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Abstract 

BACKGROUND: In the production of biofuels from lignocellulosic material, biocrude plays a 

key role. The present work deals with the biocrude production through hydrothermal 

liquefaction (HTL) of birch wood in supercritical ethanol over 5 wt. % Fe-H-Beta-150 (SiO2 to 

Al2O3 ratio of 150) or 5 wt. % Fe-SiO2 catalyst.  

RESULTS: The liquid and solid products were characterized with various analytical techniques 

such as GC-MS, GC-FID, SEC, ICP-MS, p-XRD, SEM, and solid-state 13C MAS NMR 

respectively. The results revealed that 5 wt. % Fe-H-Beta-150, a strongly Brønsted acidic 

catalyst, enhanced the biocrude formation when compared with a non-acidic 5 wt. % Fe-SiO2 

catalyst. Hemicellulose and lignin degradation occurred resulting in formation of mainly sugars, 

acids-esters and phenolic compounds in liquid phase. The gaseous atmosphere of hydrogen also 

enhanced the degradation of biomass. The biocrude yield from birch was 25 wt. % over 5 wt. % 
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Fe-H-Beta-150. The Brønsted acidic catalyst gave higher dissolution efficiency and its clear 

catalytic effect was observed in comparison to non-acidic 5 wt. % Fe-SiO2. The degradation 

level of lignin in presence of 5 wt. % Fe-H-Beta-150 was high 68 wt. % aromatic products were 

formed, while only 38 wt. % was obtained with 5 wt. % Fe-SiO2.  

CONCLUSIONS: Hydrogen atmosphere enhances the fractionation of birch wood when 

compared to argon atmosphere. 5 wt. % Fe-H-Beta-150 catalyst enhanced very strongly the 

degradation of hemicellulose and lignin in biomass to sugars and acid-esters as well as phenolic 

compounds, respectively compared to the non-acidic 5 wt. % Fe-SiO2 catalyst. 

Keywords: hydrothermal liquefaction (HTL), birch, supercritical ethanol, hydrogen 

atmosphere, iron supported zeolite.  

INTRODUCTION   

The population in the world is continuously increasing thus resulting in an increased energy 

demand. Fossil-based resources are limited and they produce scaring intensities of pollution. 

Therefore, inequity in energy supply and demand makes the development of alternative energy 

sources necessary.1-4 In that context, lignocellulosic biomass is one of the most worthy among 

renewable resources on earth since it absorbs atmospheric CO2 during photosynthesis and is 

proficient of addressing both the concerns of enriched domestic fuels production, and the 

lifecycle of greenhouse gas emissions. Furthermore, biofuels contain insignificant amounts of 

sulphur and metals.5-6 

   Biocrude plays a vital role for the production of biofuels from lignocellulosic biomass. 

Conversion of biomass into biocrude has been narrowly investigated. Conservatively 

transformation of biomass has split into two main classifications, termed as biochemical and 

thermochemical approaches. Among these, thermochemical approach is used in this work. 

Pyrolysis and gasification (indirect liquefaction) have been established to be efficient in the 
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production of biocrude from lignocellulosic material.7-8 However, these methods require further 

advancement concerning their economical competence to extract commercially sustainable 

solutions. Out of the pyrolysis, advanced pyrolysis (fast pyrolysis) approach for production of 

biocrude is more demanding, since dry biomass is used as a feedstock. Typically, conditions 

for fast pyrolysis are rapid heating rate and a short residence time (0.5-5 sec) at high temperature 

(800-1000 °C) resulting in 50-70% of liquid yield.9-10 The liquid products contain high amounts 

of oxygen and have thus low heating value, are unstable and corrosive.11-12 This approach has 

also some challenges to be applied in large-scale production and in reactor design.13 Some of 

these frailties lead to concentrating on hydrothermal liquefaction (HTL) process, which is the 

replacement of hydrous pyrolysis, equated to pyrolysis. In HTL process at low heating rates 

and temperatures, biocrude with a lower oxygen content compared to the product obtained in 

fast pyrolysis, can be produced.    

   HTL of biomass is the most promising method and an eco-friendly process for production of 

biocrude from wood biomass, which degrade tough internal chemical structure. Its conditions 

can be related to the formation of fossil fuel under earth crust by geochemical reactions 

occurring thousands of years. Nevertheless, HTL process has limited residence time at elevated 

pressure and temperature. In this process, solvent should be in liquid state under supercritical 

conditions. Solvent preferably acts as a hydrogen donor and it can be either water or alcohol. 

Such solvent enhances hydrogenation, and possesses low viscosity giving high solubility of 

organic substrates. Free radicals in biomass liquefaction can be stabilised by a hydrogen donor 

solvent, which improves the product formation. The reformation of biomass appears under the 

reaction conditions where several reactions occur, i.e., decarboxylation, decarbonylation, 

dehydration, pyrolytic and hydrolytic cleavage reactions.14-16 Some results related to 

liquefaction of biomass in the presence of water as a solvent are summarized in Table 1. 
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   Generally, liquefaction of biomass is performed applying water as a solvent under 

supercritical conditions (over 373 °C and 22.06 MPa). However, it gives low yields of water-

insoluble oil products with a high heating value compared to water-soluble products with a 

lower heating value and a higher oxygen content in the liquefied products, thus resulting in low-

heating values for the liquid products.20 In order to overcome these issues, an alternative solvent 

exhibiting lower critical point and higher solubility of organic substrates of biomass needs to 

be utilized. Polar protic solvents such as alcohols have capability to liquefy solid materials in 

which they are immersed to either liquids or gases and therefore promote gasification or 

liquefaction.21 According to previous studies, presented in Table 2, ethanol is an efficient 

solvent for biomass fractionation and can replace water as a solvent.3, 22-27 

   A homogeneous iron catalyst was successfully used in the supercritical extraction of wood.3, 

28 The present HTL study deals with hardwood species, silver birch (Betula pendula Roth.) as 

a feedstock in the presence of two catalysts having different acidic strengths with bi-functional 

iron modified zeolite, i.e., 5 wt. % Fe-H-Beta-150 zeolite or 5 wt. % Fe-SiO2 in ethanol at the 

supercritical point (6.3 MPa at 243 °C). Transition metal modified zeolites, have found 

applications in different industrial processes such as petro-chemistry, oil refining, production 

of specialty and fine chemicals. Iron-based catalysts have been widely used in coal liquefaction 

processes in which they are more active and economically viable.29-31 The aim of this study is 

to understand the role of these catalysts in ethanol at supercritical point to enhance the aromatic 

product yield. In addition, effect of gas atmosphere on wood liquefaction was investigated using 

either argon or hydrogen. After the completion of the extraction, comprehensive 

characterization of liquid, solid and gaseous products was performed by various sophisticated 

technologies e.g. GC-MS, GC-FID, Size exclusion chromatography (SEC), Inductively coupled 

plasma mass spectrometry (ICP-MS), Powder X-Ray Diffraction (p-XRD), Scanning electron 

microscope (SEM), and Solid-state nuclear magnetic resonance (13C MAS NMR) respectively, 
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to correlate the catalyst properties with the product distribution. According to our knowledge, 

this is the first time to apply these bifunctional catalysts in HTL of hardwood biomass and SEC 

technique to determine heavy molecular fraction in liquid phase. 

EXPERIMENTAL SECTION  

Materials and methods  

The required chemicals for catalyst synthesis and HTL, ferric nitrate nonahydrate (Fluka), silica 

gel 60 (Merck), pyridine (Sigma- Aldrich, >99.5%), ethanol (ALTIA Oyj, 99.5%), hydrogen 

(AGA Oy, 99.999%) and argon (AGA Oy, 99.999 %) were used. Silver birch wood was 

received from the Swedish University of Agricultural Sciences, Sweden. Zeolites were 

procured from Zeolyst International in the ammonium form, calcined at 400 °C in order to get 

them in the proton forms.   

Catalyst synthesis and characterization 

The preparation of 5 wt. % iron modified beta zeolite catalyst using evaporation impregnation 

method (EIM) and for Fe-SiO2, ultra sound-evaporation impregnation method (US-EIM) 

method was used.32 At first, ferric nitrate nonahydrate was dissolved in 250 ml of water and pH 

was recorded. This solution was used for the preparation of Fe modified Beta zeolite. The 

mixture of FeNO3 and Beta zeolite was stirred at 60 °C for 24 h. Thereafter water was 

evaporated, and the catalyst was dried at 100 °C during overnight and calcined in a muffle 

furnace, at 450 °C for 4 h.32 For 5 wt. % Fe-SiO2, the silica particles were added to ferric nitrate 

solution to form a slurry, which was first subjected to ultrasound for 2 h, followed by rotation 

in rotavapor for 24 h. The aqueous solution was finally evaporated and the catalyst was dried 

for 7 h at 100 °C and calcined in a muffle oven at 250 °C for 50 min, then further heating 

3.3 °C/min to 450 °C, holding temperature for 3 h, then after cooling the catalyst to 25 °C.32 
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   The specific surface area of the catalysts were determined by nitrogen adsorption with 

Sorptomatic 1900 instrument and calculated using Dubinin’s method. Acidity of the catalyst 

was investigated using pyridine adsorption desorption with an ATI Mattson FT-IR instrument. 

The amount of Brønsted and Lewis acid sites at 1545 cm-1 and 1455 cm-1, respectively, were 

quantified using the extinction factors taken from Emeis.33 Brønsted as well as Lewis acidity 

of 5 wt. % Fe-H-Beta-150 catalyst is higher compared to Fe-SiO2 catalyst. A detailed 

information of catalyst characterization results can be found in Table 3.   

Experimental setup 

HTL experiments were carried out in a 300 ml stirred reactor (Parr 4560 mini bench top reactor). 

The schematic picture of reactor system is shown in Fig. 1. The reactor was loaded with 7.6 g 

birch powder with the size of < 0.1 mm, 100 ml ethanol and 1 g catalyst.  The moisture content 

of the predried powder was 10 wt. %. The reactor was sealed and then flushed with 0.5 MPa 

argon gas for five times to remove the remaining air in the reactor. In case of hydrogen as a gas 

atmosphere, the reactor was flushed also with 0.5 MPa hydrogen gas for 5 times and filled with 

0.5 MPa hydrogen as initial pressure. Temperature was increased 10 °C/min as the heating rate 

to 243 ºC with slow stirring (50 rpm). Increasing the temperature, caused naturally also a rise 

in pressure. The average pressure inside the reactor was measured and checked using Riedel’s 

vapour-pressure equation for ethanol. When the reactor temperature reached the critical point 

the stirring rate was set to 300 rpm and the extraction was performed for 1 h. The liquid samples 

were collected from the reactor for every 15 min and filtered through 0.45 μm PVDF membrane 

filters. After 1 h, the reactor was cooled to room temperature by using internal water cooling 

coil and an ice bath or cold water. When it reached room temperature, gas samples were taken 

for GC-FID-TCD analysis. After the filtration of the final product, the collected solid and liquid 

products were stored in the refrigerator for further analysis.  
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Analysis of biomass products 

The following schematic diagram (Fig. 2) shows the raw and spent biomass as well as product 

analysis scheme. The fresh and spent biomass have been analysed by various methods in order 

to get a complete picture of the feedstock and different products, containing liquid phase and 

solid products. In addition, a morphology study of solid residue was performed by SEM.     

Liquid phase analysis 

The components in liquid phase sample were identified by GC-MS (Smeds et al., 2012). Prior 

to the analysis the samples were silylated by hexamethyldisilazane (HMDS) and 

trimethylchlorosilane (TMCS) in the presence of pyridine. The silylated samples were 

quantitatively analysed by GC-FID.34  

   According to enclosed supporting information size exclusion chromatography (SEC) was 

used to determine the molecular weight distribution of the liquid phase products. For that 

purpose, 5 g of liquid sample was evaporated in the presence of nitrogen atmosphere at 50 °C 

in hot water bath to remove ethanol and residual solvents. After evaporation, the sample 

solution was prepared as 1 mg/ml concentration with tetrahydrofuran (THF), these liquid 

samples were analysed using HPSEC-ELSD and system conditions can be found in the 

supporting information.34 The yield of biocrude was also measured by weighing of liquid 

sample, which was first dried with rotary evaporator at 60 °C, 200 Pa pressure.      

   In order to determine Fe content among the selected liquid samples, 3 ml of sample was first 

pipetted into Teflon vessel, and evaporated at 80-130° C. Then 5 ml of HNO3 (60%) and 1 ml 

of H2O2 (30%) was added. After that sample was dissolved in a microwave oven (Anton Parr, 

Multiwave-3000), diluted to 100 ml, further diluted 1/5 prior to ICP-MS (PerkinElmer, Elan 

6100 DRC Plus) analysis. Acids are suprapur grade, from Merck. Fe was analyzed in DRC 
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mode, with NH3 as a reaction gas. A commercial multi element standard (Multi-Element 

calibration standard 3, PE#N9300233, from PerkinElmer) was used for calibration.     

Solid phase analysis 

Solid phase samples were analysed to determine cellulose, and hemicellulose contents by acid 

hydrolysis and methanolysis, respectively. In addition, both acid insoluble and Klason lignin 

were determined according to the methods described in Sundberg et al.35-36 The determination 

of the morphological changes of biomass was performed by powder-XRD (p-XRD) (Bruker 

AXS D8 Discover) with a Cu K-α X-ray source. The crystallinity index was defined as the 

amount of crystalline material in total cellulose of fresh and spent biomass by p-XRD and 

calculated according to Scherrer’s approximation method.37 The ratio of the height of the peak 

area (I002) at 2Ɵ=22.5° and minimum peak height at 2Ɵ=18° peak area (IAM) referred as 

crystallinity index (CI) using the following equation: L = 0.9·λ· (β·cos Ɵ)-1, where λ = 1.542 

Å, β is the full width at the half of the maximum (FWHM) defined from fitted peak curves and 

Ɵ is the diffraction angle (2Ɵ=22.2°).37 Solid-state 13C MAS NMR (Bruker 600MHz) was used 

to analyze in chemical transformations of solid residue.38 In addition, scanning electron 

microscopy (SEM) images were taken using a Zeiss Merlin FE-SEM instrument operating at 4 

kV. 
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Gas phase analysis 

The collected gas samples (0.5 ml) were analysed by GC-TCD/FID. The samples were analyzed 

with the temperature program as described in supporting information. Before the analysis of 

the samples with GC-TCD/FID, the system was calibrated with a known gas mixture from AGA 

containing CO2, hydrogen, methane, ethane, propane and isobutane. The gaseous products in 

the liquefaction process were not quantified but only qualitatively identified giving relative 

amounts.       

 

 

Definitions of dissolution degree and yields 

In all calculations, the fresh birch wood was initially dried at 40 ˚C for 2 days to about 10 % of 

water content, similarly the treated samples were also dried and the dry weights were applied 

in all calculations.   

The total dissolution degree of biomass is defined as  

Total dissolution =
mass of biomass − mass of solid residue

mass of biomass
× 100 %            (1) 

    Yield of oil =
mass of oil

mass of biomass
× 100 %                                                    (2) 

in which the oil phase was obtained by removal of ethanol phase using rotary evaporator and 

weighed.     

           Yield of solid residue =
mass of solid residue

mass of biomass
× 100 %                                        (3)    

 

 

RESULTS AND DICUSSION 
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Effect of the gaseous atmosphere on dissolution of birch wood under supercritical 

conditions  

The results from degradation of birch wood performed in supercritical ethanol, either under 

argon or hydrogen atmosphere are shown in Table 4. Biomass degradation in the absence of 

catalyst was slower under inert atmosphere than hydrogen atmosphere (Table 4, entries 2, 3), 

since only 19 wt. % of biomass was dissolved under argon in comparison to 26 % under 

hydrogen. 

   In the liquid samples analyzed by GC-MS, 420 components were identified and out of which 

64 components were quantified by GC-FID (Supporting information Table S1). The 

components were classified into three groups: acids-esters, phenolics, and sugars. The 

degradation of biomass was enhanced without catalyst in the presence of hydrogen when 

compared to argon. The formation of sugar and phenolic components mainly increased under 

hydrogen atmosphere, whereas phenolic compounds, for example isoeugenol monomer was 

extracted 3.3 fold more under hydrogen atmosphere than under inert atmosphere. Interestingly, 

also in hydrogen case more syringaresinol and sinapyl alcohol were formed than under argon. 

      The composition of the remaining solid residues were analysed by acid hydrolysis, 

methanolysis, insoluble and soluble lignin to get amounts of cellulose, hemicellulose and lignin 

(Table 4). When comparing cellulose to hemicellulose ratios with the one of the untreated birch 

(Table 4, entries 1-3), it can be seen that the original cellulose to hemicellulose ratio for fresh 

birch was 1.4, while it increased to 2.2 and 1.9 for argon and hydrogen treated solid residues, 

respectively. This result indicates that although supercritical ethanol treatment facilitated birch 

dissolution in the absence of any catalyst, the gas atmosphere, however, exhibited only a minor 

effect on hemicellulose dissolution. Analogously the cellulose to lignin weight ratio increased 

from fresh birch to hydrogen or argon treated solid residue, however the gas atmosphere had 

only a minor effect on lignin removal. It can be concluded that the total birch dissolution rate 
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was enhanced in hydrogen. For hemicellulose, and lignin dissolution about the same relative 

rates were obtained independent on the gas atmosphere. 

  

Effect of the catalyst under hydrogen atmosphere in birch wood degradation 

Overall birch dissolution efficiency 

The most promising catalyst in our studies with the highest total dissolution under hydrogen 

atmosphere was 5 wt. % Fe-H-Beta-150 catalyst giving the total dissolution of 33 wt. % from 

birch (Table 4, entry 4a). The results from the reproducibility test of this catalyst (Table 4, entry 

4b) showed that the experimental error in total dissolution of birch was only 6%, which is 

acceptable.  When using the non-acidic 5 wt. % Fe-SiO2 catalyst, the dissolution degree of birch 

was only 20 wt. % being almost the same as obtained with argon in the absence of catalyst 

(Table 4, entries 2 and 5). This result indicates that acidity is required to dissolve biomass more 

efficiently and Fe-SiO2 does not act as a catalyst in birch dissolution. The bio-oil yield from 

birch for 5 wt. % Fe-H-Beta-150 was 25 wt. %, whereas the corresponding value over 5 wt. % 

Fe-SiO2 was only 17 wt. %. The high oil yield in the current work was obtained over an acidic 

Fe-H-Beta-150. In addition to the presence of an acidic catalysts, the influence of 10 wt. % of 

moisture in birch chips cannot be excluded. It is known that water exhibits an acidic nature 

under the studied reaction conditions.39 It can be concluded that both water inside the wood and 

the use of high temperature facilitate a more efficient dissolution of birch in the presence of a 

Brønsted acidic catalyst. Higher catalytic efficiency of the 5 wt. % Fe-H-Beta-150 in 

comparison to Fe-SiO2 in birch fractionation was also qualitatively clearly visible in the SEM 

images of the solid residue (Fig. 4) showing that the wood surface was more disrupted in the 

former case.  
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    In comparison of the current results with literature,3 it can be concluded that the current 

results are in good agreement with those reported by Xu et al.3 in which pine dissolution without 

any catalyst gave 30% dissolution at 225°C in 40 min under initial 5 MPa of hydrogen, whereas 

in the present work birch was used as a feedstock giving 26 wt. % dissolution efficiency. It 

should, however, be kept in mind that the initial hydrogen pressure in the current work was only 

0.5 MPa, even though the total pressure was 6.3 MPa. Xu et al.3 reported also 88 wt. % pine 

wood conversion with a homogeneous FeSO4 (5 wt. %) catalyst under 5 MPa hydrogen pressure 

at 350°C. In the current work 33 wt. % conversion was obtained with birch over the 

heterogeneous 5 wt. % Fe-H-Beta-150 catalyst at 263 °C at 6.2 MPa total pressure. 

 

Results from liquid phase analysis 

The liquid phase products were identified by GC-MS and quantified by GC-FID (Supporting 

information, Table S1) showing that when using 5 wt. % Fe-Beta-150 catalyst treated samples 

contained considerable amounts of acids-esters, phenolics and sugar components. Interestingly 

isoeugenol is present in the reaction products, while it has been reported Huang et al.,40 in which 

the main products were alkylmethoxyphenols at 180 °C, 2 h under 30 MPa H2 over Pd/C 

catalyst. It is concluded that iron was not a very efficient hydrogenation catalyst. The 

degradation of biomass in the presence of 5 wt. % Fe-H-Beta-150 catalyst enhanced the 

decarboxylation and esterification of fatty acids, whereas the amounts of monomeric and 

dimeric sugars decreased over strongly acidic catalyst. The latter effect can be explained by the 

fact that sugars are not stable under the harsh conditions in the presence of an acidic catalyst. 

The concentration of phenolic components was high in 5 wt. % Fe-H-Beta-150 case (Fig. 3). 

The formation levels of acid-esters, phenolics, sugars and others were 15 wt. %, 68 wt. %, and 

17 wt. %, in 5 wt. % Fe-H-Beta-150 case, respectively.  
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   In the case of 5 wt. % Fe-SiO2 treated sample the amount of sugar components increased in 

comparison to other components.  The formation levels of acid-esters, phenolics, sugars and 

others were 13 wt. %, 38 wt. % and 49 wt. %, respectively. Correspondingly, the remarkable 

degradation levels of lignin can be found with both catalysts. 

   SEC analysis was used in this work in order to characterize the heavy liquid phase products. 

Anderson et al.,41 reported formation of oligomers, i. e. dimer, trimer and tetramer compounds 

in corn stover lignin. These results, compared to the current results, revealed that the major part 

of the liquid phase products exhibited the molecular weight above 300 g/mol after one hour 

extraction. These are e.g. dimers of typical phenolic compounds. The SEC analysis results of 

the liquid phase samples from birch show that the main part of products, varying in the range 

of 75-87 % of area in SEC chromatograms (Table 5), exhibit products with the molecular weight 

above 300 g/mol. These compounds were identified by comparing their retention times with 

those of the known compounds (supporting information, Fig. S2). The total normalized area of 

the fraction above 300 g/mol compounds increases in the following order: H2 (no catalyst) < 

Ar (no catalyst) < 5 wt. % Fe-H-Beta-150 < 5 wt. % Fe-SiO2 indicating that hydrogen enhances 

monomer formation and shields the monomeric phenolic compounds against repolymerization 

in comparison to inert Ar atmosphere. Both Lewis and Brønsted acidic catalysts promote 

formation of oligomers even in the presence of hydrogen. According to the current results, the 

HTL process over Fe-catalyst is an effective way for production of high molecular weight 

phenolic compounds. 

Results from residual solid phase analysis 

The results of the characterization of residual solid samples by p-XRD, 13C NMR and SEM, 

support the results obtained from liquid phase analysis. The crystallinity index (CI) from the 

residual wood samples determined by XRD (Table 6) increased indicating that amorphous 
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cellulose is more easily hydrolyzed than crystalline cellulose. The cellulose I peaks in XRD 

diffractograms were identified at 15.5, 17.0 and 22.2° of 2Ɵ. 37 The CI of the birch treated with 

5 wt. % Fe-H-Beta-150 (H2) was higher than for the birch treated with 5 wt. % Fe-SiO2 (H2) 

(Fig. 5). This result can be explained by the presence of Brønsted acidic sites in Fe-H-Beta-150 

(Table 3), which promoted especially lignin dissolution from birch (Table 4, entry 4 (Exp. A) 

and 4 (Exp. B)). 

     The 13C-MAS NMR results of the solid residue showed qualitatively that the amount of 

amorphous phase of C-4 at the chemical shift of 84 ppm has decreased substantially for 5 wt. % 

Fe-H-Fe-Beta-150 treated birch sample (Fig. 6). In addition, lignin signals clearly detected at 

135 and 152 ppm for the fresh birch have been substantially decreased. Furthermore, the peak 

from methoxy group, indicating the amount of lignin with the chemical shift at 57 ppm has 

substantially decreased for argon and hydrogen treated birch samples as well as for 5 wt. % Fe-

H-Beta-150 and 5 wt. % Fe-SiO2 treated samples.39 

   Considerable changes in the fresh and spent biomass can be observed in SEM images (Fig. 

4). The surface irregularity of the wood treated with 5 wt. % Fe-H-Beta-150 can be clearly seen, 

whereas the fresh and 5 wt. % Fe-SiO2 treated samples exhibit rather smooth surface. Catalyst 

particles are also visible on the spent surface and they are not agglomerated.    

 

Results from gas phase analysis  

The main gaseous product in the absence of catalyst in birch treatment under hydrogen is CO2, 

whereas only small amounts of hydrocarbons (methane, ethane, propane and iso-butane) were 

observed. Analogous results were obtained from birch over Fe-SiO2 catalyst. When using the 

strongly acidic 5 wt. % Fe-H-Beta-150 catalyst, the relative amounts of gases were also quite 

low. 
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Results from catalyst leaching 

Among all the samples, iron leaching was determined from the liquid phase by ICP-MS analysis 

for the best-resulted catalyst, 5 wt. % Fe-H-Beta-150 treated birch samples and without catalyst 

in hydrogen. The results showed that iron leaching from 5 wt. % Fe-H-Beta-150 was only 

0.03%. This is quite negligible amount, and when considering the reaction conditions, it can be 

expected. According to the analysis, the liquid phase, after HTL of birch in the presence of 5 

wt. % Fe-H-Beta-150, contains 113 ppm of iron and 58 ppm of aluminium. Moisture content 

of biomass increases the acidity of the medium and supercritical ethanol also has a high pKa 

value which enhances leaching of catalyst.  

 

CONCLUSIONS 

In this study, the liquefaction of biomass in ethanol at supercritical conditions was performed. 

According to the reported results the degradation of biomass into biocrude in the presence of 

two different catalysts having different acidic strengths, iron supported on zeolite or iron 

supported on silica results show that,   

 Hydrogen atmosphere enhances the fractionation of birch when compared to argon 

atmosphere. 

 Brønsted acidic 5 wt. % Fe-H-Beta-150 catalyst gave high dissolution efficiency of 

wood under supercritical ethanol and its clear catalytic effect was observed.  

 5 wt. % Fe-H-Beta-150 catalyst enhanced the degradation of hemicellulose and lignin 

in biomass very effectively compared to the non-acidic 5 wt. % Fe-SiO2 catalyst, highly 

acidic 5 wt. % Fe-H-Beta-150 catalyst also increased formation of acids-esters and 

phenolic components. 
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 The degradation level of lignin in presence of 5 wt. % Fe-H-Beta-150 was 68 wt. % 

aromatic products while only 38 wt. % was obtained with 5 wt. % Fe-SiO2. 

 Relatively high biocrude yield 25 wt. % was obtained with 5 wt. % Fe-H-Beta-150 under 

mild conditions.  

 Relatively low amounts of gaseous hydrocarbon products were formed. 

Acknowledgements  

   The authors would like to acknowledge the funding from Fortum foundation Finland (Project 

no: 201800025). For conducting this research work the authors express their gratitude to Prof. 

Krisztian Kordas, Dr. Aron Dombovari (University of Oulu, Finland), Dr. Ajay Kumar 

Samikannu, Dr.  Santosh Govind Khokarale (Umeå University, Sweden) and Sten Lindholm 

(Åbo Akademi University, Finland) for their valuable analytical support. We are thankful to 

Wallenberg Wood Science Center (WWSC), Kempe Foundations, and Bio4energy programme. 

This work is part of the activities of the Johan Gadolin Process Chemistry Centre at Åbo 

Akademi University.  

References 

1 Tekin K, Karagöz S, Non-catalytic and catalytic hydrothermal liquefaction of biomass. Res 

Chem Intermed 39:485–98 (2013)  

2 Li H, Hurley S, Xu C, Liquefactions of peat in supercritical water with a novel iron catalyst. 

Fuel 90(1):412–420 (2011). 

3 Xu C, Etcheverry T, Hydro-liquefaction of woody biomass in sub- and supercritical ethanol 

with iron-based catalysts. Fuel 87(3):335–345 (2008).  

4 Yang C, Jia L, Chen C, Liu G, Fang W, Bio-crude oil from hydro-liquefaction of Dunaliella 

salina over Ni/REHY catalyst. Bioresour Technol 102(6):4580–4584 (2011).  



17 

5 Lynd LR, Larson ED, Greene N, Laser M, Sheehan J, Dale BE, McLaughlin S, Wang M, The 

role of biomass in America's energy future: Framing the analysis. Biofuels Bioprod Biorefin 

3:113-123 (2009). 

6 Loelovich M, Recent findings and the energetic potential of plant biomass as a renewable 

source of biofuels: A review. BioResouces 10(1):1879-1914 (2015).    

7 Kabir G, Hameed BH, Recent progress on catalytic pyrolysis of lignocellulosic biomass to 

high-grade bio-oil and bio-chemicals. Renewable and Sustainable Energy Reviews 70:945–967 

(2017). 

8 Molino A, Chianese S, Musmarra D, Biomass gasification technology: The state of the art 

overview. J Energy Chemistry 25:10–25 (2016). 

9 Radlein D, Quignard AA, Short Historical Review of Fast Pyrolysis of Biomass. Oil & Gas 

Science and Technology – Rev. IFP Energies nouvelles 68(4):765-783 (2013). 

10 Wanga S, Daia G, Yang H, Luo Z, Lignocellulosic biomass pyrolysis mechanism: A state-

of-the-art review. Progress in Energy and Combustion Science 62:33-86 (2017). 

11 Carpenter D, Westover TL, Stefan C, Jablonski W, Biomass feedstocks for renewable fuel 

production: a review of the impacts of feedstock and pretreatment on the yield and product 

distribution of fast pyrolysis bio-oils and vapors. Green Chem 16:384-406 (2014).  

12 Gollakota, ARK, Kishore N, Gu S, A review on hydrothermal liquefaction of biomass. 

Renewable and Sustainable Energy Reviews 81:1378–1392 (2018). 

13 Yildiz G, Ronsse F, VanDuren R, Prins W, Challenges in the design and operation of 

processes for catalytic fast pyrolysis of woody biomass. Renewable and Sustainable Energy 

Reviews 57:1596–1610 (2016). 



18 

14 Yousefifar A, Baroutian S, Farid MM, Gapes DJ, Young BR, Fundamental mechanisms and 

reactions in non-catalytic subcritical hydrothermal processes: A review. Water Research 

123:607-622 (2017).  

15 Dimitriadis A, Bezergianni S, Hydrothermal liquefaction of various biomass and waste 

feedstocks for biocrude production: A state of the art review. Renewable and Sustainable 

Energy Reviews 6:8113–125 (2017). 

16 Déniel M, Haarlemmer G, Roubaud A, Weiss-Hortala E, Fages J, Energy valorization of 

food processing residues and model compounds by hydrothermal liquefaction. Renewable and 

Sustainable Energy Reviews 54:1632–1652 (2016).  

17 Tungal R, Shende RV, Hydrothermal liquefaction of pinewood (Pinus ponderosa) for H2, 

biocrude and bio-oil generation. Applied Energy 134:401–412 (2014). 

18 Nazari L, Yuan Z, Souzanchi S, Ray MB, Xu C, Hydrothermal liquefaction of woody 

biomass in hot-compressed water: Catalyst screening and comprehensive characterization of 

bio-crude oils. Fuel 162:74–83 (2015). 

19 Tekin K, Akalın MK, Bektas S, Karagöz S, Hydrothermal wood processing using borax 

decahydrate and sodium borohydride. J Analytical and Applied Pyrolysis 104:68–72 (2013).     

20 Matsumura Y, Nonaka H, Yokura H, Tsutsumi A, Yoshida K, Coliquefaction of coal and 

cellulose in supercritical water. Fuel 78:1049–1056 (1999). 

21 Shivanyuk, A.; Rebek JJr, Hydrogen-bonded capsules in polar, protic solvents. Chem 

Commun 22:2374–2375 (2001). 

22 Yamazaki J, Minami E, Saka S, Liquefaction of beech wood in various supercritical alcohols. 

J Wood Sci 52:527–532 (2006). 



19 

23 Wang Y, Wang H, Lin H, Zheng Y, Zhao J, Pelletier A, Li K, Effects of solvents and 

catalysts in liquefaction of pinewood sawdust for the production of bio-oils. Biomass and 

bioenergy 59:158-167 (2013). 

24. Brand S, Hardi F, Kim J, Suh DJ, Effect of heating rate on biomass liquefaction: Differences 

between subcritical water and supercritical ethanol. Energy 68:420-427 (2014). 

25 Fan D, Xie X-a, Li Y, Li L, Sun J, Comparative study about catalytic liquefaction of alkali 

lignin to aromatics by HZSM-5 in sub- and supercritical ethanol. J Renewable Sustainable 

Energy 10:013106 (2018). 

26 Li Q, Peng P, Liu D, Li M, Song L, Li M, Yan Z, Geng Y, Hydro-liquefaction of woody 

biomass for bio-oil in supercritical solvent with [BMIM]Cl/NiCl2 catalyst. Appl Petrochem Res 

5:363–369 (2015).  

27 Kuznetsov BN, Sharypova VI, Beregovtsova NG, Baryshnikova SV, Pestunov AV, 

Vosmerikov АV, Djakovitch L, Thermal conversion of aspen wood in supercritical ethanol in 

the presence of high-silica zeolite catalysts. J Analytical and Applied Pyrolysis 132:237–244 

(2018). 

28 Kristaps M, Production of bio-oil via hydrothermal liquefaction of birch sawdust. Eng 

Conver and Manage 144:243-251 (2017). 

29 Liu Z, Yang J, Zondlo JW, Stiller AH, Dadyburjor DB, In situ impregnated iron-based 

catalysts for direct coal liquefaction. Fuel 75:51–57 (1996).  

30 Wang L, Chen P, Mechanism study of iron-based catalysts in co-liquefaction of coal with 

waste plastics. Fuel 81:811–815 (2002). 

31 Kaneko T, Tazawa K, Okuyama N, Tamura M, Shimasaki K, Effect of highly dispersed iron 

catalyst on direct liquefaction of coal. Fuel 79:263–71 (2000).  



20 

32 a) Stekrova M, Kumar N, Díaz SF, Mäki-Arvela P, Murzin DY, H- and Fe-modified zeolite 

beta catalysts for preparation of trans-carveol from α-pinene oxide. Catal Today 241:237–245 

(2015). 

      b) Mäki-Arvela P, Zhu J, Kumar N, Eränen K, Aho A, Linden J, Salonen J, Peurla M, Mazur 

A, Matveev V, Murzin DY, Solvent-free “green” amidation of stearic acid for synthesis of 

biologically active alkyl amides over iron supported heterogeneous catalysts. App Catal A Gen 

542:350–358 (2017). 

33 Emeis CA, Determination of integrated molar extinction coefficients for infrared absorption 

bands of pyridine adsorbed on solid acid catalysts. J Catal 141:347–354 (1993). 

34 Smeds AI, Eklund PC, Monogioudi E, Willför SM, Chemical characterization of 

polymerized products formed in the reactions of matairesinol and pinoresinol with the stable 

radical 2, 2-diphenyl-1-picrylhydrazyl. Holzforschung 66(3):283–294 (2012).    

35 Sundberg A, Sundberg K, Lillandt C, Holmbom B, Determination of hemicelluloses and 

pectins in wood and pulp fibres by acid methanolysis and gas chromatography. Nordic Pulp 

and Paper Res Journal 11(4):216-219 (1996).     

36 Korpinen R, Kallioinen M, Hemming J, Pranovich A, Mänttäri A, Willför S, Comparative 

evaluation of various lignin determination methods on hemicellulose rich fractions of spruce 

and birch obtained by pressurized hot-water extraction (PHWE) and subsequent ultrafiltration 

(UF). Holzforschung 68:971-979 (2014). 

37 Segal L, Creely JJ, Martin AE, Conrad CM, An empirical method for estimating the degree 

of crystallinity of native cellulose using the x-ray diffractometer. Text Res J 29:786–794 (1959). 

38 Santoni I, Callone E, Sandaka A, Sandaka J, Dirè S, Solid state NMR and IR characterization 

of wood polymer structure in relation to tree provenance. Carbohydrate Polymers 117:710-721 

(2015).   



21 

39 Comisar CM, Hunter SE, Walton A, Savage PE, Effect of pH on ether, ester, and carbonate 

hydrolysis in high-temperature water. Ind Eng Chem Res 47: 577-584 (2008). 

40 Huang X, Atay C, Zhu J, Palstra WLS, Koranyi TI, Boot MD, Hensen EJM, Catalytic 

Depolymerization of Lignin and Woody Biomass in Supercritical Ethanol: Influence of 

Reaction Temperature and Feedstock. ACS Sus Chem Eng 5:10864−10874 (2017). 

41 Anderson EM, Katahira R, Reed M, Resch MG, Karp EM, Beckham GT, Roman-Leshkov 

Y, Reductive Catalytic Fractionation of Corn Stover Lignin. ACS Sus Chem Eng 4:6940−6950 

(2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 



22 

   

Table 1. Liquid product yield in liquefaction of biomass in the presence of water  

Feedstock Catalyst 

Tempa 

    (ºC) 

Partial pressureb 

N2 (bar) 

Timec 

(min) 

Biocrude yield 

(wt. %) 

Ref. 

Pine wood Ni(NO3)2 200-275 14 120 55 17 

Birch wood KOH 300 20 30 40 18 

Beech wood Na2B4O7.10H2O 300 __ 30 38 19 

a, b, c -reaction conditions   
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Table 2. Liquefaction of biomass in the presence of ethanol as solvent  

 

Feedstock Catalyst 
Tempa 

(°C) 

Timeb 

(min) 

Solvent/biomass 

ratioc 
Solvent 

Liquid 

yield 

(wt. %) 

Ref. 

Pine wood K2CO3 300 30 13 ml/ 1 g C2H5OH 31 23 

Pine wood __ 350 40 
10 ml/ 1 g 

 
C2H5OH 38 24 

Alkali 

lignin 
H-ZSM-5 360 90 75 ml/ 1 g C2H5OH 54 25 

Saw dust [BMIM]NiCl2 320 30 10 ml/ 1 g C2H5OH 75 26 

Aspen 

wood 
H-HSZ-30 270 60 22 m/ 1 g C2H5OH 66 27 

Jack pine 5 wt. % FeSO4 350 40 14 ml/ 1 g C2H5OH 63 3 

a, b, c -reaction conditions    
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Table 3. Catalyst characterization results  

Catalyst 
Specific surface 

area (m2/ gcat) 

Pore volume 

(cm3/gcat) 

Acid sites (µmol/gcat) 

250°C 350°C 450°C 

3.1% wt.                             

Fe-Beta-150 (EIM) 
587 0.209 

192 a 

 

165 b 

162 a 

 

45 b 

14 a 

 

2 b 

4.6% wt.                             

Fe-SiO2 (US-EIM) 
389 0.68 

4 a 

 

5 b 

4 a 

 

3 b 

2 a 

 

1 b 

a Brønsted acid sites, b Lewis acid sites.32   
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Table 4. The results from the dissolution of birch   

Entry 

Name 

of the 

sample 

Total 

dissolution 

of 

biomass[a] 

(wt. %) 

Bio-oil 

yield[a] 

(%) 

Cellulose 

content[a], 

[b] (wt. %) 

Hemicellulose 

content[a], [b] 

(wt. %) 

Lignin 

content[a], 

[b] (wt. %) 

Cellulose 

to hemi-

cellulose 

weight 

ratio[a], [b] 

Cellulose 

to lignin 

weight 

ratio[a], [b] 

1 
Fresh 

birch 
- - 44 31 25 1.4 1.8 

2 

No 

catalyst 

(Ar) 

19 13 55 25 24 2.2 2.3 

3 

No 

catalyst 

(H2) 

26 19 50 26 23 1.9 2.2 

4 

(Exp. 

A) 

5 wt. % 

Fe-H-

Beta-

150 

(H2) 

33 25 56 20 12 2.8 4.7 

4 

(Exp. 

B) 

5 wt. % 

Fe-H-

Beta-

150 

(H2) 

31 24 52 21 10 2.5 5.2 

5 

5 wt. %  

Fe-SiO2 

(H2) 

20 17 53 24 23 2.2 2.3 

a Birch wood- relative content of dry solid 
b Analysis of solid residue. 

4 (Exp. A) and 4 (Exp. B) are reproducibility runs.  

Reaction conditions: 100 ml ethanol, 1 g catalyst, 243 °C, 

63 bar and 1 h run time. 
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Table 5. SEC area of liquid products molecular weight above 300 g/mol  

Name of the sample (birch) SEC (% area) 

 

Total area normalisation 

No catalyst (Ar) 87 1.2 

No catalyst (H2) 88 1.0 

5 wt. % Fe-H-Beta-150 (H2) 89 1.3 

5 wt. % Fe-SiO2 (H2) 75 1.4 
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Table 6. Crystallinity index and crystal size of the fresh and residual birch wood 

Name of 

the sample 

Crystallinity 

Index (%) 

Crystal(002) 

size (nm) 

Fresh birch 81 3.3 

No catalyst (Ar) 88 4.1 

No catalyst (H2) 85 3.7 

5 wt. % Fe-H-Beta-150 (H2) 89 4.3 

5 wt. % Fe-SiO2 (H2) 86 4.0 
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Figure 1. Schematic diagram of the reactor system                                             
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Figure 2. Schematic diagram of product analysis of biomass.  
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Figure 3. Relative amount of liquid phase components after HTL of wood. 
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Figure 4. SEM images of the fresh and the spent biomass: A) Fresh birch, B) 5 wt. % Fe-H-

Beta-150 (H2), C) 5 wt. % Fe-SiO2 (H2). 
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Figure 5. XRD-pattern for birch, fresh and spent residue.  
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Figure 6. 13C MAS NMR from residual and fresh birch wood samples. 

 

 

 

 

 

 

 


