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Pyrolysis-assisted catalytic hydrogenolysis of softwood lignin at 

elevated temperatures for the high yield production of monomers 

Jiaqi Wang, Eiji Minami, Haruo Kawamoto*

The catalytic hydrogenolysis of softwood lignins is normally conducted at temperatures below 200 °C but tends to provide 

monomer yields of less than 30 mol% as a consequence of the non-cleavable 4-O-5 and condensed (C–C) linkages of 

phenylpropane units in lignin. In the present study, catalytic hydrogenolysis at higher temperatures (250�350 °C) with the 

addition of Pd/C and H2 in anisole provided very high monomer yields of 62 and 43.5 mol% (based on the quantity of aromatic 

rings in the original lignin) from milled wood lignin and organosolv lignin, respectively. Both these materials were isolated 

from Japanese cedar wood (a softwood). An analysis of the dimeric products and catalytic hydrogenolysis trials using model 

dimers established that the cleavage of 4-O-5 and condensed bonds was responsible for these high monomer yields. 

Specifically, C?-aryl-type condensed bonds formed by condensation reactions during pyrolysis and the organosolv process 

were efficiently cleaved. This cleavage favored the production of monomers because condensation forming C?-aryl bonds 

normally inhibits monomer formation to a significant extent. The undesirable saturation of aromatic rings was also 

suppressed at such high temperatures. The Pd/C catalyst but not the addition of H2 was determined to be necessary for high 

monomer yields and the pyrolytic degradation of the lignin evidently played an important role in this transformation. On 

the basis of these data, the high temperature process reported herein is termed pyrolysis-assisted catalytic hydrogenolysis. 

Introduction

Lignin is the most abundant renewable source of aromatic 

compounds on the planet and accounts for 20–35 wt% of 

lignocellulosic biomass materials such as wood and herbaceous 

plants. Consequently, the conversion of lignin to aromatic 

monomers could represent a renewable source of commodity 

chemicals such as phenol and other aromatics and an 

alternative to the use of petroleum.1 The selective 

depolymerization of lignin is a very important aspect of this 

strategy and catalytic hydrogenolysis has received a great deal 

of attention in this regard. It has been reported that catalytic 

hydrogenolysis conducted under extreme conditions (such as 

250–260 °C and 220–240 bar) can convert lignin into saturated 

cycloalkanes such as cyclohexane that can be used as gasoline 

substitutes.2–5 Recently, other work has shown that milder 

conditions (150–200 °C) can be used during catalytic 

hydrogenolysis to avoid hydrogenation of the aromatic rings2,6 

and has demonstrated the selective production of 

dihydroconiferyl alcohol and dihydrosinapyl alcohol from lignin 

and wood.2,7–9 The monomer yields obtainable from hardwood 

lignins are generally high (on the order of 50 wt%) whereas 

those from softwood lignins are often less than 30 wt%.10–12 

Accordingly, increasing the monomer yields from softwood 

lignin remains a challenge.

The varying chemical structures of different types of lignin 

are one reason for the low monomer yields from softwood 

lignin. Lignin macromolecules are constructed via the 

polymerization of cinnamyl alcohols serving as biosynthetic 

monomers based on one-electron oxidation. The composition 

of lignin and the types of linkages (that is, ether (C–O�C) or 

condensed (C–C) bonds) are determined by the benzene ring 

substitution pattern of the cinnamyl alcohols, which comprise 

guaiacyl (4-hydroxy-3-methoxyphenyl, G-type), syringyl (3,5-

dimethoxy-4-hydroxyphenyl, S-type) and p-hydroxyphenyl (H-

type). Softwood lignin contains almost exclusively G-type 

alcohols while hardwood lignin contains G- and S-types.13 The 

G-type units each contain a site that allows for condensation at 

the C5 position whereas this position in an S-type unit is 

occupied by a methoxyl group. Therefore, as summarized in 

Table 1, softwood lignin has a higher proportion of C57 and 5-5 

condensed bonds but a lower proportion of C5O-4-type bonds. 

As a consequence of the higher dissociation energies of 

condensed bonds, these linkages are resistant to 

cleavage2,7,14,15 during pyrolysis, treatment with acids or bases 

and exposure to reductive/oxidative environments. This is 

problematic because the cleavage of these highly stable bonds 

is required for the efficient conversion of softwood lignin into 

aromatic monomers. 

The present work used a combination of catalytic 

hydrogenolysis and pyrolysis to induce the conversion of lignin 

within the temperature range of 250�350 °C, over which range 

this material is readily degraded even without the use of 
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hydrogenolysis can therefore efficiently convert highly 

condensed lignin-derived products to monomers. 

The compositions of the monomer mixtures generated by 

the organosolv lignin and MWL were also slightly different. 

Specifically, the proportions of guaiacol and methyl guaiacol 

were greater in the case of the former material. This result can 

possibly be ascribed to differences in the side-chain reactions 

involved in the organosolv pulping and pyrolysis processes. 

Organosolv lignins tended to preferentially form unsubstituted 

guaiacol, likely due to their high content of �-aryl linkages, as 

discussed in Fig. 13. This bond is cleaved at 350 °C to produce 

guaiacol.

Experimental

Materials

The sapwood of Japanese cedar (Cryptomeria japonica) was 

ground into a fine flour and sieved to obtain particles less than 

150 µm in size, after which the material underwent Soxhlet 

extraction with acetone. The MWL was subsequently prepared 

from the extracted wood flour according to a procedure 

previously reported by Björkman.37 The MWL was determined 

to contain the hydrolysable sugars glucose (at 0.6 wt%), xylose 

(0.7 wt%), mannose (0.3 wt%) and arabinose (0.2 wt%). 

Organosolv lignin was prepared using an acid-assisted ethanol 

organosolv process.38 Briefly, a 500 mg quantity of the extracted 

wood flour was dispersed in 5 mL of an aqueous ethanol 

solution (65%, v/v) containing H2SO4 (1%, w/w) and then heated 

at 195 °C for 40 min. Only 0.07 wt% carbohydrates and 1.14 wt% 

acid-soluble lignin remained in the resulting organosolv lignin. 

The compounds 4-phenoxylphenol (1), � �Q5�����
�����!����
 

(2) and � �Q5���������5' 'Q5���������57 7Q5�������
2�!����
 (3) 

were selected as model dimers having 4-O-5, ?5���
 and 5-5 

linkages, respectively. Compounds 1 (>99%, Tokyo Chemical 

Industry Co., Ltd., Tokyo, Japan) and 2 (98%, Sigma-Aldrich Co. 

LLC, St. Louis, MO, USA) were purchased while 3 was 

synthesized from methyl guaiacol (guaranteed reagent grade, 

Nacalai Tesque, Inc., Kyoto, Japan) according to a literature 

procedure.39 The purity of this compound was confirmed by 1H-

NMR to be 99%.

Pyrolysis-assisted catalytic hydrogenolysis

Samples of the model dimers, Japanese cedar MWL and 

organosolv lignin were subjected to pyrolysis-assisted  catalytic 

reactions in a batch reactor (Fig. S4).40 In each case, a sample 

mass of approximately 10 mg was placed in a sealed 5 mL 

reaction vessel together with a specific amount of 5% Pd/C 

(extra pure reagent, Nacalai Tesque, Inc.) and 2 mL of anisole 

(>99%, guaranteed reagent, Nacalai Tesque, Inc.). The free 

space in the vessel (approximately 3 mL) was filled with H2 at 

0.1 or 1.0 MPqa using a compressor. After being filled, the 

reactor was immersed in a salt bath preheated to a temperature 

in the range of 200–350 °C and agitated by imparting a swinging 

motion. After a set time, the reactor was transferred to a water 

bath to quench the reaction. The time spans required to heat 

the reactor to the target temperature and to cool it to the 

quenching temperature were approximately 30 sec each and so 

were negligibly short compared with the reaction time. It should 

be noted that the 3 mL of H2 at 0.1 and 1.0 MPa added to the 

reactor equated to approximately 0.13 and 1.3 mmol and so 

was equivalent to 2.4 and 24 times the number of guaiacyl 

propanoid (C9) units in 10 mg of the lignin sample 

(approximately 0.056 mmol), respectively. During the reaction, 

the pressure in the reactor would have increased to the vapor 

pressure of anisole. Calculations based on the Soave-Redlich-

Kwong model using the Pro/II simulator 2021 software package 

(AVEVA Group plc, London, UK) indicated that the pressure was 

between 0.3 and 3.3 MPa when the reaction temperature was 

between 200 and 350 °C, such that the majority of the 2 mL of 

anisole was in the liquid phase.

After the reaction, the reactor was washed several times 

using a total of 18 mL of methanol to recover the reaction 

mixture, giving a turbid dispersion with a volume of 

approximately 20 mL containing a solid residue, the Pd/C and 

anisole. A portion of this suspension was centrifuged to remove 

solids after which the reaction products were analyzed.
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Fig.  15 The yields of monomers obtained from the pyrolysis-assisted catalytic hydrogenolysis of Japanese cedar organosolv lignin in anisole at 200�350 °C for 60 

min (Organosolv lignin: 10 mg, Pd/C: 10 mg, anisole: 2 mL, H2: 3 mL at 0.1 MPa).

DHCA: dihydroconiferyl alcohol, PG: propyl guaiacol, EG: ethyl guaiacol, MG: methyl guaiacol, G: guaiacol, PP: propyl phenol, EP: ethyl phenol, MP: methyl phenol.
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Product analysis

GPC was used to analyze the amethanol-soluble portion of the 

product mixture as a means of determining the MW distribution 

of the products. This analysis was performed using an LC-10A 

system (Shimadzu Corporation, Kyoto, Japan) with a Shodex KF-

801 column (exclusion limit 1500 Da as the polystyrene 

equivalent; Showa Denko K.K., Tokyo, Japan), tetrahydrofuran 

as the eluent at 0.6 mL/min, a column oven temperature of 40 

°C and an ultraviolet detector operating at 280 nm.

GC/MS was also used to assess the methanol-soluble 

portion of the reaction mixture following trimethylsilyl 

derivatization. This analysis employed a GCMS-QP2010 Ultra 

instrument (Shimadzu Corporation) with a CPSil 8CB column 

(length: 30 m, inner diameter: 0.25 mm, film thickness: 0.25 W�R 

Agilent Technologies, Inc., Santa Clara, CA, USA), He as the 

carrier gas at 2.09 mL/min, an injector temperature of 250 °C 

and a split ratio of 1/10. The column oven temperature was 

initially 70 °C (2 min hold) then ramped at 4 °C/min to 150 °C (1 

min hold) and subsequently ramped at 10 °C/min to 300 °C (1 

min hold). Prior to each analysis, the methanol was removed 

from the methanol-soluble portion by heating at 30 °C under 

vacuum. This relatively low temperature was used because 

some products, such as guaiacol, were partly lost by heating at 

40 °C or above. An aliquot of 1,3,5-triphenylbenzene was added 

to the resulting specimen as an internal standard, followed by 

the addition of pyridine (100 W�:  hexamethyldisilazane (150 W�: 

and trimethylchlorosilane (80 W�: with subsequent heating at 60 

°C for 30 min for trimethylsilylation. The products were 

quantified using calibration curves prepared from the analysis 

of standards. The molar yield, Mi, of each monomeric product, 

i, was calculated as 

,�i (mol%) =  
Mass of �    

MW of �× �C9
× 100

where nC9 is the moles of phenylpropanoid (C9) units in the 

lignin sample, calculated as

.�C9 (mol) =  
Sample mass (approximately 0.01 g)

Average MW of phenylpropanoid units

The average MW values of the phenylpropanoid units in the 

MWL and in the ethanol organosolv lignin obtained from 

softwood have been reported to be 182 and 168 Da,41,42 

respectively, and these values were used in the present study.

NMR analyses were conducted using an AC-400 

spectrometer (400 MHz, Varian Medical Systems, Palo Alto, CA, 

USA). The chemical shifts and coupling constants (J) are 

presented herein as X (ppm) and in units of Hz, respectively. 

Prior to each analysis, the methanol was removed from the 

methanol-soluble portion by heating under vacuum at 30 °C and 

the resulting dry oil was dissolved in dimethyl sulfoxide-d6 for 

the analysis of MWL or in acetone-d6 for the analysis of 

organosolv lignin.

Gas phase catalytic reaction of guaiacol

Approximately 1 W� of guaiacol (>99%, Wako Pure Chemical 

Industries, Ltd., Osaka, Japan) was injected into a tandem 

micro-reactor system (Rx-3050TR, Frontier Laboratories Ltd., 

Fukushima, Japan) as shown in Fig. S4b. This aliquot was 

volatilized in the first reactor after which the resulting vapor 

was transferred to the second reactor via a flow of H2 carrier 

gas. A column packed with Pd/C (inner diameter: 3 mm, height 

of Pd/C layer: 20 mm) was situated in this second reactor to 

promote the catalytic conversion of the guaiacol. The first and 

second reactors were both held at the same temperature of 

between 260 and 360 °C. The resulting products were 

introduced into a GC/MS system (GCMS-QP2010 SE, Shimadzu 

Corporation) and analyzed in real-time. This system included an 

Ultra ALLOY+-1 column (length: 30 m, inner diameter: 0.25 mm, 

film thickness: 2 W�R Frontier Laboratories Ltd.) connected to a 

vent-free adaptor N-50 (length: 50 cm, inner diameter: 0.15 

mm), H2 as the carrier gas at 1.20 mL/min, an injector 

temperature of 250 °C and a split ratio of 1/24.9. The column 

oven temperature was initially 50 °C (5 min hold) followed by a 

ramp at 10 °C/min to 270 °C (3 min hold).

Conclusions

This work examined the catalytic hydrogenolysis of MWL 

isolated from Japanese cedar wood (a softwood) in anisole 

using Pd/C over the temperature range of 250�350 °C, within 

which lignin is pyrolyzed. A high yield of monomers (over 60 

mol%, based on the lignin aromatic rings) could be achieved 

when the catalytic process was carried out at temperatures 

above 250 °C. The insoluble MWL was first thermally converted 

to soluble oligomers and monomers by pyrolysis, after which 

depolymerization of the oligomers and monomer conversion 

occurred under catalytic conditions. Based on the dimer 

composition and the reactivity of 4-O-5-, ?5���
5 and 5-5-type 

model dimers, the high monomer yield is attributed to the 

cleavage of these normally stable bonds in the oligomers. Ring 

saturation was also found to be significantly suppressed at 

these high temperatures. DHCA was the predominant monomer 

below 200 °C whereas guaiacol and alkyl guaiacols (methyl, 

ethyl and propyl, especially ethyl guaiacol) were formed above 

300 °C. Demethylation and demethoxylation were initiated 

above 330 °C, particularly in the case of the 5-5 dimer, which 

had a unique conformation in which the two aromatic rings 

were arranged perpendicular to one another. The presence of 

the Pd/C catalyst was determined to be more important than 

the addition of H2 with regard to catalytic depolymerization. The 

data from this work allowed the roles of pyrolysis, the catalyst 

and hydrogen in monomer production to be evaluated. This 

high temperature process, termed pyrolysis-assisted catalytic 

hydrogenolysis, was also effectively applied to organosolv lignin 

isolated from Japanese cedar, giving monomers in 43.5 mol% 

yield at 350 °C based on the cleavage of ?5���
 bonds formed by 

re-condensation during organosolv pulping.
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