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A B S T R A C T   

2-methyl furan (MF) is a fuel additive with improved fuel characteristics compared to bio-ethanol. Unfortunately, 
the production of MF (from furfural (FF) hydrogenation) is not economically feasible. Interestingly, molten salts 
in biomass pyrolysis have shown to promote the formation of furans (mainly FF). Because molten salts hydro
pyrolysis could be an alternative route to both produce FF and convert it into MF, an assessment is indispensable. 
Molten salts pyrolysis and hydropyrolysis of pinewood and wheat straw and related model compounds were 
studied in a micro-reactor. The effect of hydropyrolysis process variables was assessed on the total detectable 
condensable vapors and MF formation. 

At low pressures (0.4 MPa), the chloride salts favored the production of FF and acetic regardless of the reaction 
atmosphere. Under a high pressure of hydrogen though (1.6 and 3.0 MPa), the conversion of FF to MF was 
enhanced through hydrogenation, hydrodeoxygenation and demethylation reactions. Molten salts hydro
pyrolysis at 350 ◦C and pressures of either 1.6 MPa (biomass mass fraction of 0.09) or 3.0 MPa (biomass mass 
fraction of 0.24) were optimal and yielded ca. 8 wt% to 9 wt% MF. Reaction temperatures >350 ◦C were un
favorable for the MF yield and instead promoted furfural decarbonylation to furan.   

1. Introduction 

Within the transportation sector in the EU, the use of gasoline still 
remains crucial and accounts for 28.2% of the current fuel sales. It has 
been reported that 85% of that fraction of gasoline is a blend-fuel which 
contains bioethanol [1]. In 2016, 75% of the gasoline sold in the EU had 
up to 5% bio-ethanol by volume (E5 gasoline) and 10% had up to 10% 
bio-ethanol (E10 gasoline) by volume [1,2]. If the EU would adopt E20 
gasoline (20% volume ethanol-petrol) by 2030, to further reduce the 
current CO2 emissions from gasoline up to 8.2%, the demand for bio- 
ethanol is only expected to increase [3,4]. Recently, researchers have 
shown an increased interest in 2-methyl furan (MF) as a promising 
second generation biofuel that can be used in existing internal com
bustion engines (particularly in spark ignition engines). It has better fuel 
properties than bio-ethanol. Compared to bio-ethanol, MF is higher in 
energy density and has a lower latent heat of vaporization which can 
result in better fuel economy [5]. Moreover, MF has a higher research 
octane number (RON = 103) than that of gasoline (RON = 96.8) [6]. 

Within the possible reaction pathways to generate MF, catalytic hy
drogenation of furfural (FF) either in the liquid-phase or vapor-phase 
stands out [5–7]. Fairly high conversion yields from FF to MF (>
90%) have already been achieved with Cu-based catalysts [8,9]. In spite 
of that, the main barrier in MF turnout is the economical aspect, which is 
centered around the significant cost that is imposed by the pretreatment 
of lignocellulosic biomasses, necessary to attain higher FF yields as in
termediate platform [5]. In addition to the economical aspect, MF pro
duction from FF might not be straightforward because the main 
drawback of furan aldehydes such as FF is their instability during stor
age. This makes FF susceptible to polymerize to humins and also darken 
due to air oxidation [10]. From this point of view it is more reasonable to 
start from the stable biomass and to produce MF directly and in-situ from 
FF. 

It has been demonstrated that molten salts pyrolysis of lignocellu
losic biomass can be a prospective route to selectively produce furan- 
ring compounds [11,12]. Molten salts therefore have a role as a cata
lyst in pyrolysis, but also have a capacity as heat transfer medium and a 
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reactive fluid [13]. Particularly, eutectic mixtures composed of chloride 
salts ZnCl2, KCl and NaCl have shown high catalytic activity towards FF 
production during pyrolysis of biomass [12]. Molten salts have shown to 
improve the heat transfer of biomass particles compared to traditional 
fluidized sand beds at temperatures of approx. 500 ◦C [14,15]. This al
lows for the possibility to conduct molten salt pyrolysis at temperatures 
lower than 500 ◦C while maintaining similar or higher heat flux towards 
the biomass particles. Moreover, with eutectic mixtures of ZnCl2, KCl 
and NaCl particularly, pyrolysis temperatures above 350 ◦C were 
deemed not suitable because these can volatilize and infiltrate down
stream of the reactors [11]. 

Now, within thermochemical conversion technologies such as py
rolysis, the search to upgrade the quality of derived bio-liquids con
tinues to attract attention and one considered choice is hydropyrolysis 
[16]. Hydropyrolysis, defined as the rapid thermal decomposition of an 
organic material under a H2 atmosphere, produces hydrogen radicals 
that can react with the volatiles released, removing oxygen in the form 
of water, CO and CO2, and producing hydrocarbons [16]. Wang et al. 
(2022) investigated the influence of reaction atmospheres (He vs. H2) for 
pyrolysis in a micro-scale reactor at 3.0 MPa and 500 ◦C and found that 
H2 changed significantly the product distribution from cellulose [17]. 
Mainly, it was observed that the H/C ratio of the condensable vapors 
obtained from cellulose hydropyrolysis increased from 1.4 to 1.9 when 
compared to cellulose pyrolysis, showing that H2 effectively participated 
in the pyrolysis process, predominantly throughout the promotion of 
hydrogenation and hydrodeoxygenation (HDO) reactions [17]. More
over, hydropyrolysis of lignin at 3.0 MPa and 500 ◦C has also demon
strated to be advantageous over conventional pyrolysis because it has 
boosted the conversion of methoxy phenolics to non-methoxy phenolics 
and facilitated the production of hydrocarbon condensable vapors and 
hydrocarbon gases [18,19]. Importantly, a higher H2 pressure suggests 
higher concentration of hydrogen free radicals (formed by homolytic or 
heterolytic cleavage of the H–H bond) which leads to an increased rate 
of hydrogenation and HDO reactions [16]. Stummann et al. (2019) 
showed that in catalytic hydropyrolysis of beech wood, H2 pressures 
>1.59 MPa prevented re-polymerization reactions from the volatiles 
which resulted in higher volatiles’ yield in addition to the production of 
an oxygen-free condensed organic phase (oxygen <0.01 wt%) [20]. 

So far, no studies have investigated molten salts hydropyrolysis of 
lignocellulosic biomass as an alternative route to generate furan-ring 
compounds which can be converted in the vapor phase to MF. One of 
the purposes of this paper is to first compare quantitative micro-scale 
pyrolysis and hydropyrolysis of lignocellulosic biomass in chloride 
molten salts (ZnCl2:KCl:NaCl) to elucidate the effect of the carrier gas 
used and the catalytic effect of the salts on both the volatiles yield and 
quality. To support this objective, model compounds from holocellulose 
and lignin-derived intermediates were first pyrolyzed under helium and 
hydrogen, and in the presence and absence of molten chloride salts, to 
comprehend the effect on the distribution of the volatile pyrolysis 
products. The second objective of this study was to determine optimal 
process conditions for molten salts hydropyrolysis of lignocellulosic 
biomass (in terms of pressure, biomass concentration and temperature) 
giving a good trade-off between the yield of pyrolysis vapors and their 
hydrogenation/hydrodeoxygenation rate. Thermal decomposition of 
lignocellulosic biomass with individual chloride salts (ZnCl2, KCl, and 
NaCl) is also investigated, to explore which of the constituent salts in the 
molten salt eutectic mixture causes the catalytic reactions observed. 

2. Materials and methods 

2.1. Materials and sample preparation 

The lignocellulosic feedstock materials used in this study were 
pinewood (Lignocel®) and wheat straw (supplied by Aston University). 
Prior their use, the feedstock were dried at 105 ◦C and sieved to a par
ticle size <100 μm. The characteristics of these feedstock samples have 

been previously described in [11]. 
Zinc (II) chloride (> 98%, Sigma Aldrich), potassium chloride (>

98% Sigma Aldrich) and sodium chloride (> 99%, Sigma Aldrich) were 
used to prepare an eutectic mixture with a composition of 44.3–41.9- 
13.8 mol% respectively. The ZnCl2:KCl:NaCl mixture used (named salt B 
in our previous study) has a melting point of 204 ◦C [21]. Salt B was 
selected because of its stability during pyrolysis and its performance as a 
catalytic reaction medium. For the preparation of salt B, the individual 
salts were heated individually to 300 ◦C for 24 h in porcelain crucibles. 
Upon cooling down to 105 ◦C, the dried salts were mixed in their cor
responding molar concentration and then stored at 105 ◦C until further 
usage. 

The samples were prepared in eco-cups (Rx-3050TR, Frontier Lab
oratories Ltd., 8 mm H x 4 mm O.D.) made of deactivated stainless steel. 
The eco-cups were placed in eco-stands to hold them in position during 
weighing the lignocellulosic feedstock and salts. The weight of the 
feedstock sample measured for the micro-scale experiments was ca. 
250–300 μg using a Mettler Toledo XP6 Microbalance (1 μg precision). 
Depending on the experiment, the required amount of salt B was 
measured and added to the eco-cup. The contents of then eco-cup were 
then mixed by hand using an eco-stick (Rx-3050TR, Frontier Labora
tories Ltd., L 80 mm). A small amount of quartz wool was placed on top 
of the sample into the eco-cup to prevent the escape of the salts and 
feedstock during the pyrolysis experiment as it can lead to the 
contamination of the TMR. Finally, an eco-stick for single shot analysis 
(Rx-3050TR, Frontier Laboratories Ltd., 30 mm L) was inserted into the 
eco-cup to put the contents of the cup in place. 

2.2. Micro-reactor configuration (py-GC-MS/FID) 

Micro-pyrolysis experiments were performed in a high pressure 
tandem micro reactor (Rx-3050TR, Frontier Laboratories Ltd.) with two 
carrier gases individually: helium (Air Products, 99.9999% purity) and 
hydrogen (Air Liquide, 99.9999% purity). The tandem micro reactor 
(TMR) was coupled to a gas chromatograph (Thermo Fisher Scientific 
Trace GC Ultra), a mass spectrometer (Thermo ISQ MS) and a flame 
ionization detector (FID). Fig. 1 shows a scheme of the py-GC–MS/FID 
system used. The carrier gas employed in the system was controlled by a 
high pressure flow controller (HP-3050F, Frontier Laboratories Ltd). The 
controller was used to set the pressure in the TMR (named BP1), and also 
to establish the GC column inlet pressure (named BP2) which controlled 
the column flow. The pressures used in the TMR ranged from 0.4 MPa to 
3.0 MPa. A high pressure solid sampler was used to introduce stainless- 
steel cups (4 mm internal diameter and 8 mm height, Frontier 

Fig. 1. Scheme of the py-GC–MS/FID system used for molten salts 
micropyrolysis. 

A. Estrada Leon et al.                                                                                                                                                                                                                          



Fuel Processing Technology 250 (2023) 107917

3

Laboratories Ltd.) containing the solid samples or calibration mixtures. 
In this study, only the first reactor was utilized to pyrolyze solid samples 
(or calibrate the TMR), while the second reactor remained empty. 
During micro-pyrolysis experiments, the temperature of the second 
interface was kept constant at 280 ◦C, similar to the inlet temperature of 
the GC column. The temperature of the first interface and the second 
reactor were kept at 320 ◦C. 

To maintain a stable carrier gas flow rate in the GC column (ca. 1 mL 
min− 1), a restrictor capillary tube was used between the head of the 
column and the TMR, which was of different dimensions according to 
the pressure used in the TMR. Moreover, head column pressures (BP2) 
were adjusted according to the carrier gas employed. Table 1 shows the 
settings (restrictor tubes and head column pressures) applied in every 
case. 

To ensure a proper carrier gas split from the GC column to the de
tectors (MS and FID), a dedicated configuration was necessary for each 
carrier gas employed. A detailed scheme of the py-GC–MS/FID config
urations used for helium and hydrogen can be found in the Supple
mentary Information, Fig. S1 and Fig. S2. 

The carrier gas flow rate (He and H2) used in the TMR was 50 mL 
min− 1. The inlet temperature of the GC was 280 ◦C and the split ratio in 
the interface was 1:50. The pyrolysis products were separated in the GC 
using a Restek capillary column (Rtx-1707, 60 m L × 0.25 mm I.D. ×
0.25 μm df); the stationary phase had a mass fraction of 14% cyano
propylphenyl and a mass fraction of 86% dimethyl polysiloxane. The GC 
oven temperature was set to the following ramp program: 3 min hold at 
40 ◦C followed by heating to 270 ◦C at the rate of 4.1 ◦C min− 1 and a 
final temperature of 270 ◦C held constant for 1 min. The MS transfer line 
temperature was 280 ◦C, the ion source temperature was kept at 250 ◦C 
and the electron ionization energy was 70 eV. The FID operated at a base 
temperature of 250 ◦C and an ignition threshold of 0.5 pA. A hydrogen 
generator (H2PEM − 100, Parker Balston, 99.9999% purity) was used to 
generate hydrogen for the FID. The flow of air, hydrogen and nitrogen 
used in the FID were 350, 35 and 30 mL min− 1 respectively. 

For processing the data, Thermo Scientific Xcalibur (version 
4.2.28.14) was used for the peak area integration and the NIST Tandem 
Mass Spectral Library (version 2.3) was employed for the peak identi
fication. All integrated peaks with an area of at least >0.4% were 
identified using the MS chromatograms, and quantified using the FID 
chromatograms (when possible). In the following section, the calibra
tions used for the quantification of the hydropyrolysis volatiles is 
discussed. 

2.3. Calibration of the py-GC–MS/FID 

The micro-pyrolysis set-up was calibrated both under helium and 
hydrogen; the list of calibrations can be found in the Supplementary 
Information in Table S2 (for He) and Table S3 (for H2). The selection of 
the compounds to be calibrated was based on the compounds identified 
in the mass spectra obtained from micro-pyrolysis of lignocellulosic 
biomass with and without chloride molten salts. All the calibrations 
points were obtained from injections at 0.4 MPa and at 350 ◦C and the 
constructed calibration curves had a R2 > 0.97. It is important to 
highlight that there were different approaches used for calibrating the 
selected compounds. 

First, standard solutions of mixtures (up to 5 compounds) were 
prepared based on their chemical compatibility, distinct retention times 
and solubility with the selected solvent (either acetonitrile, water, or 

ethanol); the mixtures were diluted 1:1 up to 5 times. Similarly to the 
biomass or biomass-molten salts’ sample injection, stainless-steel cups 
were used to introduce the mixtures of calibration compounds (2 μL 
from each dilution) into the micro reactor. Direct injections (i.e. non- 
diluted) to the micro reactor were another alternative because of the 
high volatility of certain calibration compounds and the otherwise 
inevitable overlap with the solvent peak in the chromatograms (e.g. 2- 
methyl furan). Calibration curves were also constructed based on the 
effective carbon number (ECN) theory. The ECN theory uses relative 
response factors from the FID, hence existing data points from the cal
ibrations described above were used to construct new curves [22]. 

The quantification of non-condensables gases was not possible in this 
study, with the exception of CO2 and chloromethane. Given that CO2 can 
be only detected in the MS chromatograms and not in FID chromato
grams, the CO2 yields reported are semi-quantitative (i.e. GC peak area 
per μg of sample of CO2). Particularly for the calibration of chloro
methane (boiling point of − 24.2 ◦C) the approach taken consisted of the 
injection of a syringol-salt B mixture (knowing that it would form 
chloromethane as a side-product through a reaction with both the 
methoxyl groups); from the yield of non-reacted syringol attained, the 
yield of chloromethane was calculated. 

2.4. Molten salts micro-pyrolysis studies 

Importantly, to avoid continuing salts volatilization from the molten 
salts micro-pyrolysis experiments in the tandem micro-reactor [11], the 
temperature in the TMR was reduced from the starting reaction tem
perature to 200 ◦C approximately 1 min after the sample injection, when 
the biomass (hydro) pyrolysis reactions were certainly completed. The 
micro-pyrolysis experiments, both with and without molten salts, were 
performed in duplicates and standard deviations were determined per 
individual compound as well as per chemical group. One important 
limitation with molten salts micro-pyrolysis experiments occurred 
because both feedstock types, but especially the molten salts can be 
somewhat heterogeneous in the low quantities used. Nevertheless 
quantification in the GC–MS/FID however does provide a consistent and 
reproducible output throughout the experiments. 

2.4.1. Carrier gas: Helium (pyrolysis) 
In our previous research, molten salts pyrolysis of lignocellulosic 

biomass was conducted in a Py-GC–MS configuration, obtaining semi- 
quantitative results [11]. In this study, a Py-GC–MS/FID configuration 
(described in the SI, Fig. S1) was used to perform pyrolysis of pinewood 
and wheat straw anew with salt B to obtain quantitative yields because a 
benchmark is required for judging properly the subsequent hydro
pyrolysis (i.e. under H2 atmosphere) experiments. These experiments 
were conducted at 0.4 MPa pressure, 350 ◦C and a biomass mass fraction 
in the salt B and biomass mixture of 0.09. 

2.4.2. Carrier gas: Hydrogen (hydropyrolysis) 
To optimize hydropyrolysis of lignocellulosic biomass in molten 

Table 1 
Micro-reactor settings required based on pressure and carrier gas applied.  

Restrictor capillary tube and TMR (BP1) pressure Head GC column pressure 
(BP2) 

0.3–0.1 MPa 0.1–3.0 MPa Helium Hydrogen 
4 m L × 0.15 mm ID 0.5 m L × 0.07 mm I.D. 0.145 MPa 0.08 MPa  

Table 2 
Experimental design of lignocellulosic feedstock hydropyrolysis in molten salts 
(salt B which is composed of ZNCl2:KCl:NaCl in a mol ratio of 44.3–41.9-13.8 
mol%).  

experiment pressure 
(MPa) 

mass fraction of biomass in salt B- 
biomass mixture (wt%) 

temperature 
(◦C) 

1 a,b 0.4 9 350 
2 a,b 1.6 9 350 
3 a,b 3.0 9 350 
4 a 3.0 16 350 
5 a 3.0 24 350 
6 a 3.0 24 400 
7 a 3.0 24 450 

Conditions: a,b tested for pinewood and wheat straw; a tested for pinewood only. 
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chloride salts (salt B), different process conditions have been investi
gated (see Table 2). First, the effect of pressure (0.4 to 3.0 MPa) and 
mass fraction of biomass in the biomass-salt B mixture (0.09 to 0.24 wt 
%) were studied at 350 ◦C. Under atmospheric pressure conditions, 
350 ◦C is the maximum pyrolysis temperature that can ensure no hy
drolysis occurrence (HCl formation) [21], and/or salts volatilization as 
observed in our previous molten salts pyrolysis study. Nevertheless, 
Niazi et al. (2020) [23] have suggested that high-pressure hydro
pyrolysis can supress salt volatilization and HCl formation, which could 
allow operating temperatures for hydropyrolysis to increase above 
350 ◦C. To confirm this, modelling and experimental work was con
ducted. HCl formation and ZnCl2 volatilization from salt B were assessed 
at 0.1, 1.6 and 3.0 MPa by modelling in FactStge 7.2 employing FactPS 
and Factsalt as databases. Upon model-based confirmation (in regards to 
HCl formation and ZnCl2 volatilization), subsequent high-pressure 
hydropyrolysis of biomass with salt B was investigated in the micro- 
reactor at higher temperatures (up to 450 ◦C) in combination with 
higher pressures as detailed in Table 2. 

Finally, the effect of the individual salts constituting salt B (ZnCl2, 
KCl and NaCl) on lignocellulosic biomass hydropyrolysis was also 
assessed to identify to which extent each salt constituent has a catalytic 
effect in biomass hydropyrolysis. For these experiments, pinewood was 
mixed individually with pure ZnCl2, KCl and NaCl, based on a mass 
fraction of biomass in salt B of 0.4. 

The volatiles, carbon in volatiles and oxygen yields from these ex
periments were calculated as follows: 

volatiles (wt.%) =

∑
μgproducts

μgbiomass
× 100  

carbon in volatiles (wt.%) =

∑[
μgcompound ×

(
atomic mass C×C numbercompound

MWcompound

) ]

i

ugbiomass × C fractionbiomass
× 100  

oxygen (wt.%) =

∑(
μgcompound × O numbercompound × atomic mass O

)

i∑(
μgcompound × MWcompound

)

i

× 100 

The yields have been determined on dry feedstock basis. 

2.4.3. Model compounds 
To have a better understanding of the reaction mechanisms involved 

in molten salts pyrolysis, micro-pyrolysis of model compounds were 
conducted without salt B and with salt B, both under helium and 
hydrogen atmospheres (0.4 MPa, 350 ◦C). The model compounds were 
representative of the main constituents in the lignocellulosic biomass 
and/or of their primary pyrolysis compounds; these included: levoglu
cosan (Sigma Aldrich, 99%), xylan (Sigma Aldrich, from beechwood 
≥90% HPLC), cellulose (Sigmacel®), furfural (Sigma Aldrich, 99%), 4- 
vinyl guaiacol (Sigma Aldrich, analytical standard), guaiacol (Acros 
organics, 99 + %), syringol (Sigma Aldrich, 99%) and creosol (Sigma 
Aldrich, ≥ 98%). 

The preparation of the model compound samples was similar to that 
of lignocellulosic feedstock described in section 2.1. In this case, 
approximately 100 to 250 μg of each model compound was weighted 
into the eco-cups. For the micro-scale experiments with molten salts, 
approximately 1011 to 2527 μg of salt B were added and dry mixed. The 
latter corresponded to a model compound mass fraction of 0.09 in the 
mixture with salt B (wt%/wt%). For the model compounds that were 
liquid, a syringe was used to add and weigh them in the eco-cup. 

3. Results 

3.1. Pyrolysis (He) of lignocellulosic biomass in molten ZnCl2:KCl:NaCl 
salts 

Pyrolysis of pinewood (PW) and wheat straw (WS) was performed at 

350 ◦C (py-GC–MS/FID with helium) in a tandem micro reactor with and 
without molten chloride salts (ZnCl2:KCl:NaCl - 44.3:41.9:13.8 mol%, 
named salt B). All the reported volatiles’ yields included in this section 
are on dry biomass basis. The yield of volatiles obtained from pyrolysis 
of pure PW and WS as well as from PW and WS with salt B were similar 
(Table 3). 

The quantitative micropyrolysis results (Table 3) show however a 
different trend to that observed in our previous work on semi- 
quantitative micropyrolysis of PW and WS with salt B [11]. In semi- 
quantitative micropyrolysis of PW and WS, the volatiles’ output 
decreased by 62% and 66% respectively with the addition of salt B. The 
difference in the observed trends can be explained by the different mass 
fraction of biomass used in the biomass-salt B mixtures. While in the 
previous research a mass fraction of biomass of 0.05 was used (i.e. 0.95 
mass fraction of salt B), in the current study the mass fraction of biomass 
was increased to 0.09. Increasing the mass fraction of biomass in the 
sample therefore demonstrated to be beneficial to improve the volatiles’ 
yield because the inhibition of the biomass volatilization by the “excess” 
molten salts was reduced. Excessive molten salts create a barrier that 
impedes the diffusion of pyrolysis volatiles out of the reaction medium. 
Moreover, the advantageous catalytic effect of salt B observed in PW and 
WS micropyrolysis was not affected by lowering the quantities of salt B 
used (down to 91 wt% at this point) as can be analyzed next in Fig. 2. 

3.1.1. Carbon distribution of volatiles 
The volatiles produced from pinewood and wheat straw pyrolysis 

with and without salt B were grouped based on their carbon number 
ranging from C1 to C10 in Fig. 2. In this figure, the catalytic effect of salt B 
in PW and WS pyrolysis can be observed by the carbon fractions’ 
selectivity. While pure PW and WS pyrolysis yielded products ranging 
from C2 to C10 compounds, the major fraction of the products in the 
presence of salt B constituted C5 and C2 compounds. Furfural was the 
main product from the C5 compounds obtained with the addition of salt 
B; its yield was 30.5 ± 1 wt% in PW and 30.6 ± 2 wt% in WS, while the 
remaining C5 compounds consisted of 2-methyl furan and 3-methyl 
furan. The second major product from PW and WS pyrolysis with salt 
B was acetic acid which accounted for all the C2 compounds that were 
possible to quantify; its yield was 18 ± 0.3 wt% in PW and 15 ± 0.8 wt% 
in WS. Wheat straw contains elevated levels of alkali and alkaline earth 
metals (shown later in 3.1.3), which are known to catalyze the decom
position of cellulose and anhydrosugars towards lighter oxygenates like 
acetic acid, char and non-condensable gases [24]. As such wheat straw 
pyrolysis yields more acetic acid (in the C2 fraction) compared to 
pinewood at the expense of anhydrosugars (like levoglucosan, in the C6 
fraction) as can be seen from Fig. 2. 

These results are similar to those reported by Sridharan et al. (2022) 
with respect to the product selectivity attained with chloride molten 
salts pyrolysis of pinewood, executed in a gram scale batch reactor 
heated with a fluidized sand bath [25]. Nevertheless, the yield of the 
main products from PW pyrolysis with chloride molten salts in their 
bench scale set-up at 350 ◦C (5 wt% ca. furfural and 7 wt% ca. acetic 
acid) were lower from those obtained in this study. These differences are 
expected because of the different heating rates and especially the hot 
vapor residence times attained in each reactor. Hot vapor residence 
times in a gram scale reactor (e.g. fluidized sand bed, ~ 1.6 s) are about 

Table 3 
Volatiles yields obtained from pinewood and wheat straw pyrolysis with salt B 
(ZNCl2:KCl:NaCl composed of 44.3–41.9-13.8 mol%); conditions 350 ◦C, 0.4 
MPa helium, mass fraction of biomass in the sample was 0.09.   

volatiles yield (wt.%) ¥ 

pure with salt B 

pinewood (PW) 54.8 ± 0.8 54.8 ± 2.1 
wheat straw (WS) 53.5 ± 2.4 52.7 ± 0.6  

¥ mass of volatiles per mass of biomass on dry basis. 
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2 orders of magnitude longer compared to a milligram scale reactor (e.g. 
screen-heater in [26], ~ 0.02 s), which results in significant cracking of 
the vapors. Therefore, because of the lower hot vapor residence time 
attained in the micro reactor, secondary reactions of products outside 
the reacting particle were limited, and the mass yield of furfural and 
acetic acid obtained (i.e. condensable vapors/volatiles) was higher. 

3.1.2. Pyrolysis of model compounds 
To comprehend more the catalytic effect of chloride molten salts, py- 

GC–MS/FID tests of model compounds related to the holocellulose and 
lignin fraction from lignocellulosic biomass were performed at 350 ◦C 
(Table 4 and Table 5). The list of model compounds included levoglu
cosan (LG), cellulose (CEL), xylan (XYL), vinyl guaiacol (V-GUA), 

Fig. 2. C1-C10 compound yield obtained from pinewood and wheat straw pyrolysis with and without salt B (ZnCl2:KCl:NaCl composed of 44.3–41.9-13.8 mol%); 
conditions: 350 ◦C, 0.4 MPa helium, mass fraction of biomass in the sample was 0.09. 

Table 4 
Py-GC–MS/FID of holocellulose-related model compounds with and without molten salts under helium atmosphere at 350 ◦C and 0.4 MPa helium. LG: levoglucosan, 
XYL: xylan, CEL: cellulose, SB: Salt B (composed of ZnCl2:KCl:NaCl in 44.3–41.9-13.8 mol%). The yields in wt% represent the mass of volatiles per mass of model 
compound on dry-basis. Highlighted (i.e. in bold font) yields in the table are of relevance and discussed in text.  

Group Compound LG (wt.%) LG – SB 
(wt.%) 

XYL 
(wt.%) 

XYL – SB 
(wt.%) 

CEL 
(wt.%) 

CEL – SB 
(wt.%) 

Alcohols 
methanol   ++ ++

1,3-butanediol   ++

2-propenol   2.0    

Aldehydes 
pentanal   ++

methyl glyoxal ++ ++

acetaldehyde   0.9 0.9  1.7 

Anhydro-sugars 

levoglucosan 70.1    45.2  
levoglucosenone     1.3  
1,4:3,6-dianhydro-α-D-glucopyranose     ++

2,3-anhydro-d-mannosan ++

3,4-anhydro-d-galactosan ++

2,3-anhydro-d-galactosan ++

Carboxylic acids 

acetic acid  11.1 2.0 2.4  7.4 
propanoic acid   3.6    
2-propenoic acid   3.1    
pyruvic acid   ++

Esters 2(5H)-furanone     0.8  

Ethers 3-methyl-2,5-furandione  ++ ++ ++

ethyl propenyl ether   ++

Furans 

furfural  63.1 13.3 22.8 12.6 29.6 
5-hydroxymethylfurfural     0.4  
5-methyl furfural  2.8    1.0 
2-methylfuran  ++ ++

3-methylfuran  ++

furan  ++ ++ ++

acetylfuran  1.2    0.5 
Halogens chloromethane    0.5   

Ketones 

acetone  11.5 2.8 4.8  4.0 
hydroxyacetone   4.1    
3-methyl-1,2-cyclopentanedione   ++ ++

2,3-butanedione  4.7 1.1   1.6 
1-hydroxy-2-butanone   ++

3-pentanone   ++

2,3-pentanedione   ++

Pyrans 5-hydroxymaltol     ++

total volatiles (wt.%) 70.1 94.3 33.0 31.4 60.4 45.8 

þþ was detected with a peak area > 1%, but could not be quantified. 
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guaiacol (GUA) and syringol (SYR). 

3.1.2.1. Holocellulose derived. This sub-section deals with the catalytic 
effect of chloride molten salt (salt B) during pyrolysis of LG, CEL and 
XYL. In essence, it is shown that salt B catalyzes the reaction pathways of 
LG, CEL and XYL and promotes furfural above all in the condensable 
fraction. Predominantly, furfural was found to be formed as a secondary 
decomposition product from LG. 

Table 4 shows that at 350 ◦C, LG hardly decomposes and yields 
mostly volatilized LG (70 wt%) similar to the study of Patwardhan et al. 
(2011) [27]. Conversely, with the addition of salt B, the pyrolysis 
products from LG consisted of furans (mainly furfural), carboxylic acids 
(acetic acid) and ketones (acetone, 2,3-butanedione). Most likely in the 
presence of salt B, the decomposition of LG occurred first by the ring- 
opening of the glycosidic 1,6-acetal bond and the rehydration to form 
the glucopyranose monomer followed by secondary reactions. The sec
ondary reactions could include 1) cleavage of the pyran ring to the 
hexose chain structure, 2) dehydration of the OH- groups and 3) acetal 
reaction on C-2 and C-5, which produces 5-HMF as an intermediate; 5- 
HMF would then decompose into furfural [28]. The high acetic acid 
production (11 wt%) from LG pyrolysis in salt B can derive from pro
moted LG secondary reactions in which hydroxyacetaldehyde is 1) 
produced, 2) dehydrates to a ketene structure and 3) rehydrates to form 
acetic acid [28]. The formation of acetyl furan from pyrolysis of LG (and 
CEL) with salt B can be formed from 6-deoxyaldohexose dehydration in 
the presence of a Lewis acid such as Cr3+ [29]. In this case, the 6-deox
yaldohexose would correspond to 6-deoxy-D-glucopyranose (glucopyr
anose with one –OH replaced by –H) and the Lewis acid is ZnCl2 within 
salt B. 

In accordance with previous publications, the main CEL pyrolysis 
products consisted of anhydrosugars -predominantly levoglucosan (45 
wt% in this study)- and furfural. Formic acid or glycolaldehyde however 
were not detected at a reactor temperature of 350 ◦C which was used in 
this study [26,27]. Levoglucosan is formed from CEL pyrolysis through a 
hydroxyl-catalyzed transglycosylation mechanism, which is suggested 
as the primary route for cellulose activation at lower pyrolysis temper
atures (< 467 ◦C) [30]. On the other hand, as expected CEL pyrolysis 
with salt B did not produce any anhydrosugars and instead, led mainly to 

the formation of furans (predominantly furfural but also 5-methyl 
furfural, methyl furan, furan and acetyl furan). The selective produc
tion of furfural showed that molten chloride salts (salt B) promoted ring 
opening/fragmentation reactions and dehydration reactions from the 
glucopyranose structure. The fact that not only furfural was selectively 
produced from CEL pyrolysis with salt B but also its yield increased more 
than twice (~ 13 wt% - > ~ 30 wt%), suggests that LG was produced as 
an intermediate product and this further converted into furfural. 

Salt B in CEL pyrolysis also promoted the production of light 
oxygenated compounds, such as acetic acid and acetone. Without 
molten salts, acetic acid is formed from degraded fragments derived 
from cellulose depolymerization which undergo ring scission, thereby 
producing acetic acid by deacetylation of the fragments [31]. Interest
ingly, Table 4 shows that in presence of salt B, the acetic acid yield was 
higher in CEL (~ 7 wt%) compared to XYL (~ 2 wt%); this further 
supports that LG was an intermediate product in CEL pyrolysis with salt 
B because the generated LG likely decomposed into acetic acid by sec
ondary cracking reactions such as ring scission and deacetylation, 
consequently increasing the acetic acid yield [31]. 

Usually, the product portfolio from purified hemicellulose (ash 
content <0.1 wt%) pyrolysis consists of 1) low molecular weight com
pounds (CO, CO2, formic acid, acetaldehyde, acetic acid and acetol), 2) 
furan/pyran ring derivatives and 3) anhydrosugars (dianhydroxylopyr
anose, anhydroxylopyranose) at 500 ◦C [24]. Xylan obtained from 
beechwood was used as a proxy for hemicellulose. Similar to Patward
han et al. (2011), the ash in the beechwood derived XYL (8.3 wt% ash 
content) significantly affected the pyrolysis products yields, especially 
because no anhydrosugars derived from xylose were detected. The high 
ash content in XYL (with substantial alkali and alkaline earth metals - 
AAEMs) promoted ring-scission reactions which led to the formation of 
light oxygenates and non-condensable gases (not measured), as well as 
dehydration reactions contributing to the formation of furfural and char, 
and at the expense of the production of anhydrosugars [24]. 

Compared to CEL or LG, a higher yield of char and non-condensables 
from XYL pyrolysis can explain the lower overall yield attained from the 
latter. Although char yields were not measured, CO2 yields (normalized 
GC area response) from XYL were substantially higher than in CEL or LG 
(as shown in Fig. S3 in the appendix). Patwardhan et al. (2011) also 

Table 5 
Py-GC–MS/FID (yield in wt%) of lignin-related model compounds with and without molten salts under helium atmosphere at 350 ◦C and 0.4 MPa helium. V-GUA: 4- 
vinyl guaiacol, GUA: guaiacol, SYR: syringol, SB: Salt B (composed of ZnCl2:KCl:NaCl in 44.3–41.9-13.8 mol%). Highlighted yields in the table are of relevance and 
discussed in text.  

Group Compound V-GUA 
(wt%) 

V-GUA + SB 
(wt%) 

GUA 
(wt%) 

GUA + SB 
(wt%) 

SYR 
(wt%) 

SYR + SB 
(wt%) 

Alcohols methanol  ++ ++ ++

Alkyl phenols 
3-methylcatechol  1.1     
4-methylcatechol  1.0     
4-ethylcatechol  1.1     

Halogens chloromethane  3.8  0.2  2.8 

Methoxy phenols 

creosol 1.9 1.3     
guaiacol 3.2 15.0 74.1 63.8   
4-vinyl guaiacol 47.3      
p-ethylguaiacol 1.7 3.3     
isoeugenol 6.0      
vanillin 1.3 1.3     
cis-isoeugenol 0.4      
2-methoxy-4-methyl-6-[(1E)-1-propenyl]phenol  0.7     
isocreosol  1.1     
4-methoxy-3-methylphenol  1.1     
syringol     84.5 82.5 
phenol    0.3   

Mono-aromatics o-dimethoxybenzene  1.1      
2,5-dimethoxyethylbenzene  0.3     

Naphtols 3-methoxy-2-naphthol  ++

Phenols catechol  2.5     
Quinones hydrothymoquinone  2.4      

total volatiles (wt.%) 61.8 37.2 74.1 64.3 84.5 85.3 

þþ was detected with a peak area > 1%, but could not be quantified. 
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showed that the content of the alkaline earth metals (2222 ppm (mg 
kg− 1) K and 17,980 ppm (mg kg− 1) Na) in XYL caused a slight increase in 
the acetaldehyde yield (compared to purified hemicellulose) whereas all 
AAEMs contributed to formic acid and acetol decrease. In this study, the 
acetaldehyde and acetol (or hydroxyacetone) yields are within the range 
of those previously reported which supports the catalytic activity 
inflicted by the AAEMs present in XYL. However, Table 4 shows that 
formic acid was not a main product from XYL pyrolysis at 350 ◦C as 
previously reported with yields ranging between 7 and 11 wt% [24]. 
Although formic acid was not quantified in the FID, traces of formic acid 
(m/z 45, 46) were detected in the MS. The addition of salt B in XYL 
pyrolysis showed to promote even more depolymerization, rearrange
ment and dehydration reactions leading to an increase in furfural yield 
(13 wt% - > 23 wt%) similar to CEL pyrolysis with salt B. 

3.1.2.2. Lignin derived. Vinyl guaiacol (V-GUA), guaiacol (GUA) and 
syringol (SYR) were chosen as the model compounds to observe the 
interaction between the lignin fraction (or intermediates thereof) of 
lignocellulosic biomass (PW and WS) and salt B (Table 5). From the 
overall volatile yields, it is observed that salt B was reactive towards the 
model compounds in the following order V-GUA > > GUA > SYR. 
Especially in the case of V-GUA, it is evident that the molten salts pro
moted the formation of char and non-condensable gases over the vola
tiles. The three model compounds reacted with salt B and formed 
chloromethane (CH3Cl) as a pyrolysis by-product at 350 ◦C; the CH3Cl 
yield was prominent in the following order V-GUA > SYR > > GUA. The 
formation of CH3Cl more specifically derived from the reaction of 
methanol and HCl as indicated in eq. 1. This was demonstrated in our 
previous study [11]. In essence, the eutectic chloride mixture salt B 
catalyzed demethoxylation reactions of methoxyphenols like 4-vinyl
guaicol and guaiacol, generating methyl groups that in the presence of 
water formed methanol. Hydrochloric acid on the other hand, was 
formed from the salts’ hydrolysis in the presence of water as shown in 
eq. 2, where M stands for metal (like Zn) and X for halides. Although salt 
B was deep dried at 300 ◦C prior its use to prevent water being present in 
the molten salt and thus to reduce subsequent salt hydrolysis, water 
formed from biomass dehydration reactions still led the salts to hydro
lyze and form HCl. 

CH3OH +HCl→CH3Cl+H2O (1)  

MX2 +H2O→MO+ 2HX (2) 

The interaction between salt B and the lignin-derived model com
pounds supports the reaction mechanisms proposed for Lignoboost Kraft 

lignin and salt B in our previous publication [11]. Essentially, salt B 
promoted demethoxylation of GUA to a certain extent, which formed 
phenol and methanol. Moreover, salt B completely decomposed V-GUA 
through cracking reactions which mainly produced guaiacol (15 wt%). 
Since creosol is formed in both V-GUA pyrolysis with and without salt B 
in comparable yields (1.3 to 1.9 wt%), it is fair to suggest that salt B does 
not contribute in this particular reaction mechanism of V-GUA. Salt B 
also promoted demethoxylation of SYR to a limited extent (SYR yield 
decreased by 2 wt%), given the methanol production (starting point for 
CH3Cl formation, also formed). However, since guaiacol was not 
detected from SYR pyrolysis in salt B, it is likely that the reactive SYR 
fraction was fully converted to char. 

3.1.3. Effect of molten salts on the chemical portfolio 
The vapor phase product distribution -based on chemical group as

sociation- is compared between PW and WS with and without salt B in 
Fig. 3. The list of compounds from each chemical group is detailed in 
Table S4 from the SI. What can be clearly seen in this figure is the 
dramatic increase in furans in PW and WS pyrolysis when the chloride 
molten salts have been added, which is also clear from the increment in 
the C5 fraction (Fig. 2). In both cases with the presence of salt B, the 
furans yields were 18.4 wt% higher compared to the pure feedstock 
pyrolysis, which led to a total furans yield between 32 and 32.6 wt%. 
The enhanced furans production (mainly furfural) stemmed from the 
catalytic activity that salt B has on the primary and secondary reactions 
from cellulose and hemicellulose fractions of the feedstock, as shown in 
Table 4 from the model compounds. The effect that molten salts have in 
both primary and secondary reactions cannot be disentangled. However, 
it is certain that molten salts catalyzed secondary reactions of in
termediates (like 5-HMF produced in PW) into furfural. 

The production of carboxylic acids (acetic acid) had a different trend 
in PW and WS with the addition of salt B. While carboxylic acids from 
PW pyrolysis increased with salt B, the trend was opposite for WS. 
During pyrolysis (without salts), acetic acid is mainly produced from 
deacetylation of hemicellulose, but is also expected from the thermal 
cracking of cellulose [31]. A higher hollocellulose fraction (especially 
hemicellulose) in WS could explain the higher production of carboxylic 
acids from WS pyrolysis compared to that from PW, but this is not the 
case. Both the hemicellulose fraction in PW (27 wt%) is fairly compa
rable to that in WS (25 wt%); and the cellulose fraction in PW (46 wt%) 
is also comparable to that in WS (45%) [32,33]. The observed larger 
yield in carboxylic acids from pure WS pyrolysis however can be 
attributed to higher quantities of ash forming elements in WS compared 
to PW. In parallel, this also explains the lack of anhydrosugars 

Fig. 3. Distribution of chemical groups 
in pinewood and wheat straw pyrolysis 
with and without salt B (ZNCl2:KCl:NaCl 
composed of 44.3–41.9-13.8 mol%); 
conditions: 350 ◦C, 0.4 MPa helium, mass 
fraction of biomass in the sample was 
0.09. Actual values of furans and car
boxylic acid yields have been indicated as 
the major compound groups. Chloro
methane yields are depicted as circles 
and can be read in the secondary y-axis. 
(For the list of individual compounds 
included within each group, the reader is 
referred to Table S4 from SI).   
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production from WS, opposite to what was observed from PW. The 
composition of the ash forming elements in PW and WS is shown in 
Table 6. 

Patwardhan et al. (2010) have proven that very small amounts of 
AAEMs (particulary K+, Na+, Mg2+, Ca2+) present in the ash alter py
rolysis products, leading to a decline of anhydrosugars (mainly levo
glucosan) and formation of low molecular weight species (like formic 
acid, glycolaldehyde and acetol). The suggested order of the AAEMs 
effect on levoglucosan yield follows K+ > Na+ > Mg2+ > Ca2+ [35]. 
These observations are confirmed by comparing the pyrolysis of pure WS 
and PW in this study and their AAEMs quantities (shown in Table 6). 
Specifically, the high content of potassium in WS most likely catalyzed 
secondary reactions of anhydrosugars (mainly levoglucosan) from WS 
pyrolysis, leading to higher acetic acid yields in WS (17.4 wt%) 
compared to PW (10.6 wt%) as shown in Table S4. In parallel, low 
molecular species such as acetol (or hydroxyacetone) increased in pure 
WS (7.7 wt%) compared to pure PW (3.8 wt%) (shown in Table S4 in SI), 
which also reflected the effect of the AAEMs in the secondary decom
position of levoglucosan [28]. Consequently, without the interaction of 
the ash forming elements in the original primary pyrolysis compounds 
derived from PW (levoglucosan production mainly), there was more 
pronounced acetic acid production from PW with salt B (18 wt% ca.) 
compared to WS with salt B (15 wt%), as a result from salt-catalyzed 
secondary reactions of levoglucosan from PW. 

The primary methoxyphenols from pyrolysis of PW (10.4 wt%) and 
WS (6.2 wt%) at 350 ◦C were 4-vinyl guaiacol > guaiacol > cis/trans 
isoeugenol. The higher yield of methoxyphenols from PW pyrolysis was 
mainly because of a higher content of 4-vinyl guaiacol produced (4 wt 
%), compared to WS (3 wt%). From the results observed with the lignin- 
related model compounds (Table 5), the methoxyphenols’ formation 
was expected to decline with the addition of salt B. Salt B promoted 
cracking and demethoxylation reactions of 4-vinyl guaiacol, guaiacol 
and cis/trans isoeugenol formed during PW and WS pyrolysis, which 
consequently formed guaiacol (solely) as well as methanol and most 
likely ethylene/propylene (not detectable in the current configured set- 
up). The more pronounced decrease in the methoxyphenols’ total yield 
from PW compared to WS in the presence of salt B can explain the higher 
CH3Cl formation from PW compared to WS, stemming from the higher 
methanol production from demethoxylation reactions of the phenolics 
in PW. With salt B, the quantified yield of methoxyphenols (consisting 
only of guaiacol) from both PW and WS was ca. 2 wt%. 

Regarding the ketones, these are typically formed from intermediates 
such as anhydrosugars. Especially in WS, which has more AAEMs, the 
anhydrosugars are broken down to more ketones (like acetone, 
hydroxyacetone). As the salts catalyze a different reaction starting from 
the anhydrosugars or precursors thereof, there are no more or fewer 
anhydrosugars left to decompose into ketones. Hence, it makes sense 
that the ketones are quite suppressed in the presence of the salts, but are 
elevated without the salts (especially in WS). 

Overall, this sub-section explored the influence of salt B on the 

product distribution from pinewood and wheat straw pyrolysis. Furan- 
ring compounds followed by carboxylic acids were the dominant 
chemical species from pyrolysis of these biomasses in the presence of salt 
B. 

3.2. Optimization of hydropyrolysis of lignocellulosic biomass in molten 
ZnCl2:KCl:NaCl salts 

Hydropyrolysis of pinewood (PW) and wheat straw (WS) with 
molten chloride salts (salt B) was performed in a tandem micro reactor 
(py-GC–MS/FID with hydrogen); the effect of 3 process variables was 
investigated in this section: pressure, biomass mass fraction in the 
biomass-molten salts mixture and temperature. The effect of pressure 
(0.4–3.0 MPa) in molten salts hydropyrolysis was investigated for both 
PW and WS. Nonetheless, the effect of the mass fraction of biomass in the 
biomass-salt B mixture (0.09–0.24) and temperature (350–450 ◦C) in 
molten salts hydropyrolysis was investigated solely for PW, to focalize 
the research. 

Firstly, pressure was investigated mainly to find an optimal condition 
for hydrogenation (+H2) and hydrodeoxygenation (+H2, -H2O) of furan- 
ring compounds, which are selectively produced due to salt B’s catalytic 
effect during the biomass conversion. Secondly, as discussed in section 
3.1, the lower the mass fraction of biomass used in pyrolysis of ligno
cellulosic feedstock with molten salts (i.e. more molten chloride salts), 
the more primary volatiles are hindered to be released from the mixture. 
Therefore, a reasonable approach was to investigate the increase of the 
mass fraction of biomass in the biomass-molten salts mixture. Finally, in 
accordance to modelling data on the chloride salts stability, the incre
ment in molten salts hydropyrolysis temperature (> 350 ◦C) was tested 
when higher pressures were also applied. The effect of these 3 process 
variables on lignocellulosic biomass hydropyrolysis in molten chloride 
salts was assessed with respect to 1) the overall volatiles yields and 2) 
the hydrogenation/hydrodeoxygenation of the furanic compounds. 

3.2.1. Effect of process conditions on the overall volatiles’ yields 
Fig. 4 and Fig. 5 show PW and WS hydropyrolysis in the presence of 

molten chloride salts respectively, under different process conditions. 
The effect of the process conditions was assessed on the volatiles yield, 
carbon-in-volatiles yield and oxygen-in-volatiles content attained; the 
char and non-condensable gases yields however could not be deter
mined. Although, semi-quantitative CO2 yields under the different pro
cess conditions are included. Fig. 4 and Fig. 5 show the effect of pressure 
(experiment number 1 to 3) for PW and WS respectively, while Fig. 4 
additionally shows the effect of mass fraction of biomass in the biomass-salt 
B mixture and temperature for PW (experiment number 4 to 7). 

Before examining the effect of the different process conditions on 
hydropyrolysis with molten salts, it is important to highlight the influ
ence of the reaction atmosphere (H2 and He) on the volatiles yield from 
lignocellulosic biomass. The total yield of pyrolysis volatiles attained at 
350 ◦C (Table 3) was higher than the total yield of hydropyrolysis vol
atiles (Fig. 4 and Fig. 5). The differences in volatiles’ yield when 
comparing H2 and He atmospheres, can be observed from both pure 
biomass or from biomass with salt B (only at conditions of 350 ◦C and 
0.4 MPa). For example, the total yield of volatiles from PW pyrolysis and 
PW hydropyrolysis (without molten salts) were ca. 55 wt% and 36 wt% 
respectively. Sugar intermediates in pyrolysis, which can be quite 
reactive, can potentially be more unstable in the hydrogen atmosphere 
and thus lower the recorded volatile yield, even at these fairly low 
temperatures. This will be evidenced further in section 3.1.2.1, where 
the volatile yields of the hollocellulose model compounds is assessed. 
Most likely then and in the presence of hydrogen, the more reactive and 
smaller oxygenates are converted into smaller aliphatics (like C2/C3) or 
non-condensables (CH4), however, the latter compounds fall outside the 
detection of the GC–MS (with respect to the m/z scanning range). 

These observations regarding the influence of reaction atmosphere 
are comparable to those of Wang et al. (2022), where it was found that 

Table 6 
Elemental analysis for pinewood and wheat straw samples. Main values have 
been highlighted [34].  

Element Pinewood (wt%) Wheat straw (wt%) 

Al 0.004 0.023 
Br <0.10 <0.10 
Ca 0.11 0.27 
Cl 0.14 0.51 
Fe 0.012 0.029 
K 0.032 0.91 
Mg 0.023 0.052 
Mn 0.013 0.003 
Na 0.005 0.008 
P 0.003 0.024 
Si 0.026 0.95 
Ti 0.001 0.001  
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the C-yield was higher from cellulose pyrolysis than cellulose hydro
pyrolysis; the latter though was only observed at the lowest pressure 
tested (1.0 MPa). Under higher pressures (> 1.5 up to 3.0 MPa), they 
found an opposite trend, in which higher C-yields were attained under 
H2 compared to He atmospheres. Similarly to their work, this study also 
found that H2 changed the product distribution from lignocellulosic 
biomass (without molten salts), mainly because H2 enhanced the for
mation of ketones (shown further in section 3.2.3) [17]. 

Now, clearly an increase in pressure caused a sharp decrease of the 
volatiles yield from PW and WS hydropyrolysis in salt B, where the 
volatiles’ yield decreased from ca. 35 wt% at 0.4 MPa down to a range of 
12 wt% (WS) to 16 wt% (PW) at 3.0 MPa (shown in Fig. 4 and Fig. 5). 
Therefore, high pressure-molten salts hydropyrolysis favored the for
mation of either non-condensable gases or char. It is possible that the 
formation of methane was promoted at higher pressures (CO2 + 4H2 → 
CH4 + 2H2O) as observed from cellulose hydropyrolysis experiments 

conducted at 1.0 MPa (< 3%) vs. 3.0 MPa (11.8%) [17]. Although the 
non-condensable gases yield is unknown in this study, semi-quantitative 
CO2 yield is known from the MS and is shown in Fig. S4 in the SI. This 
figure shows that with increasing pressure from 0.4 MPa to 3.0 MPa 
(experiment number 1 to 3), the CO2 yield decreased by ca. 40% for PW 
and by ca. 26% for WS. This could suggest that in fact CO2 reacted with 
H2 to some extent to produce methane. He et al. (2023) has shown 
through kinetic studies of biomass pyrolysis with molten salts that CO 
and H2 is mainly formed from lignin, CO2 mainly from cellulose and CH4 
mainly from hemicellulose and cellulose [36]. Nevertheless, given the 
fact that the volatiles yield decreased at higher hydropyrolysis pressure, 
which is opposite to the observations of Wang et al. (2022) for cellulose 
hydropyrolysis, it is possible that the formation of char was more 
favored than that of non-condensable gases because of the diffusion 
barrier imposed by the molten salts during the release of volatiles 
combined with high-pressure conditions [17]. This was confirmed in the 
experiments number 3 to 5 in Fig. 4, which showed that an increase of 
the biomass mass fraction in the biomass-salt B mixture (i.e. less molten 
salts used and thus lower limitations imposed on the diffusion of vola
tiles out of the molten salt medium) from 9 wt% to 24 wt% resulted in a 
5 wt% increase of the volatiles yield. 

The study of process temperatures >350 ◦C for chloride molten salts 
pyrolysis (or hydropyrolysis in this case) was limited in our previous 
study because of the existing risk of salt’s hydrolysis (leading to HCl 
production) and volatilization of ZnCl2 [11,21]. These two phenomena 
are of relevance at analytical scale but also at larger scale. HCl formation 
could lead to corrosion of reactor metal vessels whereas ZnCl2 volatili
zation could result in contamination of the condensed bio-liquids pro
duced at larger scale reactors. Modelled hydrolysis (HCl in gas form) and 
volatilization (ZnCl2 in gas form) from salt B however, showed that 
hydropyrolysis temperatures >350 ◦C could be used more reliably under 
pressures >1.6 MPa (Fig. 6). At low H2 pressure (0.1 MPa), ZnCl2 in salt 
B starts to volatilize after ~375 ◦C with rapid increase when the tem
perature goes to up 500 ◦C (Fig. 6- a). Conversely, at higher H2 pressures 
of 1.6 MPa (Fig. 6 – b) and 3.0 MPa (Fig. 6– c), ZnCl2 in salt B is predicted 
not to volatilize in the temperature range assessed (i.e up to 500 ◦C). 
Moreover, it was also evident that HCl formation from salt B was by far, 
much less pronounced at any temperature under H2 pressure of 1.6 MPa 
or 3.0 MPa compared to 0.1 MPa. Chloride molten salts-hydropyrolysis 
of lignocellulosic biomass under high H2 pressure of 3.0 MPa was 
thereby chosen to study the effect of elevated temperature (up to 450 ◦C) 
while simultaneously preventing volatilization and hydrolysis derived 

Fig. 4. Volatiles yield, carbon-in-volatiles yield and oxygen-in-volatiles mass fraction from pinewood hydropyrolysis in salt B under different process conditions (T: 
temperature, m: biomass mass fraction in biomass-salt B mixture, P: pressure); salt B is composed of ZnCl2:KCl:NaCl in the ratio of 44.3–41.9-13.8 mol%. 

Fig. 5. Volatiles yield, carbon-in-volatiles yield and oxygen-in-volatiles mass 
fraction from wheat straw hydropyrolysis in salt B under different process 
conditions (T: temperature, m: biomass mass fraction in biomass-salt B mixture, 
P: pressure); salt B is composed of ZnCl2:KCl:NaCl in the ratio of 44.3–41.9- 
13.8 mol%. 
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phenomena (experiment number 5 to 7 in Fig. 4). 
The high-pressure hydropyrolysis volatiles from PW in salt B 

increased from ca. 22 wt% to 30 wt% with a temperature increase from 
350 ◦C to 450 ◦C. Importantly, no HCl excess (that would be detected in 
the chromatograms) or signs of ZnCl2 volatilization were observed under 
the high-pressure and high-temperature conditions tested, which vali
dated the modelled hydrolysis and volatilization behaviour of salt B 
(shown in Fig. 6). In spite of that, a major contributor to the mentioned 
increase in the volatiles yields was chloromethane, which suggests that 
at 450 ◦C the HCl formation resulting from salts’ hydrolysis was more 
pronounced than at 350 ◦C. 

Overall it was observed that the mass fraction of oxygen in the vol
atiles varied from 35 wt% down to 24 wt% (Fig. 4 and Fig. 5), where 
both an increase in the mass fraction of biomass in the biomass-salt B 
mixture and also an increase in temperature, seems to be favorable for 
decreasing the oxygen content in the volatiles. With the biomass mass 
fraction increase and especially upon temperature increase, more 
phenol-type volatiles were obtained (like alkyl-phenols shown in 3.2.3), 
because less salts were used and hence their imposed barrier to the 
volatiles release (which repolymerise phenol intermediates to char) was 
suppresed to certain extent. This can therefore explain why the overall 
oxygen concentration in the volatiles decreases because of the lower O 
content in the phenolic molecules. 

3.2.2. Hydropyrolysis of model compounds 
Similar to the assessment of chloride molten salts’ catalytic effect on 

the pyrolysis of model compounds under helium, py-GC–MS/FID tests of 
model compounds under hydrogen atmosphere were also performed at 
350 ◦C (Table 7 and Table 8). The list of model compounds included 

levoglucosan (LG), xylan (XYL), cellulose (CEL), furfural (FF), 4-vinyl 
guaiacol (V-GUA), guaiacol (GUA), syringol (SYR) and creosol (CRE). 

3.2.2.1. Holocellulose derived model compounds. Different from the work 
of Wang et al. (2022) where levoglucosan (LG) was not observed as a 
hydropyrolysis product of a pure LG injection, this study did quantify LG 
as a hydropyrolysis product [17]. This difference most likely occurred 
because of the thermal instability of LG at the temperature used in their 
work (500 ◦C) compared to that of this study (350 ◦C). 

The total quantified volatiles from pure LG hydropyrolysis at 350 ◦C 
was approximately 10 wt% lower than the yield obtained using a helium 
atmosphere (section 3.1.2). Although the main detected product from 
pure LG injection under both He and H2 was LG itself (70 wt% and 53 wt 
% respectively), the by-products differed. Under H2 atmosphere, one of 
the divergent by-products from LG was cyclopentenone which could 
have been formed from hydrodeoxygenation of furfural [17]. Another 
differing by-product was hydroxyacetone which can be formed as a 
secondary decomposition compound from LG. Importantly, it is believed 
that hydroxyacetone is mainly produced from direct conversion of cel
lulose molecules and less from secondary reactions derived from LG 
[28]. Nevertheless, under H2 atmosphere, the formation of hydrox
yacetone occurred from secondary decomposition of levoglucosan (4.8 
wt%) or xylan (8.7 wt%) and not from direct conversion from CEL given 
that hydroxyacetone was not produced from this model compound 
(Table 7). 

The catalytic effect from the chloride molten salts (salt B) observed 
on LG pyrolysis was also observed in LG hydropyrolysis, this being a 
high selectivity for furfural and acetic acid production. However, LG 
hydropyrolysis in salt B produced a total volatiles’ yield (ca. 27 wt%) 

Fig. 6. Modelled hydrolysis (black curve) and volatilization (green curve) of ZnCl2:KCl:NaCl molten salts (salt B) at different pressures in function of temperature. 
(a): 0.1 MPa, (b): 1.6 MPa and (c) 3.0 MPa. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Table 7 
Py-GC–MS/FID (yield in wt%) of sugars-related model compounds with and without molten salts under hydrogen atmosphere at 350 ◦C and 0.4 MPa. LG: levoglucosan, 
XYL: xylan, CEL: cellulose, FF: furfural, SB: Salt B. Highlighted yields in the table are of relevance and discussed in text.  

Groups Compound LG 
(wt%) 

LG + SB (wt%) XYL (wt%) XYL + SB (wt%) CEL 
(wt%) 

CEL + SB 
(wt%) 

FF 
(wt%) 

FF + SB 
(wt%) 

Alcohols methanol   1.5 1.3     
Aldehydes pentanal   0.1      
Alkanes isobutane  0.3 0.3      
Alkenes (E)-2-butene      0.5   

Anhydro-sugars 
levoglucosan 53.0    27.1    
levoglucosenone     ++

1,4:3,6-dianhydro-α-D-glucopyranose     ++

Carboxylic acids 
acetic acid  3.0 2.6 2.9  3.2   
propanoic acid   7.3      

Esters 2(5H)-furanone 0.9    1.4    
2-hydroxy-gamma-butyrolactone   ++

Ethers ethyl propenyl ether   0.1      

Furans 

2-methylfuran  0.6  1.6  1.4 44.2 15.9 
furfural  15.7 3.9 29.0 3.1 19.6 54.0 90.9 
2,5-dimethylfuran     0.6    
acetylfuran  0.4    0.4   
furan  0.6  1.2  0.8   
5-methylfurfural  0.7   1.0 0.6   
furfuryl alcohol    1.5 1.0    
HMF     0.7    
furaneol ++ ++

Halogens chloromethane    0.4     

Ketones 

acetone    0.6     
2-butanone   0.1      
cyclopentanone    0.6 0.8    
hydroxyacetone 4.8 5.1 8.7 6.3  4.3   
α-methylcyclopentanone     0.3    
2-hydroxycyclopent-2-en-1-one     1.2    
2-hydroxy-3-methyl-2-cyclopenten-1-one 0.3  0.2  0.5    
2-cyclopen-1-one 1.2    1.2    
1-hydroxy-2-butanone   2.2      
1,2-cyclopentanedione   1.4      
3-pentanone   0.1      
2,3-pentanedione   ++

Phenols 
phenol     0.3    
1,4-benzenediol     0.6    

Sugars D-allose     ++

total volatiles quantified (wt.%) 60.2 26.5 28.5 45.3 39.8 30.8 98.3 106.8 

þþ was detected with a peak area > 1%, but could not be quantified. 

Table 8 
Py-GC–MS/FID (yield in wt%) of lignin-derived model compounds with and without molten salts under hydrogen atmosphere at 350 ◦C and 0.4 MPa. V-GUA: 4-vinyl 
guaiacol, GUA: guaiacol, SYR: syringol, CRE: creosol, SB: Salt B. . Highlighted yields in the table are of relevance and discussed in text.  

Groups Compound V-GUA (wt%) V-GUA +
SB (wt%) 

GUA 
(wt%) 

GUA +
SB (wt%) 

SYR 
(wt%) 

SYR + SB 
(wt%) 

CRE (wt%) CRE + SB 
(wt%) 

Alcohols methanol  2.1 + 0.7  1.8  0.5 

Alkyl phenols m/p-cresol       2.0 17.8 
p-ethylphenol 0.5        

Halogens chloromethane  8.0  1.6  9.0  0.5 

Methoxy phenols 

guaiacol 1.5 20.8 59.2 86.5  0.9   
4-vinylguaiacol 44.4        
trans-isoeugenol 5.1 1.8       
vanillin 2.3        
syringol     68.5 47.5   
p-ethylguaiacol 3.2 5.8       
creosol 2.4 1.9    1.4 65.9 70.0 
(E)-4-(but-1-en-1-yl)guaiacol  1.6       

Monoaroma-tics 

toluene       2.4 3.7 
benzene   1.1      
2,5-dimethoxytoluene  2.0       
p-cymene-2,5-diol  3.3       
1,2,3-trimethoxybenzene     1.0 2.1   

Phenols 
catechol    5.2     
phenol   1.4 5.2  0.3    
total volatiles quantified (wt.%) 59.5 47.2 61.6 99.2 69.5 62.9 70.4 92.6 

+ traces in the MS chromatogram. 
þþ was detected with a peak area > 1%, but could not be quantified. 
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significantly lower than that of LG pyrolysis in salt B (ca. 94 wt%). 
Therefore, under the test conditions (350 ◦C, 0.4 MPa), the H2 atmo
sphere favored non-condensable gases from LG in salt B instead of 
organic volatiles formation. 

To the best of our knowledge, results on xylan (XYL) hydropyrolysis 
have not been published in the past. The main hydropyrolysis products 
from XYL were ketones (mainly hydroxyacetone, 1-hydroxy-2-butanone 
and 1,2-cyclopentadione), carboxylic acids (acetic acid and propanoic 
acid) and furfural. The H2 atmosphere showed to enhance ring scission 
and rearrangement reactions of the XYL structure to favor hydrox
yacetone formation, which was produced more than twice (ca. 9 wt%) 
compared to pyrolysis in a He atmosphere (ca. 4 wt%). 

The production of furfural from XYL (through depolymerization, 
rearrangement and dehydration reactions) was less favorable under H2 
(ca. 4 wt%) compared to He (ca. 13 wt%). Surprisingly, under H2 and 
with the addition of salt B, XYL produced more furfural (29 wt%) 
compared to He pyrolysis and with salt B added (23 wt%). Moreover, 
XYL hydropyrolysis with salt B also promoted the formation of other 
furanic compounds such as 2-methyl furan, furan and furfuryl alcohol. 
The formation of 2-methyl furan and furfuryl alcohol was solely derived 
from secondary hydropyrolysis reactions (i.e. not observed under XYL 
pyrolysis). Furfuryl alcohol was most likely formed as an intermediate 
product from furfural hydrogenation, and 2-methyl furan was produced 
from hydrogenolysis of furfuryl alcohol [5]. It was also observed that 
irrespective of the atmosphere used for LG, XYL or CEL, the presence of 
salt B promoted, to a certain extent, furfural decarbonylation leading to 
the production of furan. Also under H2 atmosphere, XYL was the only 
hollocellulose derived-model compound which interacted with salt B 
when this was added and formed chloromethane (CH3Cl). 

With respect to cellulose (CEL), the type of hydropyrolysis products 
obtained from this model compound were comparable to those observed 
under He pyrolysis. However the total volatiles’ yield from hydro
pyrolysis of pure CEL and CEL with salt B were respectively 21 wt% and 
15 wt% lower than those from He pyrolysis. Regarding furfural (FF), 
Table 7 shows that pure FF hydropyrolysis caused partial hydrogenation 
to 2-methyl furan; whereas in the presence of salt B, this reaction was 
hindered which most likely occurred because of the diffusion barrier of 
the molten salts and therefore the limited contact between FF and the H2 
atmosphere. 

3.2.2.2. Lignin derived model compounds. Table 8 shows that under H2 
atmosphere V-GUA was also, just like in regular pyrolysis, the most 
unstable lignin-derived model compound at 350 ◦C and 0.4 MPa, leading 
to the formation of other phenolics like p-ethylguaiacol, creosol and 
guaiacol. During V-GUA hydropyrolysis, guaiacol was formed (1.5 wt%) 
which could have resulted from the direct cracking of V-GUA (also 
forming ethylene) or alternatively, first by V-GUA demethylation to 
creosol (2.4 wt%) and then by creosol demethylation to guaiacol. 
Another observed reaction was the hydrogenation of the double bond in 
the side chain of V-GUA, which resulted in the formation of p-ethyl
guaiacol; this reaction was promoted by the H2 atmosphere (3.2 wt%) 
compared to the He atmosphere (1.7 wt%) [37]. 

Just like in regular pyrolysis, V-GUA appeared to be very reactive 
during hydropyrolysis in the presence of salt B. The most favored re
actions in the presence of salt B were the cracking of V-GUA to guaiacol 
(21 wt% ca.) on one side and the hydrogenation of V-GUA to p-ethyl 
guaiacol (6 wt%) on the other side. Importantly, with the addition of salt 
B, the yield of CH3Cl from V-GUA hydropyrolysis (8 wt%) and from SYR 
hydropyrolysis (9 wt%) was much higher than from V-GUA pyrolysis (4 
wt% ca.) or from SYR pyrolysis (3 wt% ca.) 

As mentioned in the section for pyrolysis of model compounds 
(3.1.2), CH3Cl can be formed from the reaction of methanol (from 
demethoxylation reactions of phenolics) and HCl (see eq. 1). In this case, 
HCl formation from hydrolysis of the chloride salts (see eq. 2) most 
likely occurred because of moisture uptake during the sample 

preparation of V-GUA and salt B, rather than from dehydration reactions 
(which do occur in lignocellulosic biomass pyrolysis). Nonetheless, in V- 
GUA and SYR hydropyrolysis with salt B, the source of HCl for CH3Cl 
formation could also be the result from the interaction between the H2 
atmosphere and ZnCl2 from salt B (see eq. 3). 

ZnCl2 +H2O→ZnO+ 2HCl (2)  

ZnCl2 +H2→Zn+ 2HCl (3) 

The production of HCl from either eq. 2 or eq. 3 have a similar 
thermodynamic probability for their occurrence (see Fig. S5 in the SI). 
The Gibbs free energy leading to HCl formation from eqs. 2 and 3 (ΔG =
0) occurs at a temperature of around 9,001,150 ◦C, which could signal 
that neither hydrolysis nor hydrogenation of ZnCl2 is thermodynami
cally favorable at the hydropyrolysis temperature used (350 ◦C). How
ever, because in a chloride eutectic mixture (ZnCl2:KCl:NaCl) the ZnCl2 
can hydrolyze (eq. 2) at pyrolysis temperatures as low as 350 ◦C (as 
shown in a previous study [21]), the reaction in eq. 3 is nevertheless 
expected to occur alongside the reactions in eqs. (1) and (2). This would 
at least explain the higher CH3Cl yield from V-GUA and SYR hydro
pyrolysis compared to V-GUA and SYR pyrolysis under He atmosphere 
[11,21]. 

Table 8 clearly shows that the H2 atmosphere promoted to a small 
extent hydrogenation of guaiacol (GUA), which provoked the scission of 
its Caryl-OCH3 bond and formed phenol (and traces of methanol as side- 
product). A further secondary hydrogenation reaction was observed, in 
which the Caryl-OH bond from phenol was split, and formed benzene and 
water (although the latter was not measured in the GC–MS). Both re
actions have been proposed as potential hydrodeoxygenation pathways 
from guaiacol [38]. The addition of salt B in GUA hydropyrolysis 
showed to promote the demethoxylation reaction of guaiacol (forming 
phenol) much more. Moreover, unlike with pure GUA hydropyrolysis, 
the presence of salt B additionally promoted GUA demethylation, which 
converted GUA into catechol and methane (although the latter was 
cannot measured in the GC–MS). 

In the presence of the chloride salts, the yield obtained from syringol 
(SYR) hydropyrolysis was much lower than in their absence which can 
be explained simply by the promotion of demethoxylation reactions 
through catalysis by salt B. This is not observed in the case of pure SYR 
hydropyrolysis. The scission of the two Caryl-OCH3 bonds in SYR induced 
by salt B led to more methanol formation (compared to GUA, with only 
one Caryl-OCH3 bond) which further reacted with HCl (see eq. 2 or 3); 
this ultimately resulted in a higher CH3Cl yield of 9 wt% as previously 
discussed. In addition, it was observed that the hydrogen atmosphere 
promoted the methylation of syringol to 1,2,3-trimethoxybenzene (1 wt 
%). In the presence of salt B, the 1,2,3-trimethoxybenzene yield was in 
fact higher (2.1 wt%). The conversion of syringol to 1,2,3-trimethoxy
benzene has been previously observed in catalytic HDO studies with 
syringol as a side reaction, which has been attributed to its low active 
energy [39]. With regards to the hydropyrolysis of creosol (CRE), it was 
observed that demethoxylation occurred with and without the addition 
of salt B, which produced mainly p-cresol (but also m-cresol). However, 
salt B clearly enhanced the initial CRE volatilization and highly pro
moted its conversion to p-cresol. Moreover, hydrogenolysis of the –OH 
group in p/m-cresol resulted in the formation of toluene, with a yield 
slightly higher in the presence of salt B. An increase in the process 
temperature (which can be caused by the addition of salt B by enhancing 
the heat transfer) has been suggested to promote cresol hydrogenolysis 
[40]. 

A scheme of the main hydropyrolysis reactions of the lignin-derived 
model compounds is proposed in Fig. 7. 

3.2.3. Effect of process conditions on the chemical groups’ distribution 
Fig. 8 and Fig. 9 show the changes in the chemical groups’ distri

bution from PW and WS hydropyrolysis respectively, using chloride 
molten salts with different process variables (experiments numbered 1 
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to 7). A reference test without molten salts (“/” in the figures) was also 
included and the list of individuals compounds included within each 
chemical group can be found in Table S5 from SI for PW and in Table S6 
from SI for WS. Hereafter, first some noteworthy results from these 
supplementary information tables will be discussed. 

As shown in sections 3.1 and 3.2, both the total yield of volatiles and 
the product distribution from pure PW and WS hydropyrolysis differed 
from that of PW and WS pyrolysis in helium (350 ◦C and 0.4 MPa). The 
total volatiles’ yield, which were higher under He (ca. 55 wt% in PW and 
ca. 54 wt% in WS) than under H2 (ca. 36 wt% in PW and ca. 45 wt% in 
WS), appeared to be influenced mainly by the yields of levoglucosan and 
acetic acid produced in each case. It has been demonstrated that under 
H2 atmosphere, hydrocracking reactions of levoglucosan are promoted 
leading to the production of small oxygenates; this can explain the lower 
levoglucosan formation from PW hydropyrolysis (1.3 wt%, see Table S5) 
if compared to PW pyrolysis in helium (9.1 wt%, see Table S4) [17]. 
Also, the decrease in carboxylic acids (mainly acetic acid, see Tables S5 
and S6) under H2 can be explained because hydrogen deoxygenates 
acetic acid to acetaldehyde, a compound that was indeed observed 
exclusively under H2. Moreover with respect to the changes in product 
distribution, it was observed that the yield of ketones from PW and WS 

hydropyrolysis (9.5 wt% and 12.9 wt% respectively, see Table S5 and 
S6) was higher than PW and WS pyrolysis (5.2 wt% and 9.5 wt% 
respectively, see Table S3). Hydroxyacetone was the main product from 
the ketones formed under hydrogen; the hydrogen atmosphere hence 
promoted the decomposition of anhydrosugars, which explains also the 
decrease in yield of levoglucosan. Finally, hydropyrolysis of both PW 
and WS induced a small formation of hydrocarbons (2,3-dimethylhex
ane and 2-butene in this study), which shows that H2 atmosphere 
enhanced HDO reactions [17]. 

Now, hydropyrolysis of PW and WS with chloride molten salts under 
any process condition clearly showed that the prime group of com
pounds generated were furans, but also carboxylic acids and ketones. 
This was a clear difference with what was observed for pure PW and WS 
hydropyrolysis. These differences resemble the observations made for 
PW and WS pyrolysis with salt B (section 3.1.2). Apparently salt B 
catalyzed too the primary and secondary reactions of the hollocellulose 
fraction of PW and WS (forming furans predominantly), while it limited 
the pyrolysis of the lignin fraction within the lignocellulosic biomass (in 
particular the formation of methoxyphenols). 

Fig. 7. Proposed hydropyrolysis reactions network for lignin-derived model compounds with and without chloride molten salts (salt B).  
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3.2.3.1. Pressure. From the two figures above it can be observed that 
the increase in hydropyrolysis pressure (from 0.4 MPa to 3.0 MPa) for 
both PW and WS in the presence of salt B, was detrimental for the yield 
of all the chemical groups. From all of these however, it was mainly the 
yield of furans that was affected. The increase in pressure impacted the 
yield of individual furans as follows: furfural >> 2-methyl furan > furan 
>5-methyl furfural > acetylfuran. In section 3.2.4, more details of the 
process variables’ effect on the individual furans will be presented and 
discussed. Also noteworthy is that the carboxylic acids’ yield (predom
inantly acetic acid) decreased with the increase in H2 pressure, viz. from 
5.5 wt% to 2.5 wt% in the case of PW (Fig. 8, a), and from 5.4 wt% to 2.9 
wt% in the case of WS (Fig. 9, a). Moreover, the yield of ketones (mainly 
hydroxyacetone) decreased from 6.1 wt% to 4.3 wt% with PW (Fig. 8, a) 
and from 4.6 wt% to 0.3 wt% with WS (Fig. 9, a). Regarding the alde
hydes (acetaldehyde mainly), these were only observed at 0.4 MPa H2 

pressure and were no longer detected at 1.6 MPa nor at 3.0 MPa (Fig. 8 
and Fig. 9, b). Because of the overall decrease in the volatiles alongside 
the drop in CO2 yield upon the increase in H2 pressure (see Fig. S4), the 
combination of high-pressure and molten salts’ together likely hinders 
the release of the volatiles. As a consequence char production is favored. 
Contrary to the effect of pressure, the effect of varying the quantities of 
biomass in the biomass-salt B mixture had a positive effect on the release 
of volatiles during molten salts hydropyrolysis as discussed next. 

3.2.3.2. Biomass mass fraction in the biomass-salt B mixture. The in
crease of biomass mass fraction in the biomass-salt B mixture (i.e. less 
molten salts) in PW high-pressure hydropyrolysis with salt B improved 
the release of volatiles (experiment number 3 to 5 in Fig. 8). For 
instance, Fig. 8-a shows an increase in volatiles’ yield for the furans 
above all (ca. 7 wt% to 13 wt%) and for the carboxylic acids (2.5 wt% to 

Fig. 8. Effect of process conditions (T: temperature, m: mass fraction of biomass in biomass-salt B mixture, P: pressure) in the chemical group distribution of 
pinewood hydropyrolysis using chloride molten salts (salt B – composed of ZnCl2:KCl:NaCl in 44.3–41.9-13.8 mol%). Yields from bars are plotted on the left side y- 
axis, yields from dashed-lines are shown on the right y-axis. For the list of individuals compounds included within each group, the reader is referred to Table S4 
from SI. 
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4.1 wt%). Moreover, the formation of alkyl phenols (m/o cresol) shown 
in Table S5 was observed because of the reduced quantities of molten 
salts used. In this case, creosol which is formed from pure PW hydro
pyrolysis (0.9 wt%), was demethoxylated in the presence of salt B and 
formed m/o cresol (as indicated in Fig. 7). Another point regarding the 
increase of biomass mass fraction in the biomass-salt B mixture was that 
this variable did not lowered the CH3Cl yield as it was expected. On the 
contrary, the CH3Cl yield slightly increased when the PW mass fraction 
in the biomass-salt B mixture was increased from 9 wt% to 16 wt% and 
then stabilized at 24 wt% (Fig. 8, a). It is therefore possible that even 
with less quantities of molten salts used (i.e. 84 wt% or 76 wt% 
compared to 91 wt%), the salts can still react with the more available 
PW mass fraction and formed slightly a higher yield of CH3Cl. None
theless, the particular advantage of high-pressure and a high-biomass 
mass fraction in PW hydropyrolysis with salt B was that the CH3Cl 
yield was almost 50% lower than at low H2 pressure (0.4 MPa) while the 
production of furans was only slightly decreased. 

3.2.3.3. Temperature. With respect to the increase in temperature from 
350 to 450 ◦C for hydropyrolysis of PW with salt B (experiment number 
5 to 7), it is fair to say that there were advantages and disadvantages 
when considering the yields obtained. One of the downsides with the 
temperature increase was that the yield of furans dropped from ca. 13 wt 
% to 7 wt%, most likely due to enhanced decarbonylation of furfural to 
form furan (described in section 3.2.4) and CO at higher temperatures 
and in the presence of H2 [41]. Also, the combination of high temper
ature and high pressure conditions contributed in the formation of 
PAHs. PAHs from hydropyrolysis of lignocellulosic biomass in salt B 
could come from the lignin fraction (forming 3-ring PAHs) or from the 
cellulose/xylan fraction (forming 2-ring PAHs) [18,42]. Ring growth via 
Diels-Alder cycloaddition reaction pathways in combination with 
hydrogen abstraction/C2H2 addition have been shown to be a feasible 
mechanism in the formation of PAHs [42]. Moreover, the CH3Cl for
mation (eq. 1) was promoted at the higher hydropyrolysis temperatures, 
leading to an important increase of its yield from 1.5 wt% (at 350 ◦C) to 

5.5 wt% (at 450 ◦C) as shown in Fig. 8, a. It is likely that at a temper
ature > 350 ◦C, more methanol is available to react with HCl and form 
CH3Cl. A higher yield of methanol can be caused by multiple deme
thoxylation of the methoxyphenols obtained from PW (like 4-vinyl 
guaiacol, guaiacol and creosol), which have been demonstrated to be 
catalyzed by salt B in Table 8. In spite of the formation of methox
yphenols not being favored in the presence of salt B (experiment number 
1 to 5 in Fig. 8, a), it may be that with the increase in temperature 
(350 ◦C → 450 ◦C), the initial conversion of the lignin fraction within 
PW was improved towards the formation of methoxy phenols, and 
instantly demethoxylated [18]. 

Now, some of the benefits of the temperature increase were that the 
non-methoxyphenols or alkyl phenols’ yield increased at 400 ◦C (up to 
0.9 wt%) and then at 450 ◦C (up to 1.7 wt%) as observed in Fig. 8, b; 
these consisted of m/p/o cresol, but also dimethylphenol isomers and 
ethylphenol isomers. These data support the observations from Pat
wardhan et al. (2011) on the temperature effect in lignin pyrolysis and 
also support the previous hypothesis of an enhanced demethoxylation of 
methoxyphenols at 400–450 ◦C [43]. For instance, one potential route 
for ethylphenol formation is the hydrogenation/demethoxylation of 4- 
vinyl guaiacol, as shown in Fig. 7. Another benefit of the temperature 
increase was the rising yield of monoaromatics which increased from 
0.1 wt% at 350 ◦C to 2.1 wt% at 450 ◦C (Fig. 8, b); they consisted of 
toluene, pentamethylbenzene, 1-ethyl-2,4,5-trimethylbenzene, xylene 
and benzene. An increase in pyrolysis temperature has shown to 
improve the yield in benzene from lignin intermediates [44]. Moreover, 
these results also support the work of Wang et al. (2022), in which the 
production of monocyclic aromatics from lignin hydropyrolysis was 
enhanced at 3.0 MPa H2 pressure and 500 ◦C, suggesting that the for
mation of monoaromatics occurred by the substitution of phenolic OH 
groups by hydrogen radicals (from hydrogen gas) and methyl groups 
were formed by the cleavage of O-CH3 bonds [18]. A route towards the 
production of monoaromatics can also be through Diels-Alder reactions 
with cellulose pyrolysis products (such as 3-methyl furan); it has been 
demonstrated that this reaction was promoted under a high temperature 

Fig. 9. Effect of varying pressure in the chemical group distribution of wheat straw hydropyrolysis using chloride molten salts (salt B – composed of ZnCl2:KCl:NaCl 
in 44.3–41.9-13.8 mol%). Yields from bars are read in the left y-axis, yields from dashed-lines are read on the right y-axis. For the list of individuals compounds 
included within each group, the reader is referred to Table S5 from SI. 
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and high H2 pressure [17]. 

3.2.4. Effect of process conditions on furanics 
This subsection focuses on the furanics solely and the production of 

MF because of its interest as a renewable fuel additive. As previously 
mentioned, the effect of the three studied variables (pressure, mass 
fraction of biomass in biomass-salt B mixture and temperature) was 
further assessed on the individual furanic compounds obtained from 
hydropyrolysis of lignocellulosic biomass with salt B. The list of furans 
consisted of: furfural (FF), 2-methyl furan (MF), 2,5-dimethyl furan 
(DMF), 2-acetylfuran (ACF), furan (FUR), 5-methyl furfural (MFF) and 
furfuryl alcohol (FA). Fig. 10 shows the effect of pressure, biomass mass 

fraction in biomass-salt B mixture and temperature on the yield of furans 
obtained in molten salts hydropyrolysis of pinewood (PW). Fig. 11 only 
shows the effect of pressure in molten salts hydropyrolysis of wheat 
straw (WS). 

Variation in the furans yields were clearly observed, especially 
regarding FF and MF from both PW and WS (Fig. 10 and Fig. 11, a). This 
may be caused by the complexity in preparing a homogenous mixture of 
biomass and salt B. The high hygroscopicity of salt B can cause salts 
residues to adhere to the mixing spatula, be then partially removed and 
ultimately limit the catalytic activity of salt B during biomass hydro
pyrolysis. Another explanation may be that, unlike with He (inert at
mosphere), the H2 atmosphere promotes hydrogenation reactions which 

Fig. 10. Pinewood hydropyrolysis: effect of multiple process conditions (P: pressure, m: biomass mass fraction in biomass-salt B mixture and T: temperature) in FF, 
MF, DMF, ACF, FUR, MFF and FA production using a mixture of chloride molten salts (salt B) which is composed of ZnCl2:KCl:NaCl in the ratio of 44.3–41.9-13.8 
mol%. 
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makes furfural (the main furanic compound catalyzed by salt B) unstable 
and reactive. The proposed mechanisms in the production and conver
sion of furans from PW and WS hydropyrolysis with salt B are depicted in 
Fig. 12. 

In the hydropyrolysis studies of model compounds (section 3.2.2) it 
was shown that furfural can be formed from the holocellulose fraction of 
PW and WS via two routes. Through a first route (R-1 in Fig. 12), furfural 
can be formed through dehydroxymethylation of HMF, with formalde
hyde as a by-product. The production of HMF itself can occur by direct 
ring opening/cyclization reactions of aldohexoses (D-glucose). But it can 
also be formed as a secondary decomposition product of levoglucosan 

[28]. Secondary decomposition of levoglucosan to HMF though, was 
more likely to occur in PW, because only in this case levoglucosan was 
produced (1.3 wt%). A second route for furfural turnout (R-2) was 
through depolymerization, rearrangement and dehydration reactions of 
aldopentoses stemming from the hemicellulose fraction (e.g. d-xylose). 

The conversion of FF to MF is of particular interest in this study 
because of MF’s potential as a fuel additive [5]. MF was formed from 
pure PW and WS hydropyrolysis at 350 ◦C in small quantities (0.2 wt% 
and 0.3 wt% respectively, shown in Fig. 10, a and Fig. 11, a), however its 
yield increased with the addition of salt B depending on the process 
conditions employed. In H2 atmosphere, FF undergoes hydrogenation 

Fig. 11. Wheat straw hydropyrolysis: effect of pressure in MF, FF, DMF, ACF, FUR, MFF and FA production using a mixture of chloride molten salts (salt B) which is 
composed of ZnCl2:KCl:NaCl in the ratio of 44.3–41.9-13.8 mol%. 

Fig. 12. Proposed reaction pathways of furanic compounds during lignocellulosic biomass hydropyrolysis with a mixture of chloride molten salts (salt 
B). [28,29,41,45,46]. 
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(R-3) which produces furfuryl alcohol (FA), as shown in Fig. 10, b and 
Fig. 11, b. Consequently, hydrogenolysis of FA (R-4) leads to the for
mation of MF. Because FF production was only observed from WS 
hydropyrolysis and not from PW, it is possible to hypothesize that re
action pathways leading to MF’s formation differed between the bio
masses. As explained earlier in section 3.1.3, the higher ash content in 
WS (compared to PW) can explain the promoted dehydration reactions 
from the holocellulose fraction leading to the formation of ca. 3.7 wt% 
furfural (and no levoglucosan); therefore MF from WS hydropyrolysis 
could be formed from FF via R-3 and R-4. Nonetheless, another plausible 
reaction mechanism leading to MF production could be through a series 
of reactions starting off from HMF, in which 5-methyl furfural (MFF) and 
2,5-dimethyl furan (DMF) are intermediates, both found as hydro
pyrolysis products from WS and PW (Fig. 10, b and Fig. 11, b). The series 
of reactions consist of: 1) hydrogenolysis of HMF (R-5) which resulted in 
MFF, 2) hydrogenation of MFF to 5-methyl furfuryl alcohol (R-6), 3) 
hydrogenolysis of 5-methyl furfuryl alcohol to DMF (R-7) and 4) 
hydrogenolysis of DMF to MF (R-9). Alternatively to this route, 5-methyl 
furfuryl alcohol can also react with H2 and form FA (R-8) and from there, 
FA becomes the intermediate to MF (R-4). 

In the presence of salt B and at low H2 pressure (0.4 MPa), the main 
furanic compound produced was furfural in both PW and WS, with an 
average yield ranging from ca. 12.6 wt% to 13.4 wt% respectively 
(Fig. 10 and Fig. 11, a). Under these conditions, MF could still have been 
produced via different routes. Because FA was encountered in both PW 
and WS (ca. 1 wt%, shown in Fig. 10 and Fig. 11, b), the production of 
MF could have occurred via R-3 followed by R-4 starting off from FF. 
Moreover, both MFF and DMF were also intermediates found in both 
biomasses, hence MF was potentially formed too via R-5 - > R-6 - > R-7 - 
> R-9. 

Upon the increase in H2 pressure from 0.4 MPa to 1.6 MPa and 3.0 
MPa, with the exception of DMF, the intermediates FA and MFF were no 
longer produced from neither of the biomasses (see Fig. 10 and Fig. 11, 
b). Given DMF’s formation throughout the rest of the process variables 
tested (experiment number 2 to 7) and its resembling trend in yield to 
MF (both in WS and PW, Fig. 10 and Fig. 11, a), it is possible to hy
pothesize that at pressure > 1.6 MPa, MF formation occurred via R-9 
rather than R-4. The increase in pressure from 0.4 MPa to 1.6 MPa 
improved the MF yields from PW and WS hydropyrolysis with salt B; the 
average MF yield increased in PW from 2.4 wt% to 8.3 wt% and in WS 
from 5.4 wt% to 7.8 wt%. At higher pressures (3.0 MPa), the MF yield 
dropped in both cases to <4 wt%. 

Concerning the increase of biomass mass fraction in biomass-salt B 
mixture from 9 wt% to 24 wt%, this appeared to be favorable for the 
MF’s formation, reaching in average 8.7 wt% from PW (Fig. 10, a). On 
the other hand, the increase in temperature from 350 ◦C to 450 ◦C was 
not beneficial for MF’s production because it reduced its yield to more 
than half. 

Furan (FUR) and acetylfuran (ACF) were also furans encountered 
from PW and WS hydropyrolysis (Fig. 10, b and Fig. 11, b). FUR was 
formed from PW and WS hydropyrolysis only in the presence of salt B, as 
the result of FF decarbonylation reactions or MF demethylation re
actions (R-10 and R-11 in Fig. 12). At high temperatures though (~ 
600 ◦C), it cannot be excluded that furan is formed directly from levo
glucosan without furfural as an intermediate [47]. The yield of FUR 
decreased with increasing pressure, slightly improved with the increase 
in biomass mass fraction in biomass-salt B mixture and was enhanced by 
the temperature increase, reaching a maximum average of 1.1 wt% 
(most likely via R-11). With respect to ACF, this was formed from 
hydropyrolysis of both biomasses with and without salt B and was un
altered by the tested process variables. ACF can be separately formed 
from dehydration reactions of deoxy-hexoses (R-12). 

3.2.5. Optimal process conditions for molten salts hydropyrolysis 
With the exception of temperature, both the increase in pressure and 

mass fraction of biomass in biomass-salt B mixture had a positive 

influence on molten salts hydropyrolysis of lignocellulosic biomass. This 
is concluded based on the yield of MF obtained, which shows the extent 
of promoted hydrogenation, hydrodeoxygenation and demethylation 
reactions of furan-ring compounds (as shown in Fig. 12). From this point 
of view, two alternatives can be considered optimal for MF formation: 1) 
H2 pressure of 1.6 MPa and biomass mass fraction in biomass-salt B 
mixture of 0.09 (MF yield: ca. 8.3 wt% from PW and 8.1 wt% from WS) 
and, 2) H2 pressure of 3.0 MPa and biomass mass fraction in biomass-salt 
B mixture of 0.24 (MF yield: 8.7 wt% from PW). However, further 
research is required to determine whether the combination of H2 pres
sure of 1.6 MPa and a biomass mass fraction in biomass-salt B mixture of 
0.24 (or higher) could result in even higher MF’s yields. 

3.2.6. Individual catalytic effect the constituents chloride salts in salt B 
So far, the focus of section 3 has been on the effect of different 

process variables in hydropyrolysis of lignocellulosic biomasses with 
chloride molten salts (salt B). This last subsection will deal with the 
individual chloride salts used (ZnCl2, KCl and NaCl) and their separated 
catalytic effect in pinewood (PW) hydropyrolysis with salt B. Fig. 13 
shows a series of chromatograms that compare hydropyrolysis of pure 
PW, PW with salt B and PW with each chloride salt. 

Clearly, the selective portfolio of products (mainly furfural and 
acetic acid) that has been observed from PW and salt B hydropyrolysis, 
was the result of the catalytic activity of ZnCl2 in the eutectic mixture 
(chromatograms in green). It has been previously reported that ZnCl2, 
which is a Lewis acid, promoted depolymerization and dehydration of 
hollocellulose in biomass to form furfural [48]. This was also visible 
from the chromatogram obtained from pinewood hydropyrolysis with 
ZnCl2, where distinctly a furfural peak (no. 5 in Fig. 13) was observed. 
The hydropyrolysis chromatograms from PW with KCl and PW with 
NaCl resembled each other, as well as the one of pure PW (chromato
grams in blue). It suggests that these salts did not contribute to the 
observed catalytic effect in PW hydropyrolysis with salt B. 

Although this study has been highly focused on the catalytic prop
erties of chloride molten salts, it is important to recollect the earlier 
claim that molten salts also act as a heat carrier during thermal con
version of lignocellulosic biomass. The eutectic salt mixture (salt B) also 
has a much lower melting point (204 ◦C) than the individual salts which 
ensures that salt B is in a liquid state before any biomass thermal 
degradation reaction takes place upon heating [21]. The latter was 
evidenced by observing a higher total volatiles yield from PW in the 
molten salts (salt B) compared to any of the yields attained from PW with 
the individuals chloride salts (Table 9). 

4. Conclusions 

Results of analytical micro-scale pyrolysis and hydropyrolysis (py- 
GC–MS/FID) of lignocellulosic biomass like pinewood and wheat straw 
and model compounds derived from the hollocellulose and lignin frac
tion were compared in the presence and absence of chloride molten 
salts. The chloride molten salts consisted of a ZnCl2:KCl:NaCl eutectic 
mixture (named salt B). Under H2 and in the presence of salt B, the effect 
of 3 process variables was assessed with respect to the total yield and 
quality of detectable volatiles. These variables were 1) pressure, 2) the 
biomass mass fraction in the biomass-salt B mixture and 3) temperature. 

The increase in biomass mass fraction from 0.05 to 0.09 (i.e. less 
salts) improved the release of pyrolysis volatiles, yielding ca. 53 wt% 
volatiles from wheat straw and to 55 wt% volatiles from pinewood. The 
carbon distribution of the pyrolysis volatiles with salt B mainly consisted 
C5 compounds (ca. 31 wt%) and C2 compounds (15 to 18 wt%), where 
the main C2 and C5 compounds were acetic acid and furfural respec
tively. The analysis of the model compounds both under He and H2 
showed that: 1) salt B highly promoted primary and secondary reactions 
of hollocellulose leading primarily to the formation of furfural and acetic 
acid through various possible mechanisms and 2) regarding the lignin 
fraction, salt B promoted demethoxylation reactions which formed 
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mainly guaiacol and phenol, and chloromethane as by-product. The 
yield of chloromethane was higher when the lignocellulosic biomass and 
salt B were hydropyrolyzed rather than pyrolyzed, most probably 
because an interaction between H2 and ZnCl2 occurred. This reaction 
produces additional HCl, inevitably occurring from the salts hydrolysis, 
and reacts with methanol (from demethoxylation reactions of lignin- 
derived phenolics) to form chloromethane. Importantly, the quality of 
furan-ring compounds (predominant in the presence of salt B) was 
improved under H2 atmosphere because it promoted hydrogenation, 
hydrodeoxygenation and demethylation reactions and ultimately 
increased the production of 2-methyl furan, a prospective fuel additive. 
The main proposed reaction pathway in MF production was through 
furfural hydrogenation to furfuryl alcohol, followed by hydro
deoxygenation of the latter to 2-methylfuran. 

The optimal conditions found for the production of 2-methyl furan 
from lignocellulosic biomass hydropyrolysis with salt B were either at 
1.6 MPa (biomass mass fraction of 0.09) or at 3.0 MPa (with a higher 
biomass mass fraction of 0.24), both at a temperature of 350 ◦C. Under 

these optimal conditions, MF yields were 8.2 and 8.7 wt% respectively. 
Higher temperatures (450 ◦C) were not favorable for the production of 
2-methylfuran and instead promoted furfural decarbonylation to furan. 
Relevantly, it was demonstrated that ZnCl2 was the sole catalytically 
active salt within salt B. Nevertheless, the benefit of employing salt B 
(and not just ZnCl2) during biomass hydropyrolysis was observed from 
the attained higher volatiles yield compared to those obtained with all 3 
of the individual salts. This showed the ability of the molten salts to act 
as a heat carrier too. 
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Fig. 13. Effect of individual chloride salts of salt B on hydropyrolysis products from pinewood; performed at 0.4 MPa, 350 ◦C and 40 wt% biomass mass fraction in 
biomass-salt B mixture; salt B is composed of ZnCl2:KCl:NaCl in the ratio of 44.3–41.9-13.8 mol%. 

Table 9 
Total volatiles yield (wt%) from pinewood hydropyrolysis as (1) 
pure, (2) with the eutectic mixture salt B and (3) with its individual 
chloride salts. Performed at 0.4 MPa, 40 wt% biomass mass fraction 
in biomass-salt B mixture and 350 ◦C.   

total volatiles yield [wt%]* 

pure PW 36.9 
PW with salt B 24.7 
PW with ZnCl2 18.1 
PW with KCl 21.2 
PW with NaCl 21.7  

* excludes chloromethane yield. 
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