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Abstract: Aqueous-phase hydrodeoxygenation of 4-propylphenol as a lignin model to n-

propylbenzene was carried out over various Ni based catalysts. Among the catalysts tested, Re-

Ni/ZrO2 showed the best catalytic performance. Addition of Re decreased the Ni particle size and 

greatly improved the catalytic activity. H2 pressure, Re to Ni ratio and reaction temperature were 

tuned in the optimization of reaction conditions for favorable formation of n-propylbenzene. Under 

the conditions of 300 ˚C and 4 MPa H2, the yield of n-propylbenzene reached 54% over Re-Ni/ZrO2 

(Re/Ni ratio 0.33) catalyst. It is suggested that the formation of n-propylbenzene proceeds via the 

hydrogenation of 4-propylphenol to form 4-propylcyclohexanol, followed by the dehydration to 

give 4-propylcyclohexene and the subsequent dehydrogenation to n-propylbenzene. 
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1. Introduction 

Aromatic hydrocarbons are important feedstock for chemical industry, and currently aromatic 

hydrocarbons are synthesized from petroleum [1]. Under economic and environmental 

considerations, the replacement of petrochemical-based routes for the production of aromatics with 

renewable ones has received much attention in recent years. Lignin is the most abundant natural 

polymer composed of methoxylated phenylpropane units, and has significant potential as a source 

for the sustainable production of fuels and bulk chemicals [2]. Thus, catalytic transformation of 

lignin-derived platform chemicals into more valuable aromatic hydrocarbons is promising. 

Hydrodeoxygenation (HDO) has been an essential process for the conversion of lignin-

derived chemicals, and it generally involves two reaction paths: one leading to aliphatic 

hydrocarbons and the other to aromatic products [3].
 
Selective HDO of lignin-related phenols into 

aliphatic hydrocarbons has been extensively studied [4], but only a limited number of reports have 

addressed the HDO of phenols into aromatic hydrocarbons [5]. Traditional hydrotreating catalyst, 

sulfidied CoMo, is active in the gas-phase conversion of phenolics to aromatics, while it suffers 

from the deactivation caused by the coke formation and in-situ generated water molecules [6]. Mo-

based catalysts [7] and Pd catalysts supported on sulfonated carbon aerogel [8] were also developed 

for the HDO of phenolic compounds to corresponding aromatic hydrocarbons; however, alkanes 

were used as the reaction solvents. Ni/SiO2 was effectively used to promote the gas-phase treatment 

of phenol in mixed aqueous/methanolic solutions, in which product selectivity was strongly 

dependent on water content [9]. It is worth noting that actual lignin materials and the crude bio-oil 

always contain a large amount of water, and that water always forms in the HDO reaction. Thus, the 

conversion of lignin in water is more practical than in organic solvents. Furthermore, easy 

separation of the products from aqueous phase is the advantage of this approach. Therefore, the 

development of highly efficient and water-tolerant catalyst system is beneficial for the HDO of 

lignin and related chemicals into aromatic hydrocarbons. Previously, commercial 5% Pt/C catalyst 

was used for the conversion of p-cresol to toluene with ca. 45% yield in water under the conditions 

of 300 ˚C and 83 bar H2 [10]. However, the reaction mechanism was not clearly discussed. For 

better understanding of the reaction pathway in the aqueous HDO of phenols, further investigation 

is still required. 

Recently, our group reported the highly selective HDO of phenols to cycloalkanes in water 

by using supported metal catalysts such as Pt/AC (activated carbon)
 
[11]. During this study, we 

found that 2% Pt/ZrO2 facilitated the aqueous-phase HDO of 4-propylphenol to n-propylbenzene 

with 47% yield under the conditions of 280 ˚C, 2 MPa H2 and 1 h. However, it deactivated sharply 

in the second run (Table S1). Continuing the development of more durable catalysts for the 
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conversion of lignin related chemicals to aromatic hydrocarbons, we report here the aqueous-phase 

HDO of 4-propylphenol as a lignin model to n-propylbenzene by Ni based catalysts. The reaction 

pathway is also investigated in detail. 

 

2. Experimental 

2.1 General 

ZrO2 (JRC-ZRO-5), TiO2 (JRC-TIO-4(2)) and CeO2 (JRC-CEO-2) were supplied by Catalysis 

Society of Japan. γ-Al2O3 (A-11) was purchased from Nishio Industry. SiO2 (CAB-O-SIL M-5) 

was purchased from Acros Organics, and Nb2O5 from CBMM (Brazil). These metal-oxide supports 

were calcined in air at 500 ˚C for 4 h before use. Activated carbon (activated charcoal powder, 

denoted as AC) was purchased from Wako Pure Chemical Industries and used without further 

treatment. Ni(NO3)2∙6H2O, NH4ReO4, SnCl2∙2H2O, (NH4)6Mo7O24∙4H2O, Bi(NO3)3∙5H2O and 

Cu(NO3)2∙3H2O were purchased from Wako, Ga(NO3)3∙nH2O from Junsei Chemical and 

Zn(NO3)2∙6H2O from Kanto Chemical. 4-Propylphenol, n-propylbenzene, n-propylcyclohexane, 4-

propylcyclohexanol, 4-propylcyclohexanone and 2-isopropylphenol were purchased from Tokyo 

Chemical Industry. 

 

2.2 Preparation of catalysts 

All the catalysts were prepared by the incipient-wetness impregnation method and Ni loading 

was kept at 10 wt%. For example, the procedure for preparing Re-Ni/ZrO2 (Re/Ni ratio 0.33) was 

as follows: aqueous solution of Ni(NO3)2∙6H2O (1.17 g in 2 mL water) and NH4ReO4 (0.36 g in 1 

mL water) were sequentially dropped onto ZrO2 (2.0 g) powder with continuous stirring. After the 

mixture was stirred at room temperature for 15 h, the sample was evaporated to dryness and then 

dried in vacuum for 15 h. Then the sample was calcined in O2 flow (50 mL/min) at 400 ˚C for 4 h 

and reduced in H2 (50 mL/min) at 500 ˚C for 4 h, based on H2-temperature-programmed reduction 

(TPR) measurements. For Re-Ni/AC, it was calcined under He and then reduced under H2. 

 

2.3 Characterization 

X-ray diffraction (XRD) patterns were obtained on a Rigaku Miniflex with Cu Kα radiation (λ 

= 0.15418 nm) at 30 kV and 15 mA. TPR was performed using a BELCAT (BEL Japan) with 5 

vol% of H2/Ar (30 mL min
−1

) at a heating rate of 10 ˚C min
−1

 from 50 to 800 ˚C. Samples were 

pretreated in Ar flow (30 mL min
−1

) at 100 ˚C for 1 h. The amounts of consumed H2 for the samples 

were measured by a TCD detector and then estimated by referring to the amount obtained from 

reduction of CuO. NH3-TPD was measured on the BELCAT equipped with a mass spectrometer. 
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After pretreatment at 200 ˚C for 2 h under He flow (30 mL min
−1

), the sample was cooled down to 

100 ˚C. Then ammonia saturation was carried out at 100 ˚C using 5 vol% of NH3/He (30 mL min
−1

) 

for 0.5 h, and the excess ammonia was removed by purging with He for 2 h. The desorption was 

operated at a heating rate of 10 ˚C min
−1

 from 100 to 800 ˚C. Desorbed ammonia was detected by a 

mass spectrometer (m/z = 16). TOC (total organic carbon) analysis was conducted on a Shimadzu 

SSM-5000A. 

 

2.4 Catalytic HDO of 4-propylphenol in water 

A typical reaction was carried out as follows: 4-propylphenol (5 mmol), catalyst (0.2 g) and 

H2O (40 mL) were loaded into a batch-type reactor (OM Lab-Tech MMJ-100, SUS316, 100 mL). 4 

MPa of H2 was charged into the reactor, and then the reactor was kept at 300 ˚C for 1 h with 

stirring at 600 rpm. After reaction, the products were extracted with ethyl acetate and analyzed by 

GC and GC-MS using 2-isopropylphenol as an internal standard. GC analyses were carried out 

using a Shimadzu GC-14B equipped with an HR-1 column (0.25 mm × 50 m). GC-MS analyses 

were measured by a Shimadzu GC-2010/PARVUM2 equipped with the same column. The catalyst 

was recovered by centrifugation, followed by washing with ethyl acetate and dried at 120 ˚C for 2 h. 

The recovered catalyst was reused in the next reaction. The errors in yields of products were ca. 1% 

in reproductive tests. 

For the time-course study, many batch reactions at different reaction time were conducted 

separately. Here, the reaction time “0” was defined as the time when the temperature of reaction 

mixture just reached the reaction temperature. 

 

3. Results and discussion 

3.1 Characterization of catalysts 

Powder XRD patterns of the various catalysts were shown in Figure 1. ZrO2 showed mainly 

monoclinic structure (Figure 1a), and peaks at 37˚, 43˚ and 63˚ corresponded to (111), (200) and 

(220) planes of NiO (Figure 1b and d). After H2-reduction at 500 ˚C, the peaks of NiO disappeared, 

and a typical face-centered-cubic (fcc) crystalline Ni(0) pattern was formed in which a peak at 45˚ 

was attributed to (111) plane (Figure 1c and e). No diffraction peak assigned to the phases of Re 

species was detected on Re-Ni/ZrO2, suggesting that Re species were well dispersed on the catalyst. 

Especially, it was worth noting that the peak of Ni(111) for Re-Ni/ZrO2 was broaden compared 

with Ni/ZrO2. Based on the Scherrer equation, it was shown that the Ni particle size was decreased 

from 11.0 nm to 5.5 nm with Re addition, indicating the strong interaction between Re and Ni 

species. This result is in accordance with a previous report that Pt particle size in Pt-Re/Al2O3 
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catalyst was reduced from 11 nm to 3.5 nm due to Re addition [12]. Promoting effect of Re 

addition on the dispersion of metal particles has also been reported on Ru-Re/SiO2 [13]. 

 

 

Figure 1 XRD patterns of (a) ZrO2; (b) Ni/ZrO2 after O2 calcination; (c) Ni/ZrO2 after H2 reduction; 

(d) Re-Ni/ZrO2 after O2 calcination; (e) Re-Ni/ZrO2 after H2 reduction; (f) Re-Ni/ZrO2 after 3
rd

 run. 

 

For further understanding of the role of Re, H2-TPR profiles were measured. As shown in 

Figure 2a, there was no H2 consumption for ZrO2. For Re/ZrO2 after O2 calcination, the peak 

around 340 ˚C was attributed to the reduction of Re oxide species (Figure 2b). Ni/ZrO2 presented a 

broad peak for NiO reduction in the range of 250-550 ˚C, and the H2 consumption corresponded to 

the stoichiometric reduction of Ni
2+

 to Ni(0) (Figure 2c). Compared to Ni/ZrO2, a sharp peak 

appeared around 340 ˚C on the Re-Ni/ZrO2 catalyst (Figure 2d), which clearly showed that Re and 

Ni species were reduced simultaneously and the NiO reduction peak shifted to lower temperature. 

The similar phenomenon has been found by Tomishige et al. that Re can promote the reduction of 

Ir species on Re-Ir catalysts [14], which was related to the strong interaction between Re and Ir 

species. The interaction between Re and metal species has previously been examined on Ru-

Re/SiO2 [13], Pt-Re/NaY zeolite [15] and Pt-Re/TiO2 [16], in which oxidized Re are attached to 

metal species. Experimentally, the difference in the H2 consumption amount between Ni/ZrO2 and 

Re-Ni/ZrO2 was due to the reduction of Re species, and the H2 consumption amount suggested that 

Re was reduced from +7 to +4 on the basis that Re was present as +7 after O2 calcination. 

Therefore, it is suggested that cationic Re species act as anchors for Ni particles, which induces the 

decrease of the particle size of Ni. 
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Figure 2 TPR profiles of (a) ZrO2; (b) Re/ZrO2 after O2 calcination; (c) Ni/ZrO2 after O2 

calcination; (d) Re-Ni/ZrO2 after O2 calcination. 

 

  NH3-TPD profiles showed peaks around 300 ˚C for both Ni/ZrO2 and Re-Ni/ZrO2, 

corresponding to weak acid sites of the catalysts (Figure 3). A small peak appeared at around 600 

˚C for Re-Ni/ZrO2, which suggested the presence of small amount of strong acid sites (0.01 mmol 

g
−1

) (Figure 3b). Moreover, the total amount of acid sites for the two catalysts was almost the same 

(0.13 mmol g
−1

), indicating that the addition of Re had a little influence on the acidity of the 

catalysts. 

 

Figure 3 NH3-TPD profiles of (a) Ni/ZrO2; (b) Re-Ni/ZrO2 (Re/Ni ratio: 0.33) 
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3.2 Catalytic aqueous-phase HDO of 4-propylphenol 

Initially, we investigated the HDO of 4-propylphenol using various Ni catalysts in water 

under the conditions of 300 ˚C, 3 MPa H2 and 1 h (Table 1). Monometallic catalyst Ni/ZrO2 

converted 4-propylphenol (1) into n-propylbenzene (2), aliphatic hydrocarbons (3 and 4), 

oxygenates (5 and 6) and some unidentified products with 41% conversion and 13% HDO degree 

(Entry 1), while Re/ZrO2 showed no activity (Entry 2). Addition of different metals gave different 

catalytic performances. Ga-Ni/ZrO2, Cu-Ni/ZrO2 and Zn-Ni/ZrO2 showed moderate activities and 

low HDO degrees (Entries 4-6), but Sn, Bi and Mo suppressed the conversion of 1 (Entries 7-9). 

Particularly, over Re-Ni/ZrO2 the conversion was greatly improved to 96% compared with Ni/ZrO2, 

and 48% of HDO degree was obtained (Entry 3). Thus, Re greatly improved the catalytic 

performance, which may be ascribed to the decreased particle size by Re addition.  

It was also found that supports had a significant influence on the catalytic performance. For 

Re-Ni/TiO2, conversion reached 98% with 50% HDO degree and 32% yield of 2 (Entry 10). Re-Ni 

supported on Al2O3 and SiO2 favored the formation of 5 with high conversions (Entries 11 and 12). 

When CeO2 and Nb2O5 were used as supports, moderate conversions were obtained (Entries 13 and 

14). Re-Ni/AC promoted the reaction in almost 100% conversion, but the HDO degree and the 

yield of 2 was lower than those of ZrO2 or TiO2 supports with more by-products (Entry 15). 

Among the catalysts tested, Re-Ni/ZrO2 and Re-Ni/TiO2 were the most effective for the conversion 

of 1 into 2 in water. We used Re-Ni/ZrO2 hereafter because Re-Ni/ZrO2 gave a higher yield of 2 

than Re-Ni/TiO2 under the optimized conditions (vide infra). 
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Table 1 HDO of 4-propylphenol 1 by various Ni catalysts in water
a
 

 

Entry Catalyst 
Conversion (%) 

(HDO degree)
b
 

Yield (%) 

2 3 4 5 6 Others 

1 Ni/ZrO2 41 (13) 6 6 1 11 0 17 

2 Re/ZrO2 0 (0) 0 0 0 0 0 0 

3 Re-Ni/ZrO2 96 (48) 26 19 3 27 0 21
c
 

4 Ga-Ni/ZrO2 51 (12) 6 5 1 18 0 22 

5 Cu-Ni/ZrO2 42 (9) 2 6 1 20 0 14 

6 Zn-Ni/ZrO2 27 (5) 2 3 0.2 8 0 14 

7 Sn-Ni/ZrO2 9 (1) 0.3 0.4 0.1 1 1 6 

8 Bi-Ni/ZrO2 4 (0.2) 0.1 0.1 0 0.2 0 4 

9 Mo-Ni/ZrO2 1 (0.2) 0.1 0 0.1 0.1 0 1.0 

10 Re-Ni/TiO2 98 (49) 32 14 3 19 0 29 

11 Re-Ni/Al2O3 96 (14) 9 4 1 62 0 20 

12 Re-Ni/SiO2 91 (39) 12 24 3 27 0 26 

13 Re-Ni/CeO2 52 (3) 2 1 0.1 28 6 16 

14 Re-Ni/Nb2O5 43 (5) 3 2 0.3 15 3 20 

15 Re-Ni/AC 99 (34) 18 16 0.2 25 0 41 

a
Reaction conditions: 4-propylphenol 1 5.0 mmol, catalyst 0.2 g, 10 wt% Ni loading, M/Ni molar 

ratio 0.33, water 40 mL, initial H2 pressure at RT 3 MPa, 300 ˚C, 1 h, 600 rpm. 
b
HDO degree was 

the extent of removed oxygen, defined as the sum of the yields of deoxygenated products 2, 3 and 4. 

c
Methylcyclohexane (0.3%), ethylcyclohexane (0.6%), toluene (0.6%), ethylbenzene (0.8%), CH4 

(0.4%), and unidentified products (18%). TOC measurement indicated no coke formation on 

catalyst. 

 

Then Re to Ni ratio, reaction temperature and H2 pressure were further investigated. Table S2 

showed the influence of different Re/Ni ratio on the catalytic performance. The conversions were 

low below the Re/Ni ratio of 0.20, and the yield of 2 decreased at the ratios of 0.50 and 1.0. The 

catalytic composition of Re/Ni = 0.33 ± 0.15 was the best range for the production of 2. Reaction 

temperature showed a significant influence on the selectivity of the product (Table S3). Almost full 

conversion was obtained and the main product was 5 at 260 ˚C, indicating that the rate-determining 
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step was the conversion of 5. At higher temperatures, 3 was obtained in a high yield at 280 ˚C 

(Entry S9), whereas 2 was the main product at 300 ˚C (Entry S10). High temperature was favorable 

for the dehydrogenation and selective synthesis of 2. Table S4 showed that H2 pressure had an 

evident influence on the catalytic performance. At low H2 pressure (2 MPa), the activity was low 

with 5 as the main product. As the H2 pressure increased to 3 MPa, conversion reached 96% with 

complicated product distribution and high H2 pressure (5 MPa) caused the formation of 3. 4 MPa 

H2 appeared to obtain a high yield of 2, and under the conditions of 300 ˚C and 4 MPa H2, the yield 

of n-propylbenzene was boosted to 54% over Re-Ni/ZrO2 catalyst (Table 2, Entry 16). This yield 

was higher than the maximum yield obtained by Re-Ni/TiO2 (42%, Table S5). 

We tested the recyclability of Re-Ni/ZrO2 for HDO of 4-propylphenol in water. As shown in 

Table 2, the conversion was maintained but the yield of 2 decreased to 32-33% in the second and 

third runs, and the yield of 5 increased (Entries 16-18). This indicates that the hydrogenation or 

dehydrogenation ability of Ni particles decreases in the reuse experiments. To study the 

deactivation of the catalyst, several measurements were conducted. XRD analysis showed that Ni 

particle size was 5.9 nm after the 3rd run (Figure 1f), showing no obvious aggregation of Ni 

particles (original size 5.5 nm). TOC analysis of the spent catalyst showed no coke formation. The 

leaching amount of Ni was only 45 ppm, corresponding to 10wt% of catalyst, and that of Re was 

less than detection limit (2 ppm). Hence, the deactivation may be due to the slight oxidation of the 

Ni surface [17]. 

 

Table 2 Recyclability of Re-Ni/ZrO2 for HDO of 4-propylphenol 1 in water
a
 

Entry 
Conversion 

(%) 

Yield (%) 

2 3 4 5 6 Others 

16 (1
st
) 100 54 17 1 5 0 23 

17 (2
nd

) 100 33 15 2 23 0 27 

18 (3
rd

) 100 32 12 1 28 0 26 

a
Reaction conditions: 4-propylphenol 1 5.0 mmol, Re-Ni/ZrO2 0.2 g, 10 wt% Ni loading, Re/Ni 

molar ratio 0.33, water 40 mL, initial H2 pressure at RT 4 MPa, 300 ˚C, 1 h, 600 rpm. 

 

3.3 Investigation of the reaction pathway 

Figure 4 represents the time-course of the conversion of 4-propylphenol over Re-Ni/ZrO2. 

Even at 0 h, 99% conversion was obtained with the formation of 2 (yield 5%), 3 (2%) and 5 (87%). 

This result reveals that the major intermediate is 5 and the hydrogenation of aromatic ring of 1 is 

rapid. Accordingly, the subsequent steps should be focused in this time-course study. As the 
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reaction proceeded, the yield of 2, 3, and others increased in parallel along with the gradual 

decrease of the yield of 5. Moreover, the yield of 4 and 6 did not obviously change during the 

reaction. 5 is the common intermediate for the formation of 2 and 3. 

 

Figure 4 Time-course of the conversion of 4-propylphenol over Re-Ni/ZrO2. Reaction conditions: 

4-propylphenol 1 5.0 mmol, Re-Ni/ZrO2 0.2 g, 10 wt% Ni loading, Re/Ni molar ratio 0.33, water 40 

mL, initial H2 pressure at RT 4 MPa, 300 ˚C, 600 rpm. 

 

Next, time-course of 5 over Re-Ni/ZrO2 was studied. Here, we used 3.7 MPa as the initial H2 

pressure because H2 was consumed during the temperature rise. Actually, the H2 pressure at RT 

was 3.7 MPa at the reaction time 0 in Figure 4. As shown in Figure 5, 5 was gradually converted 

into 2 and 3 under the conditions of 300 ˚C and 3.7 MPa H2. Notably, the reaction pathway was 

similar to that using 1 as a substrate, and it was further indicated that 5 was converted into 2 (52% 

yield) and 3 (24%) in 1 h, which was in agreement with the previous results in Figure 4. Typically, 

the formation of 3 from 5 proceeded via the dehydration and subsequent hydrogenation. The pKw of 

water is 12 at 300 ˚C [18], suggesting that the dehydration can be catalyzed by in situ generated 

protons and indeed some groups reported the dehydration of alcohols in pure water at high 

temperature [19]. In our previous work, we also found that without catalyst, 5 was dehydrated to 

form 4 in 11% yield at 280 ˚C, and the addition of base completed suppressed the dehydration 

[11a]. Additionally, NH3-TPD measurement showed the presence of some weak acid sites and a 

small amount of strong acid sites on Re-Ni/ZrO2 (Figure 3b). Therefore, in the present system, the 

dehydration of 5 was catalyzed by the acid sites on Re-Ni/ZrO2 and in situ generated protons. 

After the dehydration of 5, 3 was formed by hydrogenation of 4. However, the formation of 2 

from 5 was intriguing under H2 pressure, and further experiments were conducted to study this 
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pathway. Addition of CaCO3 as a base to this reaction greatly suppressed the formation of both 2 

and 3 (Table 3, Entries 19 and 20), which indicates these steps need the acid sites. Note that we 

have confirmed that the catalyst has not been physically covered by CaCO3; the hydrogenation of 1 

smoothly takes place in the presence of CaCO3 (Entry 23). The suppression of the formation of 3 

by the base was expected, but the suppression of 2 indicated the dehydration may also be involved 

in this pathway. Furthermore, it was reported that cyclohexene hydrogenation and dehydrogenation 

strongly depended on the reaction temperature and particle size [20]. Cyclohexene was 

hydrogenated to cyclohexane at low temperature (<150 ˚C), while simultaneous hydrogenation and 

dehydrogenation occurred in an intermediate temperature range. Dehydrogenation was the 

dominated reaction path in a high temperature regime (>300 ˚C); thus benzene can be formed via 

dehydrogenation even in the presence of H2. This is in accordance with the temperature influence 

on favorable formation of 2 at high temperature in our system (Table S3). Smaller particles have 

lower activation energy and are more active for dehydrogenation, which was the reason why Re-

Ni/ZrO2 showed higher catalytic activity (Table 1, Entries 1 and 3). Accordingly, it is suggested 

that 2 is formed via hydrogenation of 1 to 5, rapid dehydration of 5 to 4 and dehydrogenation of 4 

to 2. 

 

 

Figure 5 Time-course of the conversion of 5 over Re-Ni/ZrO2. Reaction conditions: 4-

propylcyclohexanol 5 5.0 mmol, Re-Ni/ZrO2 0.2 g, 10 wt% Ni loading, Re/Ni molar ratio 0.33, 

water 40 mL, initial H2 pressure at RT 3.7 MPa, 300 ˚C, 600 rpm. 

 

From the above results, it is shown that 1 is first converted into 5 during the temperature rise, 

and then 5 is converted into 2 and 3. For further understanding of the reaction pathways, more 
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control experiments were carried out over Re-Ni/ZrO2 catalyst (Table 3). 2 converted into 3 (11% 

yield) and 4 (1% yield) (Entry 21). When 3 was used as a substrate, almost no products formed 

(Entry 22), indicating that 3 was stable under the reaction conditions. In the presence of a base 

(Entry 23), 1 was mainly converted to 5 (76% yield), and small amounts of 2 and 3 were formed, 

which was in agreement with the result of Entry 20. The suppression effect by the base indicates 

the direct C−O bond hydrogenolysis is not involved in the formation of 2. In fact, theoretical 

calculations show that the bond dissociation energy of Caromatic−OH bond is 468 kJ/mol, which is 

higher than that (385 kJ/mol) of the Caliphatic−OH bond [21]. Consequently, the direct cleavage of 

Caromatic−OH bond is difficult under the reaction conditions. 

 

Table 3 Control experiments over Re-Ni/ZrO2 catalyst
a
 

Entry Substrate 
Conversion 

(%) 

Yield (%) 

1 2 3 4 5 6 Others 

19
b
 5 99 0 52 24 1 − 0 22 

20
c
 5 16 1 2 1 0.1 − 0 12 

21 2 50 0 − 11 1 0 0 38 

22 3 39 0 0 − 0 0 0 39 

23
c
 1 94 − 2 0.4 0 76 4 11 

a
Reaction conditions: substrate 5.0 mmol, Re-Ni/ZrO2 0.2 g, 10 wt% Ni loading, Re/Ni molar ratio 

0.33, water 40 mL, initial H2 pressure at RT 4 MPa, 300 ˚C, 1 h, 600 rpm. 
b
Initial H2 pressure at RT 

3.7 MPa.
 c
CaCO3 (2.0 mmol) was added. 

 

Based on these results, we propose the reaction pathways of the aqueous-phase conversion of 

4-propylphenol on Re-Ni/ZrO2 (Figure 6): (i) the hydrogenation of 1 into 5 during the temperature 

rise, (ii) dehydrogenation of 5 to 6, (iii) acid-catalyzed dehydration of 5 to 4, (iv) hydrogenation of 

4 to 3, (v) dehydrogenation of 4 to 2, and (vi) hydrogenation of 2 to 3. The reaction mechanism is 

different from the typical one for the HDO reaction of phenols, which generally proceeds via two 

reactions: one is direct hydrogenolysis of C−O bond giving aromatic products and the other is 

hydrogenation of aromatic ring of phenol to form a cyclohexanol intermediate that rapidly converts 

to cyclohexane products [3].  
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Figure 6 Proposed reaction pathway of the HDO of 4-propylphenol over Re-Ni/ZrO2 in water. 

(Other by-products possibly come from all the compounds shown in this scheme.) 

 

4. Conclusions 

We have developed a bimetallic catalyst Re-Ni/ZrO2 for the conversion of 4-propylphenol 

into n-propylbenzene in water. Addition of Re to Ni/ZrO2 showed great improvement on the 

catalytic activity. The formation of n-propylbenzene was catalyzed via hydrogenation of the 

phenolic ring followed by rapid dehydration and then dehydrogenation. This provides a new route 

to convert lignin-related chemicals into aromatic hydrocarbons in aqueous phase. Further 

improvement of the durability and application of this catalytic system to bio-oil are in progress. 
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