
 

This is an electronic reprint of the original article. This reprint may differ from the original 
in pagination and typographic detail. 

 
Understanding the formation of phenolic monomers during fractionation of birch wood
under supercritical ethanol over iron based catalysts
Jogi, Ramakrishna; Mäki-Arvela, Päivi; Virtanen, Pasi; Kumar, Narendra; Hemming, Jarl;
Russo, Vincenzo; Samikannu, Ajaikumar; Lestander, Torbjörn A.; Mikkola, Jyri-Pekka
Published in:
Journal of the Energy Institute

DOI:
10.1016/j.joei.2020.05.001

Published: 01/10/2020

Document Version
Accepted author manuscript

Document License
CC BY-NC-ND

Link to publication

Please cite the original version:
Jogi, R., Mäki-Arvela, P., Virtanen, P., Kumar, N., Hemming, J., Russo, V., Samikannu, A., Lestander, T. A., &
Mikkola, J.-P. (2020). Understanding the formation of phenolic monomers during fractionation of birch wood
under supercritical ethanol over iron based catalysts. Journal of the Energy Institute, 93(5), 2055-2062.
https://doi.org/10.1016/j.joei.2020.05.001

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of ÅAU: 04. Nov. 2024

https://doi.org/10.1016/j.joei.2020.05.001
https://research.abo.fi/en/publications/52bfa9d6-9bae-4057-afe6-9a29f6e51542
https://doi.org/10.1016/j.joei.2020.05.001


Understanding the formation of phenolic monomers during fractionation of birch wood 

under supercritical ethanol over iron based catalysts 

Ramakrishna Jogi a, *, Päivi Mäki-Arvela a, Pasi Virtanen a, Jarl Hemming b, Vincenzo Russo c and 

Jyri-Pekka Mikkola a, d 

* Corresponding author: Ramakrishna Jogi, Laboratory of Industrial Chemistry and Reaction 

Engineering, Johan Gadolin Process Chemistry Centre, Åbo Akademi University, FI-20500 

Åbo/Turku, Finland. Email: ramsjogi@gmail.com 

a Laboratory of Industrial Chemistry and Reaction Engineering, Johan Gadolin Process Chemistry 

Centre, Åbo Akademi University, FI-20500 Åbo/Turku, Finland.  

b Laboratory of Wood and Paper Chemistry, Åbo Akademi University, Porthansgatan 3, FI-20500 

Åbo/Turku, Finland   

c Department of Chemical Sciences, University of Naples Federico II, Italy  

d Department of Chemistry, Chemical-Biological Centre, Umeå University, SE-90187 Umeå, Sweden 

  

Abstract 

The liquefaction of biomass in ethanol at critical point has high potential due to low 

temperature and pressure (243 °C, 63 bar) when compared with water (374 °C, 220 bar). The 

current study deals with the fractionation of birch wood powder which was liquefied under 

supercritical ethanol over acidic or non-acidic catalysts, 5 wt. % Fe-Beta-H-150 and 5 wt. % 

Fe-SiO2, respectively. Based on the results, the reaction mechanism for the formation of 

lignin degradation products was proposed. The main phenolic product was isoeugenol over 5 

wt. % Fe-Beta-H-150, while intermediate products, i.e. such as coniferyl, and sinapyl alcohol, 

4-propenyl syringol, syringaresinol, as well as syringyldehyde reacted rapidly further. It was 

also noticed that the wood with a low moisture content (< 10%) during a long storage period 

decreased the formation of phenolic monomers approximately 40 % determined by size 



exclusion chromatography (SEC) in the liquid phase after fractionation of old birch over 5 

wt. % Fe-Beta-H-150 compared to the fresh birch. The thermodynamic analysis was 

performed by Joback approach and using Gibbs-Helmholtz equation supporting the obtained 

results.  

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

atmosphere, iron supported zeolite, isoeugenol. 

1. Introduction 

The increasing energy demand of the population results in depletion of fossil resources for 

future generation [1] and, it leads to an urgent demand for an alternative energy source. 

Among all, solar energy and biomass play important role [2]. Utilization of solar energy is 

feasible in those countries near to equator; however, countries far from the line of equator do 

not have enough sunlight on average of six months in the year. In the latter case, biomass 

plays a vital role and those countries commonly have large forest resources [3]. It conveys to 

an idea to exploit of lignocellulose (tree material) in generation of fuels. Lignocellulose 

contains cellulose, hemicellulose and lignin as main fractions [4]. Degradation of 

lignocellulose produces aliphatic and aromatic fractions, which can be used as a main 

ingredient for fuel production to establish the sustainability. The current study concentrates 

on aromatic fraction, which principally originates from lignin. 

   The deconstruction of lignin components into valuable aromatic compounds by the 

cleavage of aromatic (C-C) and ether (C-O) bonds is catalytically quite challenging. Various 

approaches have been applied for depolymerization of lignin and its model compounds in the 

presence of different catalysts [5-10]. Song et al. studied birch lignin degradation over a 

nickel catalyst supported on activated carbon in methanol at 200 °C, for 6 h in the presence of 

Ar (1 bar) [11]. Under these reaction conditions aryl methoxide undergoes β-elimination over 



Ni catalyst forming aryl hydrates as primary products. In the next step, C-O bond cleavage 

occurs in aryl hydrates resulting in formation of propylguaiacol and propylsyringol being the 

final monomeric product totally with 89 % selectivity at 54 % conversion [11]. Birch 

degradation was also investigated over Ni-W2C/AC catalyst at 235 °C under 60 bar initial H2 

pressure in methanol. As a result, 42.2 % of monophenolic compounds, guaiacylpropane and 

syringylpropane were obtained [12]. The degradation of lignin in methanol over a Ni-Al2O3 

catalyst in the presence of hydrogen was demonstrated under supercritical conditions. 

Depolymerization occurred via solvolytic β-O-4 bond cleavage forming unsaturated lignin 

fragments, and this catalyst enhanced hydrogenation facilitating 90 % of lignin degradation 

resulting in the formation of 40 % phenolic monomers, and about 70 % of 4-n-

propanolguaiacol and syringol were produced [13]. Ball-milled birch particles, from which 

extractives were removed, were also treated in an autoclave at 180 °C over Pd/C catalyst and 

Al (III) falcate in methanol under 30 bar hydrogen resulting in 55 wt% monomer yield from 

lignin [14]. Fractionation of hard wood and wheat straw lignin under mixture of supercritical 

fluid (carbon dioxide/ acetone/ water) in the presence of formic acid as a reducing agent was 

demonstrated by Gosselink et al. [15]. The results revealed that acidic strength of the catalyst 

enhanced the depolymerisation and stabilization of aromatic fragments. Out of the identified 

phenolics, the main products were syringic acid (2.0 %) and syringol (3.6 %) based on dry 

lignin [15]. Most of researchers have been concentrated on pyrolysis and liquefaction of 

lignin in sub/super critical water. The product distribution has been explained with model 

compounds [16-18] and based on the elementary pyrolytic reactions was developed. 

According to the available literature there is, however, lack of information on the formation 

of different phenolic liquefaction products from wood under supercritical ethanol. The 

current study provides a path to understand the lignin product distribution in birch 

liquefaction process at the molecular level, which is essential for improving the process.  



   The aim in this work was to analyze the formation of different phenolic compounds as a 

function of time during catalytic birch fractionation with supercritical ethanol. In our 

previous paper Jogi et al. [19], overall yields of birch fractionation products in supercritical 

ethanol were reported showing that 25 wt. % of biocrude has 68 wt. % phenolics over 5 

wt. % Fe-Beta-H-150 catalyst. As a comparison, non-catalytic treatment together with an 

acidic 5 wt. % Fe-H-Beta-150 and a non-acidic 5 wt. % Fe-SiO2 were also investigated. In 

addition, the effect of storage time of birch powder and wood shrinkage on the formation of 

different phenolic monomers was investigated over 5 wt. % Fe-H-Beta-150. A comparison of 

product distribution was also performed in fractionation of fresh and old birch analyzing 

liquid products by size exclusion chromatography. Furthermore, thermodynamic analysis of 

formation of different phenolic monomers performed according to our knowledge for the first 

time in this work. The later one was based on the proposed reaction network (Fig. 1) using 

Joback approach and, taking into account reaction stoichiometry in the liquid phase using 

Gibbs-Helmholtz equation [31-33]. According to updated open literature, there is only a few 

publications reporting fractionation of phenolic compounds [13]. Among those, only a few 

are concentrated on optimization of catalyst and reaction. 

 

 

 

 

 

 

 



2. Experimental section  

2.1. Materials and methods  

The liquefaction of birch wood was performed under supercritical ethanol (243 °C, 63 bar 

total pressure) over 5 wt. % Fe-H-Beta-150 and 5 wt. % Fe-SiO2 catalyst using the initial 

hydrogen pressure of 5 bar at ambient temperature for 1 h run time. The fresh birch contains 

10 wt. % moisture, since it has been pre-dried as described in earlier paper Jogi et al, [19]. In 

addition, fractionation of fresh or old birch wood which was stored at 5 °C in closed 

polyethylene bag for 8 months period is denoted as old wood was performed under same 

conditions over the best catalyst, 5 wt. % Fe-H-Beta-150 for 3 h run time. The details of 

catalyst preparation and characterization, experimental setup and product analysis has been 

reported in Jogi et al [19]. 

3. Results and discussion 

3.1. Formation of phenolic products from fresh birch during liquefaction  

Upon fractionation of birch in supercritical ethanol, it was previously demonstrated by size 

exclusion chromatographic analysis that 68 % of phenolics in obtained bio-oil based on the 

total dry biomass weight, as has been earlier reported Jogi et al, [19]. In this work birch 

powder with the size of 0.1 mm were used as feedstock and fractionation experiments were 

performed using 300 rpm stirring speed. Under these conditions experiments might be 

affected by both internal and external mass transfer limitations. The effect of stirring speed 

and mass of catalyst were changed systematically in order to study mass transfer limitations 

[13]. The formation of phenolic monomers was studied by two different catalysts and in the 

absence of catalyst under the above mentioned reaction conditions. Although mass transfer 

limitations most probably are present, large differences in the concentrations of phenolic 

compounds were observed showing clearly the catalytic effects, which are discussed below.  



   The total concentration of monomeric phenolic compounds determined by GC-FID showed 

that over 5 wt. % Fe-H-Beta-150 twice the amount was obtained compared to a non-acidic 5 

wt. % Fe-SiO2 catalyst thus demonstrating the superiority of the former catalysts. The 

following products were identified and quantified from liquid phase such as isoeugenol, 

sinapyl alcohol, syringaresinol, 4-propenyl syringol, syringol, syringyldehyde, syringol 

acetone, coniferyl alcohol. The chemical reactions of these phenolic products during the 

liquefaction of biomass in supercritical ethanol are described in Fig. 1 and more detailed in 

the supporting information (Table S1). 

   From the mechanistic point of view (Fig. 1), it is proposed that two sinapyl alcohol 1 

molecules form syringaresinol 2 which is relatively stable under the applied reaction 

conditions [20]. Sinapyl alcohol 1 can also undergo isomerization to form syringylacetone 6 

or it alternatively undergoes dehydration forming 4-propenyl syringol 3. 

   In the presence of water, a small amount of sinapyl alcohol is isomerized to 

syringylacetone. Acidity enhances this reaction since more syringylacetone was detected 

when 5 wt % Fe-Beta-H-150 was applied as the catalyst. We propose that the mechanism of 

the reaction is similar to the famous keto-enol tautomerism, however, since the distance 

between C-C double bond and alcohol group is longer, only a small amount of sinapyl 

alcohol is transformed to syringylacetone. The proposed reaction mechanism is shown in 

Scheme 1. 

   Syringol 4 can be formed via dealkylation of 4-propenyl syringol 3. According to the 

literature, the cleavage of aromatic C-O bond requires 456 kJ/mol [21], whereas e.g. cleavage 

of a C-O bond from aliphatic compound is easier. An aliphatic C-O exhibits a weaker bond 

energy, 339 kJ/mol [22]. Which facilitates easy dehydration of sinapyl alcohol 1 to 4-

propenyl syringol 3. Bond dissociation energy for demethoxylation of an aromatic OCH3 is 

376 kJ/mol [21]. Thus, breaking this bond is also relatively easy in comparison to cleavage of 



aromatic C-O. During demethoxylation of sinapyl alcohol 1 to coniferyl alcohol 7 and 

formaldehyde 8 are formed due to the inability of Fe to catalyze hydrogenation of 

formaldehyde to methanol. In the forthcoming step, the formed formaldehyde can be coupled 

to syringol 4 forming syringylaldehyde 5. Analogously to sinapyl alcohol with 4-propenyl 

alcohol in the side chain, coniferyl alcohol 7 can easily undergo dehydration resulting in 

formation of isoeugenol 9. These results agree well with the data presented in literature [13], 

in which the formation of monomer yields obtained in the treatment of extracted birch 

sawdust in methanol at 250 °C under 30 bar hydrogen at room temperature over Ni/Al2O3 as 

a catalyst was studied. On the other hand, the main product in ref. [13] was propanol syringol 

and propanol guaiacol indicating high hydrogenation ability of Ni/Al2O3. The main product 

with the most acidic catalyst, 5 wt. % Fe-H-Beta-150 in the current work was isoeugenol 9, 

(Fig. 2h) followed by syringaldehyde 5, (Fig. 2e) and syringaresinol 2 (Fig. 2b). The 

formation rates of these compounds are enhanced by acidic sites, i.e. alkylation of syringol 4 

with formaldehyde 8 (Fig. 1) and addition of two sinapylalcohol 1 molecules via 

dehydrogenation (Fig. 1). Concentrations of sinapyl- and coniferyl alcohol decreased, as 

expected, as a function of time.  Interestingly, isoeugenol which is typically hydrogenated 

very rapidly, especially using Pt- or Ni supported catalysts [23-24], is not, however, 

hydrogenated over 5 wt. % Fe-H-Beta-150 indicating that iron has low hydrogenation ability. 

   For production of different compounds, the ratio between initial rates for parallel routes 

was calculated (Table 1). The initial rate ratio of the formation of syringaresinol 2 to 

coniferyl alcohol 7 (r0.2/r0.7) decreased with decreasing acidity analogously to the ratio for the 

formation of 4-propenyl syringol 3 to coniferyl alcohol 7 (r0.3/r0.7) due to the rapid 

decomposition of coniferyl alcohol on the acidic catalyst. The ratio between the initial rates 

for syringol acetone 6 to coniferyl alcohol 7 (r0.6/r0.7) also increases isomerisation (scheme 1) 

with increasing the acidity. On the other hand, the ratio between the formation of 4-propenyl 



syringol 3 to syringol acetone 6 (r0.3/r0.6) and syringol 4 to isoeugenol 9 (r0.4/r0.9) increased 

with decreasing acidity showing that non-acidic catalyst promoted formation of 

propenylsyringol over syringylacetone and syringol over isoeugenol, while an acidic catalyst, 

5 wt. % Fe-H-Beta-150 promotes formation of syringol acetone 6 and isoeugenol 9. 

   The activity behaviour of different catalysts in comparison with a non-catalytic route has 

been investigated via plotting the concentrations of different products as a function of time 

(Fig. 2). It can be for example seen  that large amounts of coniferyl alcohol are formed in the 

absence of catalyst and only minor amount of syringaresinol is formed (Fig. 3a), whereas the 

opposite is valid for the acidic 5 wt. % Fe-H-Beta-150 catalyst in earlier studies. It has been 

demonstrated by Higuchi et al., [20] that syringaresinol was formed from white birch at 

220 °C under 25 bar saturated steam after 12 min even in the absence of any catalyst. This 

was explained by formation of acetic acid via deacetylation as follows: during wood 

fractionation lignin cleaves to arylglycerol-to-aryl ether and beta ether in the presence of 

water at 220 °C due to formation of acetic acid via decomposition of an acetyl group in 

hemicellulose. It is known that water which exhibits acidic properties under these conditions 

[20]. When water molecule is cleaved from syringylglycerol-β- aryl ether, a quinonemethide 

radical is formed which in turn couples in pairs forming syringaresinol ring structure which is 

chemically stable. The chemical stability of syringaresinol is explained by the side chains 

locating in ortho and para positions, respectively, of the phenolic hydroxyl group [20]. 

   An acidic 5 wt. % Fe-H-Beta-150 catalyst is also active for producing syringylacetone 

parallelly with 4-propenylsyringol as depicted in Fig. 3b. In Fig. 3c it is clearly demonstrated 

that demethoxylation of sinapyl alcohol to coniferyl alcohol occurs also in the absence of 

catalyst. Coniferyl alcohol, is however, rather stable in the absence of catalyst since only a 

small part of it was further converted. The acidic 5 wt. % Fe-H-Beta-150 promoted rapid 

decomposition of coniferyl alcohol since its concentration was very low over this catalyst 



(Fig. 2g, 3a, 3c). In the absence of catalyst sinapyl alcohol and coniferyl alcohol remains 

stable as final products, not undergo further reaction, but in the case of 5 wt. % Fe-H-Beta-

150 sinapyl and coniferyl alcohol undergo further reactions resulted isoeugenol as a final 

product.  

3.2. Effect of birch feedstock storage on formation rates of phenolic products 

The current study is focusing on the shrinkage phenomenon and how it would effect on the 

extraction efficiency of phenolic compounds in the fresh and old wood over 5 wt. % Fe-H-

Beta-150 for 3 h reaction time. The activity behavior of 5 wt. % Fe-H-Beta-150 catalyst in 

comparison with fresh and old wood has been investigated via plotting the concentrations of 

different products as a function of time in Fig. 4. It can be seen that syringaresinol 2 (Fig. 4b) 

is formed when applying 5 wt. % Fe-H-Beta-150 as a catalyst via the fusion of two sinapyl 

alcohol molecules 1 (Fig. 4a) as proposed in Table S1, entry 1. When comparing the fusion 

reaction of sinapyl alcohol 1 to syringaresinol 2 maximum concentration at 1 h was 1.5 fold 

higher with the fresh wood than with the old wood and concentration decrease was much 

faster during the rest of the 3 h reaction time. The demethoxylation rate of sinapyl alcohol 1 

to coniferyl alcohol 7 (Fig. 4g) is high for fresh wood at 1 h run time and while 

demethoxylation rate in old wood was very low after 120 min. The initial reaction rate ratio 

of the sinapyl alcohol 1 to syringaresinol 2 (r0.2) and sinapyl alcohol 1 to coniferyl alcohol 7 

(r0.7) was 2 fold higher in fresh wood than in the old wood (Fig. S1). The acidic 5 wt. % Fe-

H-Beta-150 promoted rapid decomposition of coniferyl alcohol 7 since its concentration level 

was very low both in fresh and old wood. The dehydration of sinapyl alcohol 1 to 4-propenyl 

syringol 3 (Fig. 4c) is faster for the fresh birch than for the old one. 4-propenyl syringol 3 

reacted also faster further to syringol 4 or isoeugenol 9 over the fresh wood. In the case of 

isomerisation of sinapyl alcohol 1 to syringolacetone 6 (Fig. 4f), old wood produced only 1.2 

fold syringolacetone 6 in comparison to the fresh wood. When comparing the initial reaction 



rate ratio of sinapyl alcohol 1 to 4-propenyl syringol 3 (r0.3) vs sinapyl alcohol 1 to 

syringolacetone 6 (r0.6) it was also higher for the fresh wood than for old wood (Fig. S1). But 

when comparing with initial rate ratio of sinapyl alcohol 1 to 4-propenyl syringol 3 (r0.3) and 

sinapyl alcohol 1 to conifryl alcohol 7 (r0.7) was 22 % higher for the old birch than for the 

fresh wood (Fig. S2). The dealkylation of 4-propenyl syringol 3 further to syringol 4 (Fig. 4d) 

was initially high for fresh wood. But after prolonged time syringol 4 was formed with the 

same rate in both cases. The syringol reacts with formaldehyde 8 to form syringyldehyde 5 

(Fig. 4e) and was confirmed that fresh wood formed 1.4 fold of higher rate than with the old 

wood. The initial demethoxylation rate of 4-propenyl syringol 3 to isoeugenol 9 (Fig. 4h) was 

2 fold higher with fresh wood than with the old wood. Isoeugenol 9 might be considered as 

the final product in both fresh and old wood. The ratio between the initial rates of 4-propenyl 

syringol 3 to syringyldehyde 4 (r0.4) and 4-propenyl syringol 3 to isoeugenol 9 (r0.9) was 2 

fold higher with fresh wood than with the old wood (Fig. S1). 

   The molecular level distribution of biomass into biocrude produced from the fresh and old 

birch also supported by size exclusion chromatography (SEC) results. The results showed 

that the amount of monomers, dimers and oligomers in the liquid phase extract of the fresh 

birch were 35 %, 52 % and 13 %, respectively (Fig. 5). As a comparison with literature[29], 

in which birch wood was treated over Pd/C catalyst for 3 h in ethanol at 200°C in the 

presence of 30 bar H2 pressure at room temperature 59 wt. % phenolic monomers, 7 wt.% 

phenolic dimers and 35 wt. % of phenolic oligomers were obtained. This comparison shows 

that less monomers were obtained in the current case over 5 wt. % Fe-H-Beta-150 catalyst. It 

can, however, be stated that this catalyst promotes depolymerisation of birch lignin molecules 

even under the mild H2 pressure. During shrinkage of old wood volatile components are also 

released from the biomass giving a lower amount of monomers in comparison to the fresh 



birch i.e., formation of 21 %, 59 % and 20 % of monomers, dimers and oligomers observed, 

respectively over old wood (Fig. 5). 

   In order to understand what is happening during wood storage an important issue is to know 

the fibre saturation point (FSP) at which no water molecules are present in the cell wall (cell 

lumina and cavities), molecules are chemically bound together with hygroscopic cell wall 

components [25]. The FSP is the point wood biomass is structurally stable when moisture 

content is above the FSP. If the moisture content is below the FSP wood can either absorb the 

moisture and it can swell or it desorb the moisture and finally it shrinks. The amount of the 

water bound together with cell wall components affects the mass of dry matter and volatile 

chemicals in wood [25]. According to literature, most of hard wood have FSP about 30 % 

moisture content. It has also been reported that volumetric shrinkage of birch was started at 

16.7 % moisture content [26-27], and it decreased during the long storage of wood in a 

covered manner resulted the amount of wood extractives decreased as well [28]. 

   The molecular weight distribution of liquid phase products in the biocrude of old birch was 

also determined with respect to the time along with temperature by size exclusion 

chromatography (SEC) (Fig. 5 and 6). The SEC results confirm that the total area of liquid 

phase products was slowly decreased when increasing the reaction time to 3 h, 13 % (Fig. 6). 

The amount of dimers increased when starting stirring with 300 rpm at  243 °C with fresh 

wood about 1.7 fold more monomers were formed than with old wood (Fig. 6). It can also be 

seen quantitatively from Fig. 6 that the amount of dimers decreased after 90 min while 

monomers content increases showing the consecutive reaction. However, the dimerization 

decreased especially the amounts of heavy constituents after 60 min from old birch (Fig. 6). 

Van Den Bosch et al., [13] reported that the under reductive catalytic fractionation of biomass 

with extended reaction times repolymerisation reactions occurred, during which reactive 

monomers formed from birch wood in the presence of 30 bar initial H2 pressure at 250 °C 



with 750 rpm for 3 h recombined. Heavy compounds undergo hydrolysis into dimers and 

monomers, but their reactivity is lower in old birch, due to shrinkage (Fig. 5b). This results 

show clearly that storage of birch under the described conditions is harmful for its 

transformation. 

3.3. Enthalpy and Gibbs free energy changes for fractionation of phenolic compounds 

Enthalpy (ΔH0
r) and Gibbs free energy (ΔG0

r) were calculated at standard conditions by 

following a thermodynamic approach [30], starting from the standard enthalpy (ΔH0
f) and 

Gibbs free energy (ΔG0
f) of formation from the elements estimated with Joback approach 

[31-33], Eq. 1-2. 
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   The stoichiometric matrix was built based on the reaction scheme reported in Table 2.The 

calculated enthalpy and Gibbs free energy for formation of each component (i) are reported in 

Table 3 at standard conditions. 



   Starting from these values, the enthalpy and Gibbs free energy for each reaction (j) were 

calculated at different temperatures and pressure. A temperature range from 298.15 K- 

543.15 K was investigated. The results are shown in Fig. 7.  

   As revealed, reactions 1 (formation of syringaresinol) (Fig. 7A) and 5 (demethoxylation of 

4-propenyl 3 to isoeugenol 9) (Fig. 7B) do not occur spontaneously in the investigated 

temperature range. Isoeugenol formation is however, possible from sinapyl alcohol with two 

hydrogen molecules at T >375 K. forming also water and methanol (Table S2- reaction 4, 

Fig. 7A). From the thermodynamical point of view, sinapyl alcohol is rapidly dehydrated and 

further transformed to isoeugenol, while 4-propenylsyringol to isoeugenol is 

thermodynamically not feasible in these reaction conditions. In addition, 4-propenyl syringol 

3 composition to syringol 6 has very low Gibbs free energy, while alkylation of syringol 4 

with formaldehyde has only slightly negative Gibbs free energy (Fig. 7B). 

4. Conclusions  

   Acidic catalyst 5 wt. % Fe-Beta-H-150 promoted formation of isoeugenol, while with a 

non-acidic 5 wt. % Fe-SiO2 and absence of catalyst the main products were sinapyl and 

coniferyl alcohol, respectively. The reaction mechanism proposed is based on the time 

dependent product concentration analysis. Liquefaction of stored old birch powder was also 

performed. The formation of the phenolic monomers decreased due to wood shrinkage during 

storage, especially the amount of heavy phenolic compounds decreased after prolonged 

reaction times. Enthalpy and Gibbs free energy for each reaction and equilibrium constants 

were calculated supporting the product analysis results obtained in birch fractionation. 

List of symbols 

K0
j  Equilibrium constant at standard conditions for reaction j 

n  Moles, mol 



P  Pressure, bar 

P0  Standard pressure, bar 

R  Ideal gas constant, J/K/mol 

T  Absolute temperature, K 

T0  Absolute standard temperature, K 

 

Greek symbols 

ΔG0
f  Gibbs free energy of formation at standard conditions, J/mol 

ΔG0
r  Gibbs free energy of reaction at standard conditions, J/mol 

ΔGΦ
r,j  Gibbs free energy of reaction at 1bar and a chosen temperature, J/mol 

ΔH0
f  Enthalpy of formation at standard conditions, J/mol 

ΔH0
r  Enthalpy of reaction at standard conditions, J/mol 

νi,j  Stochiometric matrix composed by i components and j reactions,  
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Figure 1. Reaction network for fractionation of phenolic compounds in birch fractionation 

under supercritical ethanol. Notation: 1. sinapyl alcohol, 2. syringaresinol, 3. 4-propenyl 

syringol, 4. syringol, 5. syringyldehyde, 6. syringol acetone, 7. coniferyl alcohol, 8. 

Formaldehyde and 9. isoeugenol.  
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Scheme 1. Reaction mechanism of sinapyl alcohol isomerization to syringylacetone       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1. The ratio between the initial rates for formation of different products from fresh and 

old birch wood  
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Dehydration 
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Dealkylation            
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demethoxylati

on (r0.4/r0.9) 
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h run 

time) 

                                 

0.22 

                              

0.28 

                          

3.80 

                             

0.18 
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Figure 2. Concentration of phenolic compounds during fractionation of birch (a) sinapyl 

alcohol 1, b) syringaresinol 2, c) 4-propenylsyringol 3, d) syringol 4, e) syringylaldehyde 5, f) 

syringol acetone 6, g) coniferyl alcohol 7, and h) isoeugenol 9 as a function of time. Notation 

(■) 5 wt. % Fe-H-Beta-150, (●) 5 wt. % Fe-SiO2 and (▲) no catalyst. Conditions: 63 bar, 

hydrogen partial pressure 5 bar, 263 °C, ethanol (VL=100 ml), 7.6 g fresh birch powder (< 0.1 

mm size), 1 g catalyst and 1 h. run time.   
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Figure 3. Comparison of concentrations different phenolic compounds formed during 

fractionation of birch a) coniferyl alcohol, 7 vs syringaresinol 2, b) 4-propenylsyringol, 3 vs 

syringylacetone 6, c) coniferyl alcohol, 7 vs syringylacetone, 6, d) coniferyl alcohol 7 vs 4-

propenylsyringol, 3  and e) syringol, 4 vs isoeugenol, 9. Conditions: 63 bar, hydrogen partial 



pressure 5 bar, 263 °C, ethanol (VL=100 ml), 7.6 g fresh birch powder (< 0.1 mm size), 1 g 

catalyst and 1 h. run time.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Concentration of a) sinapyl alcohol 1, b) syringaresinol 2, c) 4-propenylsyringol 3, 

d) syringol 4, e) syringylaldehyde 5, f) syringol acetone 6, g) coniferyl alcohol 7, and h) 

isoeugenol 9 as a function of time. Conditions: 63 bar, hydrogen partial pressure 5 bar, 
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263 °C, ethanol (VL=100 ml), 7.6 g fresh  or old birch powder (< 0.1 mm size), 1 g catalyst 

and 3 hr run time. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 5. Size exclusion chromatography results. a) Chromatograms of the liquid phase 

products from fresh and old birch. b) Area % of heavy products, dimers and monomers in 

SEC chromatogram of liquid phase products from fresh and old birch.  Conditions: 63 bar, 

hydrogen partial pressure 5 bar, 243 °C, ethanol (VL=100 ml), 7.6 g fresh  or old birch 

powder (< 0.1 mm size), 1 g catalyst and 3 hr run time. 
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Figure 6. Size exclusion chromatography results. Conditions: 63 bar, hydrogen partial 

pressure 5 bar, 263 °C, ethanol (VL=100 ml), 7.6 g old birch powder (< 0.1 mm), 1 g catalyst 

and 3 h run time. Notations: total = monomer SEC area +dimer SEC area + heavy SEC area, 

(+) temperature, (O) heavy, (■) dimer and (▲) monomer distribution. 

  

 

 

 

 

  

 

 

 



Table 2. Enthalpy and Gibbs free energy formation for each component (i) and 

stoichiometric matrix for component i for reaction j.     

 

 

 

Component ΔH0
f 

[J/mol] 

ΔG0
f 

[J/mol] 

i/j 1 2 3 4 5 6 7 

sinapyl alcohol -5.34·105 -2.86·105 1 -2 -1 -1 -1 0 0 0 

syringaresinol -1.13·106 -4.99·105 2 1 0 0 0 0 0 0 

4-propenyl syringol -3.81·105 -1.50·105 3 0 1 0 0 -1 -1 0 

syringol -4.25·105 -2.45·105 4 0 0 0 0 0 1 -1 

syringyl aldehyde -5.43·105 -3.46·105 5 0 0 0 0 0 0 1 

syringyl acetone -6.11·105 -3.59·105 6 0 0 1 0 0 0 0 

coniferyl alcohol -3.69·105 -1.80·105 7 0 0 0 0 0 0 0 

formaldehyde -1.09·105 -8.96·104 8 0 0 0 0 0 0 -1 

isoeugenol -2.17·105 -4.33·104 9 0 0 0 1 1 0 0 

water -2.42·105 -2.28·105 10 0 1 0 1 0 0 0 

propane -1.04·105 -2.44·104 11 0 0 0 0 0 1 0 

hydrogen 0.00 0.00 12 -1 -1 0 -2 -1 -2 1 

methanol -2.05·105 -1.79·105 13 -1 -1 0 1 1 0 0 



Table 3. Enthalpy and Gibbs free energy for each reaction (j) at standard conditions, 

equilibrium constants at standard conditions (K0
j).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

j ΔH0
r,j [J/mol] ΔG0

r,j [J/mol] K0
j 

1 -5.81E+04 7.37E+04 1.22E-13 

2 -8.96E+04 -9.12E+04 9.42E+15 

3 -7.76E+04 -7.23E+04 4.68E+12 

4 7.47E+04 1.50E+04 2.33E-03 

5 1.64E+05 1.06E+05 2.47E-19 

6 -1.48E+05 -1.20E+05 1.19E+21 

7 -9.09E+03 -1.11E+04 8.91E+01 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

             Figure 7. Gibbs free energy for each reaction (j) as a function of temperature. 
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