carbon dioxide fixed by plants through photosynthe-
sis is emitted during biofuel combustion, such that the 
total carbon dioxide emission is equal to zero; this aspect 
helps mitigate the greenhouse effect. The fuel produced 
using biomass is called biofuel, which can be classified as 
either first- or second-generation biofuel. First-generation 
biofuel is primarily extracted from corn, sugar cane, sugar 
beet, and other crops. These resources have a high plant-
ing density, resulting lower energy input. However, pro-
duction of such resources for use as first-generation bio-
fuels can incur high prices due to competition with food. 
Therefore, second-generation biofuels, which use inedible 
plants as raw materials, have attracted attention in recent 
years. One disadvantage associated with second-gener-
ation biofuel is the high energy input required to collect 
the material, which has low energy density. Consequently, 
an important aspect of employing second-generation bio-
fuels involves finding methods to efficiently extract more 
useful substances from small amounts of raw materials.

Biomass is not only used for energy production, but 
also for manufacturing value-added products. In Japan, 
eight million tons of forest residue is generated every 
year, and only 9% of it is utilized further [4]. Wood chips 
are often used in experimental studies into the decom-
position behavior of forest residue, as in the present work 
[5, 6]. In Hokkaido, the tree species composition of the 
planted forest is 97% conifer and 3% broadleaf in terms 
of area. Which shows that the utilization of conifers is 
more important [7]. A typical conifer wood chip contains 
31 ~ 49% cellulose, 9 ~ 23% hemicellulose, and 20 ~ 35% 
lignin [8]. Various compounds, such as 5-hydroxymethyl 
furfural (HMF), acetic acid, glycolic acid, and others can 
be obtained following the decomposition of cellulose and 
hemicellulose. HMF is an important reagent for synthesiz-
ing dimethylformamide (DMF) [9], which can be used as a 
biofuel component, or to manufacture various chemicals, 
including caprolactam and 1,6-hexanediol, among others 
[10]. Acetic acid is another important chemical substance, 
which is used in the industrial production of calcium mag-
nesium acetate [11, 12]. Finally, glycolic acid can be used 
as a reagent for certain chemical analyses, or as a reagent 
in organic synthesis.

Hydrothermal treatments involve decomposing bio-
mass in high-temperature and high-pressure water sys-
tems. This technology was used for the work presented 

herein to produce HMF and other valuable compounds 
because it can treat biomass without a drying process. 
Therefore, because of the high degree of moisture in bio-
mass, this hydrothermal treatment strategy requires lower 
costs and is more energy efficient than other methods 
like pyrolysis and burning. Several reactions occur during 
hydrothermal treatment, including hydrolysis, dehydra-
tion, decarboxylation, polymerization, and condensa-
tion [13]. In hydrothermal treatment, reactions such as 
hydrolysis will be promoted, so the production of HMF, 
glycolic acid and acetic acid related to the hydrolysis 
reaction will be promoted. When the temperature and 
pressure of water are above its critical point (374 °C and 
22.1 MPa, respectively), the phase boundary between gas 
and liquid disappears, and the water is considered to be in 
a supercritical state. Under these conditions, even minor 
temperature fluctuations can drastically alter the electrical 
conductivity and ionic product of the supercritical water, 
which ultimately influences the rate of reactions occurring 
in solution (i.e., hydrolysis). The distinct situation wherein 
a substance is below its critical point and above its boiling 
point is sometimes referred to as the “subcritical state” in 
the literature, although it is technically not a physical state. 
Because reaction rates in the supercritical versus subcriti-
cal states are significantly different, this study evaluates 
and compares experiments conducted under both types 
of conditions [14].

The temperature also has a significant influence on 
the efficacy of the hydrothermal treatment. Specifically, 
temperature directly impacts the rate of free radical reac-
tions, and indirectly impacts the rate of ionic reactions by 
modifying the ionic product and dielectric constant of 
water [15–17]. The experiments in this study were con-
ducted at different temperatures (from 180 to 425 °C) to 
determine the temperature dependence of the HMF, acetic 
acid, and glycolic acid yields. The high pressure required 
in such hydrothermal treatments is the main disadvan-
tage because of the associated high cost of equipment 
[15]. To our knowledge, there are limited studies regard-
ing the production of HMF via low-pressure hydrothermal 
treatment. Therefore, this report describes hydrothermal 
liquefaction (HTL) treatments of wood chips under either 
an air or nitrogen atmosphere, and evaluates the effect of 
pressure and temperature on the yield of each product 
(HMF, glycolic acid, acetic acid, and other substances) [18]. 
The decomposition of furfural and HMF during hydrother-
mal treatments has been widely studied [19–22], but the 
mutual conversion between organic acids, such as acetic 
acid and glycolic acid, is rarely mentioned. This study also 
clarifies the conversion pathways between organic acids 
and elucidates the decomposition mechanism of lignocel-
lulosic biomass in hydrothermal reactions under air and 
nitrogen conditions. The objective of this research is to 
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confirm the suitable condition for producing HMF, acetic 
acid and glycolic acid, and to investigate the influence of 
atmosphere and temperature on bio-oil production.

2  Experimental section

2.1  Starting materials

Conifer trees in northern Hokkaido (Japan) were used for 
the wood chip material in this study. The size of conifer-
ous wood chip is about 0.2 × 0.3 × 1.6  cm3, and did not be 
sieved. HMF (98%), glycolic acid (97%), and acetic acid 
(99%) standard samples and sulfuric acid were purchased 
from Wako Pure Chemical Industries, Ltd (Osaka, Japan). 
All of the standard samples were used as-received. Sulfuric 
acid was filtered with 0.45 μm filter paper.

2.2  Procedure

Hydrothermal liquefaction treatments were performed 
in an autoclave (Model 122,841, SUS 316 Tsukuba, Japan) 
at various temperatures. Experiments conducted below 
260 °C used a reactor with a volume of 0.19 L, and experi-
ments conducted at temperatures above 260 °C used a 
reactor with a volume of 0.16 L. A diagram depicting the 
structure of the reactor is shown in Fig. 1. Batch tests were 
conducted at 180 °C, 250 °C, 300 °C, 380 °C, and 425 °C, 
with initial pressures of 0.1 MPa and 4 MPa. The experi-
mental conditions are summarized in Table 1, and the 
experimental steps are outlined in Fig. 2. First, the biomass 
(wood chips) and water were loaded into the reactor at 
a designated biomass to water ratio (B/W ratio) of 1/10. 
For nitrogen atmosphere experiments, the autoclave was 
sealed and purged with  N2 three times to remove residual 
air, then pressurized to 4 MPa before beginning the heat-
ing process. In the air atmosphere experiments, this nitro-
gen purge was not performed. The reaction time is defined 
as the duration of the experiment after the autoclave 

Fig. 1  Schematic diagram of a hydrothermal reactor. 1 = pressure 
gauge, 2 = reactor body, 3 = heater, 4 = thermocouple, 5 = control 
unit

Table 1  Experimental 
conditions

Material Temperature 
(℃)

Reaction time 
(min)

Atmosphere Initial pressure 
(MPa)

B/W ratio

Wood chip (1 g) 180 30 Nitrogen 4.0 1/10
250 30
300 5
380 4
425 0
180 30 Air 0.1
250 30
300 5
380 4
425 0

Fig. 2  Sample preparation for liquid component analysis and mass 
balance calculations
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temperature reached the target temperature. After stop-
ping heating, the reactor is left overnight, and cooled to 
room temperature by air cooling. The samples were then 
collected and filtered with 0.45 μm filter paper (mixed cel-
lulose esters (MCE) membrane) to separate the liquid from 
the solid phase. Then, an electric furnace (FO300; Yamato 
scientific. Co, Ltd, Tokyo, Japan) was used to dry the char at 
105 °C for 24 h in air, and the mass balance was calculated. 
The liquid was analyzed quantitatively using high perfor-
mance liquid chromatography (HPLC).

2.3  Analysis

2.3.1  Mass balance

The mass balance calculation is expressed by Eqs. 1, 2, 
and 3. After filtering and drying the char, the weight of 
the dry char is calculated as the total weight after drying 
minus the weight of the dry filter paper. Similarly, the total 
weight of the liquid (on the filter paper and char) can be 
calculated as the weights of char and filter before drying 
minus their weights after drying. The total liquid weight 
can be determined by adding the weight of the separated 
liquid portion. According to the principle of conservation 
of mass, the weight of the generated gas can be obtained 
by subtracting the weight of char and liquid from the sum 
of the total weight of pure water and biomass before the 
treatment.

2.3.2  Carbon balance

CHN analysis (CE440, Exeter Analytical, Inc, Coventry, UK) 
was conducted to confirm the carbon, nitrogen, oxygen 
and hydrogen content. The carbon content of raw mate-
rials, solid and liquid products is directly measured by 
CHN analysis. The carbon content of gas is calculated by 
Eq. 4. Each set of measurements is carried out twice, and 
the average value of the measurement results is used for 
graphing.

(1)Msolid = solid mass after drying

(2)
Mliquid = measured liquid weight + solid mass before drying −Msolid

(3)Mgas = total material weight input − Msolid −Mliquid

(4)Cgas(g) = Cwood chip(g) − Csolid(g) − Cliquid(g)

2.3.3  Absorbance spectra

The optical absorbance spectra of the liquid samples 
were measured using a V-560 UV–visible spectrophotom-
eter (JASCO V-560, JASCO corporation, Tokyo, Japan). All 
samples were diluted one hundred times with pure water 
before measurements. The changes in the color of the 
liquid can be used to estimate the extent of the reaction 
(Table 2).

2.3.4  Qualitative and quantitative analysis of the liquid 
composition

The composition of the liquid phase was analyzed using 
HPLC (1200 Infinity Series instrument equipped with a 
Shodex SUGAR SH 1821 column (Showa Denko, K.K.) and 
an Optilabrex 1260 GPC differential refractive index (RI) 
detector). Each sample was measured twice to obtain an 
average value for quantification. The standard deviation 
(SD) was also calculated. Sulfuric acid (2.0 ×  10–3 mol/L) was 
used as the mobile phase, with a flow rate of 0.6 mL/min, 
and the column temperature was maintained at 60 °C. The 
RI of each sample was also measured to obtain qualitative 
and quantitative analysis of each component.

Concentration (%) of acetic acid, glycolic acid and HMF 
were quantified using absolute calibration curve method. 
The concentrations of acetic acid standard samples are 
0.3%, 0.5% and 0.0.7%, glycolic acid standard samples are 
0.3%, 0.5% and 0.0.7%, HMF standard samples are 0.02%, 
0.06% and 0.09%. Use the linear regression method to 
find the linear regression equation, and calculate the con-
centration of each substance, the calculation formula is 
expressed by Eqs. 5, 6, and 7. Concentration (g/L) and yield 
(g) are calculated with the Eq. 8.

(5)acetic acid ∶ concentration(%) =
area + 2.29

70.25

(6)glycolic acid ∶ concentration(%) =
area + 10.82

122.68

(7)acetic acid ∶ concentration(%) =
area + 4.3297

281.05

(8)
concentration (g∕L) = concentration (%) × density

(

g∕cm3
)

× 10
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3  Results and discussion

3.1  Supercritical/subcritical water reaction 
conditions

In this work, the decomposition of lignocellulosic biomass 
was studied by conducting hydrothermal experiments 
on conifer wood chips (from Northern Hokkaido, Japan) 
under subcritical and supercritical water conditions. The 
temperature imposed during such treatments plays a vital 
role in the hydrothermal reactions. At low temperature, 
water molecules generate hydrogen bonds according to 
their polarity. Under these conditions, the intermolecular 
interactions are relatively strong, which makes it difficult 
for water molecules to participate in the reactions. How-
ever, as the temperature increases, the dielectric constant 
decreases [23–25], which indicates that the polarity of the 
water is also reduced. Therefore, water molecules dissoci-
ate to form hydronium ions  (H3O+), which cause the water 
to exhibit weakly acidic properties during the hydrother-
mal treatments. Additionally, formation of hydronium ions 
promotes the hydrolysis and depolymerization of hemicel-
lulose [13, 26].

The temperature and pressure changes that occurred in 
each group of experiments are shown in Fig. 3. It is clear 
that the reaction pressure increased with rising tempera-
ture. As expected, higher reaction temperatures require 
more time for heating. In the hydrothermal experiments 
conducted at 380 °C under an  N2 atmosphere, the pres-
sure did not reach 22 MPa (the supercritical point), despite 
the fact that the reaction temperature exceeded the criti-
cal temperature. Therefore, a hydrothermal experimental 
temperature of 425 °C and a nitrogen atmosphere were 
required for the supercritical treatment (22.5 MPa). The 
reaction time is defined as the duration of the experi-
ment after the autoclave temperature reached the target 
temperature. After the reaction time exceeds the target 
reaction time, the heating is stopped, which obtained the 
decrease temperature.

3.2  Mass balance

The mass balance results from each experiment are 
provided in Fig. 4. Neither the process temperature nor 
the atmosphere had a significant influence on the mass 

Table 2  Photographs of the liquid samples for each experiment

Nitrogen condition Air condition

180 ℃

250 ℃

300 ℃

380 ℃

425 ℃
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balance. In addition, regardless of whether the experi-
ment was conducted under air or nitrogen, the solid 
yield decreased with increasing process temperature. As 

mentioned previously, the formation of hydronium ions 
caused decomposition of hemicellulose and cellulose, 
leading to consumption of the solid phase. However, 

Fig. 3  Temperature–pressure changes in hydrothermal experiments under either  N2 (a, c) or air (b, d) atmospheres

Fig. 4  Results of mass balance calculations for each group of experiments
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previous investigations determined that, under super-
critical or subcritical conditions, either radical or ionic 
reactions are most prevalent, respectively [16]. Aromatic 
compounds are essential for producing char; however, as 
the temperature increases, the ionic reaction necessary for 
the formation of aromatic compounds is inhibited. There-
fore, higher reaction temperatures hindered the genera-
tion of char [27], which reduced the overall solid yield. It is 
worth noting that, based on the mass balance calculated 
for hydrothermal experiments conducted with tempera-
tures above 380 °C, the gas yield under air conditions is 
significantly higher than the gas yield under high-pressure 
nitrogen conditions. This may be because the oxygen in 
the air reacts with hydroxyl groups in HMF, glycolic acid, 
and other intermediates, causing them to decompose and 
produce more gas. The produced gas mixture is expected 
to include mainly hydrogen, carbon dioxide, methane, and 
carbon monoxide. However, the present study focuses on 
the HTL of wood chips, so we did not examine the gase-
ous components in detail. Other groups conducting simi-
lar research confirmed that the yield of hydrogen, carbon 
dioxide, carbon monoxide, and methane in the gas frac-
tion are higher at supercritical conditions than at subcriti-
cal conditions [2].

3.3  Carbon balance

Elemental analysis was performed on the wood chip, the 
char and the liquid from 180 ℃, 250 ℃ and 300 ℃ hydro-
thermal treatment under nitrogen conditions, and the 
results of the carbon balance are shown in Fig. 5. It can be 
confirmed that as the temperature rises, the mass of car-
bon in solid phase decreases. As the high temperature pro-
motes the decomposition of organic compounds like cel-
lulose and hemicellulose, more carbon is transferred from 
the wood to the gas phase. This may mean an increase in 
carbon monoxide or carbon dioxide emissions. Therefore, 

whether it is from the viewpoint of environmental or 
energy production, low temperature treatment should 
be given priority over high temperature treatment. On 
the other hand, as the temperature increases, the carbon 
content of the liquid has little effect.

3.4  Absorption spectra

The UV absorption profiles (in the range from 200 to 
400 nm) obtained for each liquid phase are given in Fig. 6. 
The liquid sample obtained following hydrothermal treat-
ment at 180 °C displays the most intense absorbance at 
λmax = 282 nm, and this peak was assigned to HMF [28]; 
the sample obtained following hydrothermal treatment 
at 425 °C had the lowest absorbance at this wavelength. 
These results indicate that HMF components of these liq-
uid samples are decomposed at high temperatures [29]. 
In general, the samples from experiments conducted 
under nitrogen (Fig. 6a) had higher absorbances than 
those treated under air (Fig. 6b), which suggests that high 
pressure promotes the decomposition of polymeric com-
pounds, such as cellulose.

3.5  Liquid composition

The components of the liquid phase, which is bio-oil, were 
measured using HPLC methods. The main component of 
each sample was determined by quantifying each com-
pound by comparing the measured results with standard 
samples. Generally, acetic acid, glycolic acid, and HMF were 
quantified using an absolute calibration curve method. 
Finally, hydrothermal experiments were conducted using 
standard samples of HMF and glycolic acid to elucidate 
the degradation pathway of the wood chips. In addition, 
glucose (14.96  min), fructose (15.53  min), formic acid 
(18.63 min), levulinic acid (20.27) and ethanol (24.12 min) 
were also confirmed in liquid phase.

3.5.1  Qualitative analysis by HPLC

Wood chip hydrothermal liquefaction: It was determined 
that HMF was almost completely decomposed following 
hydrothermal treatments at temperatures over 180 °C. 
Regardless of the atmospheric conditions (air vs. nitro-
gen), the HMF peak observed in the HPLC chromatogram 
of the sample treated at 250 °C decreased sharply relative 
to the sample treated at 180 °C. In addition, levulinic acid 
was detected in the 250 °C sample. Therefore, we propose 
that HMF was decomposed in large quantities following a 
rehydration reaction at 250 °C to generate levulinic acid; 
such reactivity has been observed in previous studies [30]. 
To confirm this hypothesis, a standard HMF sample was 
treated by hydrothermal liquefaction at 250 °C. The HPLC Fig. 5  Carbon balance for each group of experiments
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results of this experiment showed that the main product 
of HMF decomposition after hydrothermal treatment at 
250 °C is indeed levulinic acid. Under a nitrogen atmos-
phere, a small amount of HMF was observed in the 250 °C 
sample, in addition to glycolic acid and acetic acid, which 
were the main components. In contrast, it is believed that 
the glycolic acid is converted to acetic acid in the 380 °C 
sample. The HPLC analysis of the sample obtained from 
supercritical processing (at 425 °C;  N2) is almost the same 
as that for the 380 °C sample, both of which contain ace-
tic acid as the main component. Based on these results, 
we conclude that acetic acid is the stable product of 
the hydrothermal reaction. In cases where acetic acid is 
formed, it is unlikely to decompose or react again. The gly-
colic acid concentrations in the 250 °C and 300 °C samples 
obtained under air atmosphere were significantly reduced 
compared with those in analogous experiments under a 

nitrogen atmosphere because glycolic acid reacts with 
oxygen in the air.

Hydrothermal liquefaction of standard samples: HTL 
experiments were conducted using standard samples of 
acetic acid, HMF, and glycolic acid under  N2 conditions to 
determine their decomposition products during hydro-
thermal treatments. Treating the standard HMF sample via 
HTL resulted in the formation of glycolic acid, formic acid, 
acetic acid, levulinic acid, and ethanol. Although levulinic 
acid and formic acid are produced in equal amounts fol-
lowing the rehydration of HMF, the concentration of lev-
ulinic acid is significantly higher than that of formic acid. 
The two elementary reactions involving formic acid dehy-
dration and decarboxylation are shown in Eqs. 9 and 10, 
respectively [18, 21, 32]. These reactions lead to a much 
lower concentration of formic acid, relative to levulinic 
acid. After comparing the experimental results obtained 

Fig. 6  UV absorbance profiles for each group of experiments (under  N2 atmosphere (a) and air atmosphere (b))
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at each treatment temperature, it was discovered that the 
degree of HMF decomposition increased significantly with 
treatment temperatures above 180 °C.

The qualitative results obtained after subjecting the 
standard glycolic acid sample to HTL treatment confirmed 
the production of acetic acid and a small amount of etha-
nol. Almost all glycolic acid was converted to acetic acid 
and gas after hydrothermal treatment at temperatures 
over 300 °C.

3.5.2  Quantitative analysis

The acetic acid, glycolic acid, and HMF produced after 
treatments were quantified using an absolute calibration 
curve method. All samples were analyzed twice using 
HPLC, and the average peak height for RI index was used 
for quantitative calculations.

Acetic acid: A calibration curve was constructed using 
standard acetic acid samples with concentrations of 0.3%, 
0.5%, and 0.7% (v/v). The results of the acetic acid quanti-
fication calculations performed for experimental samples 
are shown in Fig. 7. Since acetic acid is a stable product, it 
is difficult to decompose, so the yield of acetic acid yield is 
relatively unaffected by changes in temperature or atmos-
pheric conditions. Based on the quantitative results, it was 
determined that the most suitable temperature for pro-
ducing acetic acid was 300 °C; above this temperature, the 
decomposition rate of acetic acid exceeded its production 
rate, which caused reduced yields. The HPLC elution pro-
file obtained from the treated wood chip sample with the 
highest acetic acid concentration (300 °C;  N2) is shown in 
Fig. 8a.

The highest concentration of acetic acid was meas-
ured for the liquid sample obtained after HTL treatment 
at 300 °C, and the ionic product of subcritical water at this 
temperature is also the largest [19]. This observation sug-
gests that most of the reactions that produce acetic acid 
are ionic reactions, which are significantly affected by the 
ionic product of water. This relationship can also explain 
why the yield of acetic acid from experiments conducted 
under high-pressure nitrogen conditions were slightly 
higher than those in air conditions. The higher the pres-
sure, the greater the ionic product [20].

Glycolic acid: Standard samples of glycolic acid with 
concentrations of 0.3%, 0.5%, and 0.7% (v/v) were used 
to produce a calibration curve. The glycolic acid quantifi-
cations of experimental samples are shown in Fig. 9. The 
concentration of glycolic acid decreased sharply when 

(9)HCOOH → CO + H2O

(10)HCOOH → CO2 + H2

the temperature rose over 250 °C, likely because glycolic 
acid can decompose at high temperatures. Additionally, 
the yield of this product following HTL treatment under 
a nitrogen atmosphere is higher than that under an air 
atmosphere because the glycolic acid reacts with oxy-
gen in the air and converted to formic acid. The optimal 
conditions for producing glycolic acid are a temperature 
of 250 °C and a nitrogen atmosphere, and the HPLC elu-
tion profile corresponding to these conditions is shown 
in Fig. 8b.

HMF: Standard samples of HMF at concentrations of 
0.02%, 0.07%, and 0.09% (v/v) were used to construct a 
calibration curve. The HMF quantification results obtained 
for experimental samples are shown in Fig. 10. Based on 
these results, it was determined that the optimal condi-
tions for producing HMF were a nitrogen atmosphere and 
a temperature of 180 °C; the HPLC elution profile obtained 
for this sample is shown in Fig. 8c. The concentration of 
HMF decreased significantly with treatment temperatures 
above 180 °C, regardless of the atmosphere. Interestingly, 
under a nitrogen atmosphere, HMF was not observed as 
a product in the sample treated at 300 °C, but when the 
treatment temperature exceeded 300 °C, HPLC analysis 
again confirmed the presence of HMF. This behavior is a 
result of the fact that the decomposition of HMF involves 
an exothermic reaction, and the reaction rate decreases 
as the temperature rises. In the early stage of the reaction, 
the concentration of glucose and fructose is high, so the 
production of HMF is faster than its decomposition. How-
ever, the concentrations of glucose and fructose decreased 
with increasing temperature, causing the production rate 
of HMF to fall below the decomposition rate and the yield 
of HMF to decline. After treatment at temperatures above 
300 °C, the rate of HMF decomposition was suppressed by 
the high temperature, such that it became slower than the 
production rate; therefore, the HMF yield increased again 
thanks to the ionic product of the supercritical phase.

3.6  Decomposition mechanism of wood chip 
pyrolysis

The degradation pathway of the wood chips can be 
inferred based on the degradation products of glycolic 
acid and HMF (Fig. 11) [19–22, 33–35]. During the hydro-
thermal treatment reactions, cellulose is first decom-
posed to form glucose, which can be converted to fruc-
tose (which is more reactive) via isomerization. Fructose 
is decomposed to produce glycolic acid, and HMF can 
also be formed from the dehydration of fructose. HMF is 
primarily converted into levulinic acid and/or formic acid 
via rehydration reactions, whose reaction rates should 
increase significantly at temperatures above 180  °C. 
Based on the hydrothermal experiments carried out using 
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Fig. 7  Quantification of acetic acid by its measured concentration (top; SD < 0.0501) and yield (bottom; SD < 0.0003)
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standard HMF samples, it was discovered that acetic acid 
(in addition to levulinic acid and formic acid) can also be 
formed from HMF decomposition. Similarly, HTL treat-
ments of glycolic acid standard samples demonstrated 
that glycolic acid could be converted into acetic acid 
when treated at temperatures over 250 °C. It is generally 
believed that hydrothermal reactions involving biomass 
ultimately produce acetic acid because of its high stability. 
However, when the reaction temperature exceeds 300 °C, 
the decomposition rate of acetic acid exceeds its rate of 
production, so under these conditions, the concentration 
of acetic acid in treated samples began to decrease.

4  Conclusions

Based on the results of hydrothermal liquefaction treat-
ments of wood chips under various conditions, it was 
determined that a nitrogen atmosphere is generally 
favored for producing HMF, acetic acid, and glycolic acid. 
Quantitative HPLC analysis revealed that the nitrogen 
atmosphere promoted the generation of liquid phase 
products, partly because of the higher pressure used in 
these experiments, relative to those conducted under air. 
The air atmosphere is particularly not suitable for the pro-
duction of glycolic acid. This may be because glycolic acid 
reacts with oxygen in the air to form formic acid, which 
shows that compared with air environment, nitrogen envi-
ronment can inhibit oxidation reaction [36]. In general, 
the most suitable temperatures for producing acetic acid, 
glycolic acid, and HMF, were 300 °C, 250 °C, and 180 °C, 
respectively. Most papers suggest that HMF be produced 
at low temperatures, which is consistent with the con-
clusions of this study [26, 37]. Interestingly, the yield of 
HMF first decreased, then increased as the temperature 
rose, and this behavior was attributed to the exothermic 
nature of the HMF decomposition reaction. Overall, HTL 
treatments under a high-pressure nitrogen atmosphere 
were tested using standard samples of acetic acid, glycolic 
acid, and HMF, and these conditions were shown to inhibit 
oxidation of the desired compounds at high temperatures.

Importantly, although conducting HTL treatments of 
biomass in air atmosphere can reduce the equipment 
costs and avoid the gas purging process, the results pre-
sented herein demonstrate that the concentration of each 
product following HTL in air is lower than those obtained 
after HTL in a nitrogen atmosphere. This is likely because 
of the potential reactions between the oxygen in air and 
the hydroxyl groups in the HTL products. Therefore, in 
terms of industrial production, we propose that nitrogen 
atmospheric conditions are preferred for controlling and 
optimizing the hydrothermal liquefaction of wood chip 
biomass resources.

Fig. 8  HPLC elution profiles from the liquid phase following wood 
chip pyrolysis. a 300 °C,  N2; b 250 °C,  N2; c 180 °C,  N2



Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:577 | https://doi.org/10.1007/s42452-021-04561-0

Fig. 9  Quantification of glycolic acid by measured concentration (top; SD < 0.0261) and by yield (bottom; SD < 0.0001)
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Fig. 10  Quantification of HMF by measured concentration (top; SD < 0.0419) and by yield (bottom; SD < 0.0002)
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