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Abstract 

A two-step process consisting of depolymerization and catalytic cracking without 

hydrogen addition was carried out to produce phenols from lignin. In the first step, lignin 

was depolymerized using a silica-alumina catalyst in a water/1-butanol solution at 623K for 5 

2 h. After the reaction, lignin-derived slurry liquid was obtained in 67 C-mol% yield. From 

the model studies, it was considered that lignin was mainly depolymerized via hydrolysis of 

aryl ether bonds between lignin units. For the second step, the catalytic reaction of the 

1-butanol phase of the slurry liquid was carried out over an iron oxide catalyst using a high 

pressure fixed-bed flow reactor at 673 K. The catalytic reaction under high pressure steam 10 

conditions was effective for the suppression of the formation of solid products. In addition, 

the recovery fraction of phenols increased as the FH2O/F value (the flow rate ratio of steam to 

the slurry liquid) increased, resulting in 17% of phenols at FH2O/F = 5 for 2–4 h. From the 

model studies and our previous results, catechol and methoxyphenol in the slurry liquid were 

considered to be converted into phenols, cresols and other alkyl phenols over the iron oxide 15 

catalyst. 
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Highlights 

 

・Phenols were obtained by depolymerization of lignin, followed by catalytic cracking. 

・Lignin depolymerization in H2O/BuOH solution produced lignin-derived slurry liquid. 

・The reactions of the slurry liquid were investigated under high pressure steam. 5 

・Catechols and methoxyphenols in the slurry liquid were converted into phenols. 

・The recovery fraction of phenols increased as the FH2O/F value increased. 

 

 

Keywords 10 

 

Biomass utilization, Lignin conversion, Phenols, Iron oxide catalyst, High pressure flow 

reactor 
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1. Introduction 

From the perspective of fossil fuel depletion and the need to control carbon dioxide 

emissions, the production of useful chemicals from lignocellulose, which is the most 

abundant inedible biomass in nature, is becoming increasingly important [1–3]. 

Lignocellulose resources are composed of cellulose, hemicellulose and lignin. Recently, the 5 

production of bio-ethanol from cellulose and hemicellulose has been developed worldwide 

[4]. In these production processes, lignin is removed as an undesired byproduct. In addition, 

the chemical pulping industry conventionally excretes a large quantity of black liquor 

containing lignin and inorganic chemicals for treating lignocellulose. The black liquor is 

typically concentrated and burned in a boiler to produce energy and recover the inorganic 10 

chemicals. 

Lignin is a high molecular weight polymer composed of methoxylated alkylphenol units. 

Accordingly, it can be regarded as a rich source of phenols. However, because lignin has a 

random, three-dimensional network, it is difficult to decompose lignin into phenols. Various 

methods for the production of phenols from lignin have been investigated, such as hydrolysis 15 

[5,6], pyrolysis [7], alkaline oxidation [8–10] and hydrocracking [11–15]. Among these 

methods, hydrocracking process usually gives good results with respect to the yield of 

phenols. Because biomass including lignin contains a lot of oxygen, hydrodeoxygenation 

(HDO) reactions occur during hydrocracking, where oxygen in biomass is removed and 

converted into H2O. Recently, hydrodeoxygenation (HDO) of biomass-derived feeds such as 20 

bio-oils, lignin and lignin model compounds has been widely studied [16–19]. 

We previously reported a conversion process for the production of phenols from lignin 

via two reaction steps, as shown in Figure 1 [20]. Because this process converts lignin 

without hydrogen using solid catalysts, it is considered to be economically and 

environmentally promising. First, lignin is depolymerized into lower molecular weight liquid 25 

products (referred to as lignin-derived slurry liquid hereafter). For this step of the process, 
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lignin hydrolysis was carried out using a solid acid catalyst in a mixture of water/1-butanol, 

achieving a high yield of the lignin-derived slurry liquid. Although the contact of lignin with 

a solid catalyst is less efficient than that of lignin with a homogeneous one, the separation 

and recovery of the used catalyst from the slurry liquid get easier when using a solid catalyst. 

For this reason, we attempted applying a solid acid catalyst to the depolymerization of lignin. 5 

The function of the water/1-butanol solution was assumed to be the extraction of the 

degraded components such as phenolic compounds and carboxylic acids from the water 

phase into the 1-butanol phase. Next, the lignin-derived slurry liquid was converted into 

phenols. Catalytic cracking of the slurry liquid was carried out over an iron oxide catalyst, 

which we previously developed for converting biomass wastes into useful chemicals [21–24]. 10 

This catalyst was applicable to the reaction of the slurry liquid, and the yield of phenols and 

cresols increased after the catalytic reaction. 

Unfortunately, a large quantity of solid products, including carbonaceous residue and 

coke, were formed after the catalytic cracking of the slurry liquid under a steam atmosphere 

of 0.1 MPa. It has been reported that hot compressed water, especially supercritical water, 15 

can disperse heavy organic molecules [25,26]. This property is expected to suppress the 

polymerization reactions of oligomers and heavy components in the slurry liquid, as well as 

the formation of carbonaceous residue and coke. 

In this study, therefore, the catalytic cracking of lignin-derived slurry liquid was carried 

out using a fixed-bed flow reactor under high pressure steam conditions, and the effect of 20 

reaction conditions on the yield of phenols and solid products was investigated. Moreover, 

the reaction path of each step in the conversion process was proposed on the basis of 

reactions using model compounds. 

 

2. Experimental 25 

2.1. Depolymerization of lignin 
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Depolymerization of lignin was carried out in an autoclave reactor made of Hastelloy 

alloy C-276 (KH-50; Hiro Co., Ltd.) with an inner volume of 36 cm
3
 at 623 K for 2 h. Figure 

2 shows the schematic of the autoclave reactor. Lignin (alkaline) (Tokyo Chemical Industry, 

abbreviated as lignin), silica-alumina with a Si/Al = 2 (atomic ratio) (N631HN; Nikki 

Chemical Co., Ltd.) and a mixed solution of distilled water (H2O) and 1-butanol (BuOH) 5 

were placed in the reactor. The weights of lignin, silica-alumina and solvent were 0.7 g, 0.7 g, 

and 21 g, respectively, and the composition of solvent was H2O/BuOH = 4 (molar ratio). The 

reactor was moved back and forth during the reaction. 

Figure 3 shows the analytical procedure for the depolymerization reaction of lignin. 

After termination of the reaction, the gaseous products were collected with a gas pack, and 10 

the remains in the reactor were filtered to recover the lignin-derived slurry liquid and any 

solid products. The gaseous products were analyzed using gas chromatographs with a 

thermal conductivity detector (GC-8A; Shimadzu Co., Ltd.) equipped with an activated 

charcoal column, and a flame ionization detector (GS-20B; Shimadzu Co., Ltd.) equipped 

with a Porapak Q column. The lignin-derived slurry liquid was analyzed using two gas 15 

chromatographs with a flame ionization detector (GC-2014; Shimadzu Co., Ltd.) and two 

gas chromatograph–mass spectrometers (GC-17A GCMS-QP5050 and GC-2010 

GCMS-QP2010 PARVUM2; Shimadzu Co., Ltd.). Gas chromatographs were equipped with 

capillary columns (DB-Wax and DB-5; J&W Scientific), and gas chromatograph–mass 

spectrometers were equipped with the same columns. Thermal analysis of the slurry liquid 20 

was carried out under a nitrogen atmosphere with a thermal gravimetric analyzer (TGA-50; 

Shimadzu Co. Ltd.). The temperature program was set as follows: after holding at 323 K for 

1 h to remove solvent in the slurry liquid, heating was carried out from 323 K to 873 K at a 

rate of 5 K/min. The carbon content of the solid product, which consisted of a mixture of the 

coke deposited on the catalyst and the residue, was analyzed using an elemental analyzer 25 

(ECS 4010; Costech Instruments). 
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The carbon yield of the products after lignin depolymerization was calculated based on 

carbon content of lignin originally placed into the autoclave reactor. The carbon content of 

lignin was analyzed using an elemental analyzer, and was found to be 51.1 wt%. 

 

2.2. Reactions of model compounds 5 

To examine the reaction path during lignin depolymerization, reactions using model 

compounds were carried out. The model compounds were selected due to their structural 

similarity to lignin. Linkages between the units of lignin are broadly divided into two 

categories: an ether bond-type and a carbon-carbon bond, namely of the condensed-type 

(non-ether bond-type). The primary inter-unit linkage is the aryl ether bond, accounting for 10 

about 50% of all inter-unit linkages in lignin [27,28]. Figure 4 shows the model compounds 

used in this study. p-Propylphenol, phenethyl phenyl ether (2-phenylethyl phenyl ether), and 

2-methoxy-4-methylphenol are the model compounds containing the condensed-type linkage, 

aryl ether bond, and methoxy group, respectively. 

The reactions of these model compounds were carried out in the above-mentioned 15 

autoclave reactor, and the reaction conditions were the same as those of lignin 

depolymerization except for the amount of feedstock. The amount of each model compound 

placed into the reactor was 1.5 × 10
-2

 mol. The reaction without any catalyst was also 

conducted. The analytical procedure was the same as described in Section 2.1. 

 20 

2.3. Preparation and characterization of the iron oxide catalyst 

The iron oxide catalyst was prepared by the co-precipitation method. 10 wt% of 

ammonia solution was added to aqueous solutions of Ce(NO3)3∙6H2O, ZrO(NO3)2∙2H2O, 

Al(NO3)3∙9H2O, and Fe(NO3)3∙9H2O until the pH reached 7. All reagents were purchased 

from Wako Pure Chemical Industries (Japan) and were used without further purification. The 25 

precipitate was filtered and oven-dried at 383 K overnight to obtain the catalyst precursor, 
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which was subsequently calcined at 773 K for 2 h in an air atmosphere. The obtained catalyst 

is denoted as CeO2–ZrO2–Al2O3–FeOX hereafter. The iron oxide catalyst containing only 

ZrO2 and FeOX (abbreviated as ZrO2–FeOX) was also prepared by the same method as 

applied to CeO2–ZrO2–Al2O3–FeOX. The content of each component in these catalysts was 

analyzed by X-ray fluorescence (XRF Supermini; Rigaku Co., Ltd.) and was found to be 6 5 

wt% CeO2, 6 wt% ZrO2 and 4 wt% Al2O3 in CeO2–ZrO2–Al2O3–FeOX, and 7wt% ZrO2 in 

ZrO2–FeOX. The structure of the catalyst was analyzed with an X-ray diffractometer 

(JDX-9020; JEOL). 

 

2.4. Catalytic cracking of the lignin-derived slurry liquid over CeO2–ZrO2–Al2O3–FeOX 10 

Because the slurry liquid consisted of two phases (water and BuOH phases) and almost 

all of the phenols analyzed by gas chromatography were found in the BuOH phase, the 

BuOH phase was used as the feedstock for the catalytic cracking over 

CeO2–ZrO2–Al2O3–FeOX using a high pressure fixed-bed flow reactor. Because the process 

of removing solvent from the BuOH phase could lead to the loss of phenols in the slurry 15 

liquid, the BuOH phase was used without removing the solvent. Figure 5 shows the 

schematic of the reaction apparatus. Prior to the reaction, the catalyst was preheated under 

steam flow at reaction temperature under 15 MPa for 1 h. The reaction temperature was 

fixed at 673 K, and reaction time was varied between 2 and 4 h. The time factor W/F was 0.5 

h, where W is the amount of catalyst (g) and F is the flow rate of the slurry liquid (g/h). 20 

FH2O/F, where FH2O is the flow rate of steam, was varied between 2.5 and 7.5. 

After the termination of the reaction, the liquid and gaseous products were collected 

with an ice trap and a gas pack, respectively. The liquid and gas products were analyzed 

using the same gas chromatographs and gas chromatograph–mass spectrometers as those 

used for the analysis of the lignin-derived slurry liquid (see Section 2.1.). In this study, as 25 

shown in Figure 5, the residue deposited on the inner wall of the reactor was divided into 
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three parts to analyze: (i) front of catalyst bed, (ii) reactor, and (iii) behind catalyst bed. The 

reactor was oven-dried at 383 K overnight, then the used catalyst was collected, and the 

weight of each part of the reactor was measured. The carbon content of the residue was 

calculated based on the assumption that the residue was composed of (CH)n units using the 

following equations: 5 

unitCHinmolscarbon/CHofweightmolecular

reactiontheafterreactortheofincreaseweight

residueofcontentcarbon


  (1) 

The carbon content of the coke on the used catalyst was analyzed using an elemental 

analyzer (ECS 4010; Costech Instruments). 

 

2.5. Catalytic cracking of model compounds over iron oxide catalyst 10 

To elucidate the reaction path for catalytic cracking of the slurry liquid, the reactions 

using model compounds over CeO2–ZrO2–Al2O3–FeOX and ZrO2–FeOX were conducted. 5 

wt% of catechol or phenol water solution was fed into the fixed-bed flow reactor at 673 K 

for 2 h under atmospheric pressure. The details of the reaction apparatus were described in 

our previous studies [23,24]. W/Fmodel was varied between 0 and 4 h, where Fmodel is the flow 15 

rate of the model compound (g/h). The liquid and gas products were analyzed using the same 

gas chromatographs and gas chromatograph–mass spectrometers as those used for the 

analysis of the lignin-derived slurry liquid (see Section 2.1.). The carbon content of the coke 

on the used catalyst was analyzed using an elemental analyzer (ECS 4010; Costech 

Instruments). 20 

 

3. Results and Discussion 

3.1. Depolymerization of lignin 

3.1.1. Results of lignin depolymerization 
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Depolymerization of lignin was carried out in H2O/BuOH solution using silica-alumina 

at 623 K for 2 h. Figure 6 shows the yield of lignin-derived slurry liquid after the reaction, 

and Table 1 shows the recovery fraction of phenols from the BuOH phase of the slurry liquid. 

Because the lignin used in this study was found to be sulfite lignin on the basis of the data 

registered in the National Institute of Technology and Evaluation of Japan, the recovery 5 

fraction was calculated based on the assumption that the constituent monomer of lignin was 

2-methoxy-4-(2,3-dihydroxy-1-sulfo)-propylphenol. The recovery fractions were obtained 

using the following equations: 

monomertconstituenofweightmolecular

reactionzationdepolymeritheforusedligninofweight

lignininringaromaticofmols


  (2) 

phenolstheofmolecularoneinnumberscarbon

phenolsobtainedtheofmolscarbon

reactionzationdepolymeritheafterphenolsinringaromaticofmols


  (3) 10 

From equation (2), the mols of aromatic ring in lignin placed in the autoclave reactor was 

calculated using the basic unit of lignin, and from equation (3), mols of aromatic ring in 

phenols were calculated based on the GC analysis results obtained after the depolymerization 

reaction. From (2) and (3), 

100
lignininringaromaticofmols

phenolsinringaromaticofmols
/%phenolsoffractionerycovre    (4) 15 

From Table 1, it was found that the slurry liquid mainly contained methoxyphenols and 

catechols. 

Figure 7 shows the results of the TGA analyses of lignin and BuOH phase of the slurry 

liquids. The BuOH phase of the slurry liquid was dark brown, while the water phase, in 

contrast, was a nearly colorless and transparent solution. Accordingly it was determined that 20 

the lignin-derived products were mainly contained in the BuOH phase, and TGA analysis 

was conducted using the BuOH phase. The weight loss curves of the lignin-derived products 

in the BuOH phase shifted to the lower temperature region as compared with that of raw 
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lignin. Weight loss of a sample in the lower temperature region of a TGA analysis indicates 

that the sample consists of chemicals with lower molecular weights. Accordingly, this shift 

indicated that the lignin-derived products became lighter and depolymerization of lignin 

proceeded. 

 5 

3.1.2. Investigation of the reaction path based on the results using model compounds 

To elucidate the reaction path of lignin depolymerization, the reactions of model 

compounds shown in Fig. 4 were carried out. After the reaction of p-propylphenol, no 

decomposition of the propyl group (e.g., production of phenol, p-cresol or p-ethylphenol) 

was observed. This indicated that the decomposition of the condensed-type linkage between 10 

lignin units rarely occurred during lignin depolymerization. 

Figure 8 (a) shows the yield of identified products by GC after the reaction of phenethyl 

phenyl ether, and Table 2 (a) shows the product yields after the reaction. The yields of 

unidentified and undetectable products by GC in Table 2 were calculated by the difference 

using the following equation: 15 

Coke)GCbyproductsIdentifiedcompoundmodel(Unreacted100

mol%-/CGCbyproductsleundetectabandedUnidentifi


 (5) 

Without catalyst, decomposition of the aryl ether bond proceeded only slightly, and a small 

amount of phenol and styrene were produced. These products were also observed in other 

studies on pyrolysis of phenethyl phenyl ether [29,30]. With the silica-alumina catalyst, the 

conversion of the model compound increased considerably, and phenol and phenethyl 20 

alcohol were selectively produced. Because it was reported that aryl ether bonds were 

hydrolyzed by acid catalysts such as hydrochloric acid [31,32], hydrolysis of phenethyl 

phenyl ether over silica-alumina was considered to produce phenol and phenethyl alcohol. 

Alkylphenols, e.g., butylphenol, were the major products, and various alkylbenzenes were 

also produced. Because this reaction was carried out in H2O/BuOH solution, consecutive 25 
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alkylations of the obtained phenol or phenethyl alcohol with BuOH were considered to 

produce these compounds. 

Figure 8 (b) shows the yield of identified products by GC after the reaction of 

2-methoxy-4-methylphenol, and Table 2 (b) shows the product yields after the reaction. 

Without catalyst, 4-methyl-catechol was selectively produced. This result indicated that the 5 

methoxy group was thermally decomposed. With the silica-alumina catalyst, the conversion 

of the model compound increased whereas the yield of 4-methyl-catechol decreased, and 

other catechols including tert-butylcatechol and methyl propionyl catechol were produced. 

The formation of methanol indicated that the methoxy group was possibly decomposed via 

hydrolysis. The other catechols were considered to be formed by the alkylation of the 10 

obtained 4-methyl-catechol with BuOH and/or the produced methanol. 

These results indicated that the depolymerization of lignin mainly proceeded via 

hydrolysis of aryl ether bonds between lignin units, which is the primary linkage between 

lignin units, producing phenols, cresols, methoxyphenols and alkyl phenols in the slurry 

liquid. In addition, catechols were mainly produced via thermal decomposition of methoxy 15 

groups in methoxyphenols during lignin depolymerization. 

 

3.2. Catalytic cracking of lignin-derived slurry liquid over CeO2–ZrO2–Al2O3–FeOX 

3.2.1. Effect of reaction pressure 

We previously developed iron oxide catalysts including ZrO2–FeOX and 20 

ZrO2–Al2O3–FeOX. From the results of our previous studies, the functions of each 

component in the catalysts were summarized as follows: The organics adsorbed on the iron 

oxide-based catalyst were oxidatively decomposed using the lattice oxygen in FeOX. 

Because ZrO2 exhibits activity to produce active oxygen species from H2O, the defects of 

oxygen in FeOX can be regenerated by the active oxygen species [33, 34]. The addition of 25 

Al2O3 was effective for the decrease in the FeOX domain size, and the increase in the surface 
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area of the catalyst [34, 35]. The composition of ZrO2–Al2O3–FeOX was investigated and 

optimized for the upgrading of petroleum residual oil [34]. Because CeO2 has a hydrophilic 

property and a high oxygen storage capacity, it was expected that CeO2 as well as ZrO2 

enhanced the production of active oxygen species from H2O. For this reason, catalytic 

cracking of the slurry liquid was carried out over CeO2–ZrO2–Al2O3–FeOX. 5 

As mentioned in Section 2.4, the BuOH phase of the slurry liquid was used as feedstock 

for the catalytic cracking without removal of the solvent. We previously reported that the 

partial oxidation of alcohols occurred to produce carboxylic acids, followed by the 

ketonization of the carboxylic acids over the iron oxide catalyst [23,24,36]. In addition, it 

was confirmed that the catalytic reaction of BuOH alone over CeO2–ZrO2–Al2O3–FeOX did 10 

not produce any phenols. Accordingly, this study focused on phenols among whole products 

after the reaction. In this study, the recovery fraction of phenols was calculated using 

equations (2)–(4) on the basis of the amount of lignin used for the depolymerization reaction. 

Catalytic cracking of the lignin-derived slurry liquid was carried out under different 

pressures at FH2O/F = 2.5. Figure 9 shows the recovery fractions of phenols after the catalytic 15 

reactions. The recovery fraction of phenols under pressurized steam conditions slightly 

increased compared to that under 0.1 MPa. With respect to the composition of phenols, 

catechols and methoxyphenols drastically decreased, whereas phenols, cresols and 

alkylphenols comprised of butylphenol and ethylphenol as major products increased after the 

catalytic reaction of the slurry liquid. A small amount of other mono-aromatics including 20 

dimethyl phenyl acetate, propoxy benzaldehyde, and methoxy phenyl acetone were also 

produced. This reaction path of phenols over CeO2–ZrO2–Al2O3–FeOX is discussed in 

Section 3.2.3. 

Table 3 shows the yield of solid products including the residue and coke. The total yield 

of solid products decreased as the reaction pressure increased. Oligomers and heavy 25 

components in the slurry liquid were polymerized by heating in the electric furnace before 
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reaching the catalyst bed under an atmospheric pressure, followed by the formation of a 

significant amount of carbonaceous residue. In contrast, it was reported that supercritical 

water had the effect of dispersing heavy components in oil sand bitumen, leading to the 

prevention of recombination reactions for upgrading oil sand bitumen [26]. It was considered 

that a similar effect under high pressure steam conditions suppressed the polymerization 5 

reactions of the heavy components in the slurry liquid. As shown in Table 3, the amount of 

residue in front of the catalyst bed significantly decreased under high pressure steam 

conditions. This meant that the amount of oligomers and heavy components contacting 

CeO2–ZrO2–Al2O3–FeOX increased with increasing reaction pressure. On the other hand, the 

amount of coke on the catalyst was nearly constant at every reaction pressure. These results 10 

indicated that the tendency for coke deposition on the catalyst declined as the reaction 

pressure increased. Therefore, the catalytic reaction of the slurry liquid under high pressure 

was effective for the recovery of phenols and the suppression of the formation of solid 

products. 

 15 

3.2.2. Effect of FH2O/F value 

Figure 10 shows the recovery fraction of phenols after the reaction of lignin-derived 

slurry liquid at different FH2O/F values under 15 MPa for 2–4 h. The recovery fraction of 

phenols increased slightly as the FH2O/F value increased after the catalytic reaction for 2 h. 

Figure 11 shows XRD patterns of CeO2–ZrO2–Al2O3–FeOX before and after the reactions for 20 

2 h. The XRD pattern before the reaction in Fig. 11 is the one collected after the steam 

pre-treatment. As described in Section 3.2.1., it was reported that oxidative reactions over 

iron oxide catalysts consume the lattice oxygen in FeOX, which can be regenerated by active 

oxygen species produced from H2O over ZrO2 [33,34]. Accordingly, the degree of catalyst 

deactivation was observed by transforming the crystal phase from hematite to magnetite. 25 

After the reaction, the catalyst structure at FH2O/F = 2.5 included magnetite, whereas the 
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catalysts at more than FH2O/F = 5 were mostly unchanged and retained their initial hematite 

content because there was enough steam for the catalytic reaction. Therefore, it can be 

concluded that the improvement of catalyst stability caused the increase in the recovery 

fraction of phenols at high FH2O/F values. 

With respect to the reaction time, the recovery fraction of phenols increased as the 5 

reaction time increased at FH2O/F = 5.0–7.5. Because the reactor was injected with high 

pressure steam at the beginning of the reaction, the initial period of the catalytic reaction was 

an unsteady state. In contrast, it was considered that the catalytic reaction between 2–4 h 

became more stable, resulting in the increase in the recovery fraction of phenols. Moreover, 

the total recovery fraction of phenols increased after the reaction at FH2O/F = 5.0–7.5 for 2–4 10 

h as compared with that of slurry liquid. This indicated that lignin-derived compounds in the 

slurry liquid were converted into phenols over CeO2–ZrO2–Al2O3–FeOX. 

 

3.2.3. Investigation of the reaction path based on the results using model compounds 

We previously reported that guaiacol (2-methoxyphenol) was selectively converted into 15 

phenol over iron oxide catalyst [37]. Therefore, it is considered that demethoxylation of 

methoxyphenols proceeded via a reaction pathway similar to that involved in the reaction of 

guaiacol. 

In this study, to clarify the reaction path of catechols, catalytic reactions using catechol 

and phenol as model compounds were carried out over CeO2–ZrO2–Al2O3–FeOX under 20 

atmospheric pressure. Figure 12 (a) shows the yield of the detectable products by GC after 

the reaction of catechol, and Table 4 shows the product yields after the reaction of catechol 

and phenol. Catechol showed little reaction without catalyst. In contrast, phenol was 

selectively produced from catechol over CeO2–ZrO2–Al2O3–FeOX, and the yield of phenol 

increased as W/Fmodel increased. In addition, phenol showed little reaction over 25 

CeO2–ZrO2–Al2O3–FeOX, and the yield of benzene was only 0.15 C-mol%. Therefore, these 



16 

  

results indicated that catechol and methoxyphenol were converted into phenols, cresols and 

alkyl phenols over CeO2–ZrO2–Al2O3–FeOX. 

The catalytic reaction of catechol over ZrO2–FeOX was also carried out at W/Fmodel = 4. 

Figure 12 (b) shows the yield of the detectable products by GC after the reaction. Although 

the yield of phenol was lower than that obtained using CeO2–ZrO2–Al2O3–FeOX, phenol was 5 

selectively produced after the reaction over ZrO2–FeOX. Accordingly, this result indicated 

that the main active field of the reaction was over FeOX. 

 

4. Conclusions 

A two-step process that consisted of depolymerization and catalytic cracking was 10 

carried out to produce phenols from lignin. In the first step, lignin was depolymerized using 

silica-alumina in a H2O/BuOH solution at 623 K for 2 h. From the results using model 

compounds, it was considered that depolymerization of lignin mainly proceeded via 

hydrolysis of aryl ether bonds between lignin units. For the second step, the catalytic 

reaction of the BuOH phase of the slurry liquid was carried out over 15 

CeO2–ZrO2–Al2O3–FeOX catalyst using a high pressure fixed-bed flow reactor. Under high 

pressure steam conditions, the yield of solid products, especially the residue in front of the 

catalyst bed, greatly decreased as compared to the one under atmospheric pressure. It was 

considered that polymerization reactions of oligomers and heavy components in the slurry 

liquid were suppressed under the high pressure steam conditions. In addition, the recovery 20 

fraction of phenols increased as the FH2O/F value increased. The results of analysis of the 

catalyst structure revealed that the improvement of catalyst stability caused the increase in 

the recovery fraction of phenols at high FH2O/F values. Investigation of the reaction path of 

phenols in the slurry liquid over CeO2–ZrO2–Al2O3–FeOX was also carried out using 

catechol and phenol as model compounds under atmospheric pressure. From the reaction 25 
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results, it was considered that methoxyphenols and catechols in the slurry liquid were 

selectively converted into phenols, cresols, and alkylphenols. 
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Figure and Table Captions 

 

Figure 1. Outline of the process for the production of phenols from lignin. 

 

Figure 2. Schematic of the autoclave reactor for the depolymerization of lignin. 5 

 

Figure 3. Analytical procedure for the depolymerization of lignin. 

 

Figure 4. Structures of the selected model compounds: (a) p-propylphenol, (b) phenethyl 

phenyl ether, (c) 2-methoxy-4-methylphenol. 10 

 

Figure 5. Schematic of the high pressure fixed-bed flow reactor for the catalytic cracking. 

 

Figure 6. The yield of lignin-derived slurry liquid after the lignin depolymerization. Reaction 

conditions: H2O/BuOH = 4, silica-alumina, T = 623 K, reaction time = 2 h. 15 

 

Figure 7. Results of TGA analysis of lignin-derived slurry liquid (BuOH phase). W0: The 

weight after holding at 323 K for 1h under N2 atmosphere. 

 

Figure 8. Yields of the identified products by GC after the reaction of model compounds: (a) 20 

phenethyl phenyl ether, (b) 2-methoxy-4-methylphenol. Reaction conditions: H2O/BuOH = 4, 

T = 623 K, reaction time = 2 h. 

 

Figure 9. Effect of reaction pressure on the recovery fraction of phenols after the reaction of 

the slurry liquid. Reaction conditions: CeO2–ZrO2–Al2O3–FeOX, W/F = 0.5 h, T = 673 K, 25 

reaction time = 2 h. 
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Figure 10. Effect of FH2O/F value on the recovery fraction of phenols after the reaction of the 

slurry liquid. Reaction conditions: CeO2–ZrO2–Al2O3–FeOX, W/F = 0.5 h, P = 15 MPa, T = 

673 K, reaction time = 2–4 h. 

 5 

Figure 11. XRD patterns of CeO2–ZrO2–Al2O3–FeOX catalysts before and after the reactions 

of the slurry liquid at different values of FH2O/F. Reaction conditions: W/F = 0.5 h, P = 15 

MPa, reaction time = 2 h. 

 

Figure 12. Yields of the detectable products by GC after the reactions of catechol solution 10 

over (a) CeO2–ZrO2–Al2O3–FeOX, (b) ZrO2–FeOX. Reaction conditions: T = 673 K, P = 0.1 

MPa, reaction time = 2 h. 

 

Table 1. Recovery fraction of components of phenols in the BuOH phase of the slurry liquid. 

Reaction conditions: H2O/BuOH = 4, silica-alumina, T = 623 K, reaction time = 2 h. 15 

 

Table 2. Product yields after the reaction of model compounds: (a) phenethyl phenyl ether, 

(b) 2-methoxy-4-methylphenol. Reaction conditions: H2O/BuOH = 4, T = 623 K, reaction 

time = 2 h. 

 20 

Table 3. Effect of reaction pressure on the yield of solid products after the reaction of the 

slurry liquid. Reaction conditions: CeO2–ZrO2–Al2O3–FeOX, W/F = 0.5 h, T = 673 K, 

reaction time = 2 h. 

 

Table 4. Product yields after the reaction of the solution of model compounds: (a) catechol, 25 

(b) phenol. Reaction conditions: T = 673 K, P = 0.1 MPa, reaction time = 2 h. 
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Table 2. Product yields after the reaction of model compounds:  

(a) phenethyl phenyl ether, (b) 2-methoxy-4-methylphenol.  

Reaction conditions: H2O/BuOH = 4, T = 623 K, reaction time = 2 h. 
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