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Abstract 

 

 
This thesis deals with studies on the development of nickel catalyst for selective 

hydrogenolysis of biomass-derived furfurals to 1,5-pentanediol. The addition of 

yttrium or lanthanum into nickel formed a nickel-metal oxide catalyst which had a 

critical role for selective hydrogenolysis of furfural compounds in a different 

manner. The present thesis holds four chapters. 

The author surveyed the background of 1,5-pentanediol production from biomass-

derived furfurals compound in Chapter 1. A number of researchers designed the 

heterogeneous catalysts, M-MOx catalyst system, for that reaction which achieved 

the highest selectivity of 1,5-pentanediol. Finally, the author pointed out the M-MOx 

catalyst consisting of metal (M) and metal oxide (MOx) is suited to promote the 

hydrogenolysis reaction of furfurals.  

In Chapter 2, the preliminary study continued the addition of lanthanum to nickel 

catalyst which is prepared by coprecipitation, hydrothermal and subsequent hydrogen 

treatment. The catalyst has been evaluated in hydrogenolysis of furfural, furfuryl 

alcohol, and tetrahydrofurfuryl alcohol giving 1,5-pentanediol at mild reaction 

condition. The addition of yttrium instead of lanthanum provided similar catalytic 

performance. 

In Chapter 3, focusing on the addition of yttrium into nickel catalyst (nickel-

yttrium oxide) has been done utilizing the calcination as a pretreatment before the 

hydrogen treatment procedure which enhanced its acidity amount and catalytic 

activity. The hydrogenolysis of furfural, furfuryl alcohol, and tetrahydrofurfuryl 

alcohol on that catalyst produced 1,5-pentanediol at modest yield. The hydrogenation 



of aldehyde group and furan ring initially proceeded then ring opening of 

tetrahydrofuran ring to pentanediols. The proposed mechanism of tetrahydrofurfuryl 

alcohol as a model compound revealed why the catalyst selectively produces 1,5-

pentanediol.  

The last chapter represented the addition of ruthenium on nickel-yttrium oxide 

catalyst accelerating the ring opening of tetrahydrofuran ring as a crucial key to 

obtaining 1,5-pentanediol. This approach has put forward new ideas to enhance the 

number of hydride species on catalyst surface while keeping the acidic site. The 

hydrogen uptake property and acidity amount analysis corroborated with that idea.  

The high yield of 1,5-pentanediol has been achieved from tetrahydrofurfuryl alcohol 

substrate at the optimized reaction conditions using nickel-yttrium oxide catalyst 

containing ruthenium.  
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Chapter 1  

Introduction 

 

 

ABSTRACT. In recent years, development of heterogeneous catalysts to obtain 1,5-

pentanediol from biomass derived-furfurals has turned fascinating research and the 

modified noble metal with reducible metal oxide has been a suitable candidate 

catalyst for that organic transformations. Those catalysts ease the hydride and proton 

formation in their catalytic system which is critical to ring opening furan ring giving 

pentanediol. Dealing with such properties, the addition of metal oxide into nickel 

catalyst is challenging effort since nickel metal is inactive in this reaction. In this 

study, we have been developed the addition of lanthanum or yttrium into nickel 

catalyst and evaluated in catalytic hydrogenolysis of furfural, furfuryl alcohol, and 

tetrahydrofurfuryl alcohol to 1,5-pentanediol. Then, we propose to take the further 

approach gaining the high yield of 1,5-pentanediol by calcining and adding 

ruthenium of nickel-yttrium oxide catalyst.  
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1.1 General introduction 

Biomass as renewable and abundant resources is an alternative option to supersede 

fossil fuels for sustaining energy and chemicals. Lignocellulosic feedstock as a 

second-generation biofuel from non-edible resources like agricultural wastes (straw, 

corn stover, and bagasse) has been evaluated in biorefinery system to supply 

biomass-derived compound and fuels.1,2 Based on U.S. Department of Energy 

recommendation of the potential top 30 building block candidates from sugar 

compounds, furfural (FFR) is one of the promising starting compounds to produce 

fuels and chemicals.3 Many researchers have been reported the utilization of FFR to 

obtain valuable fine chemicals and fuels, including.4–6  

Transformation of FFR as biomass derived compound and its hydrogenation 

products such as furfuryl alcohol (FFA) and tetrahydrofurfuryl alcohol (THFA), and 

then terminal pentanediol or 1,5-pentanediol (1,5-PeD) outlines in Figure 1.1.7 The 

1,5-PeD with an uneven aliphatic carbon chain and terminal diols has been used as a 

building block in producing polyesters, thermoplastics, polyurethanes, and as a 

plasticizer monomer.8 Among pentanediols, the 1,5-PeD is the demanding product 

for substituting 1,6-hexanediol (1,6-HDO) as a monomer while it obtains from 

petrochemical fuel.9 The polyesters from 1,5-PeD are safer than from 1,4-butanediol, 

especially in children’s toys.10 For that reason and demand, the production of 1,5-

PeD through the hydrogenolysis of biomass furfural and its derivative is a paramount 

challenge from the scientific, economic, environmental, and industrial aspect.  
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Figure 1.1 Pathway for the conversion of xylose (hemicellulose) to 1,5-pentanediol. (Reproduced 

from ref. [7] with permission from The Royal Society of Chemistry) 

Synthesis of 1,5-PeD starting from THFA through 3,4-dihydro-2H-pyran 

formation step has been established firstly in 1945’s employing γ-Al2O3 and copper 

chromite as illustrated in Figure 1.2.11 The environmental point of view infer that 

designing of the heterogeneous catalyst using transition and noble metals is crucial as 

an alternate catalyst regarding the high demand of 1,5-PeD especially from non-

edible biomass compounds. The activation of the hydrogen molecule is essential 

before H inserting step which leads to C-O bond cleavage of furan or tetrahydrofuran 

ring giving the desired product, 1,5-PeD. For that reason, the heterogeneous catalysts 

of hydrogenation reaction which include noble metal (Pd, Pt, Rh, Ir, Ag, or Ru) and 

non-noble metal (Cu or Ni) are the candidate for this reaction. Collaboration with 

metal oxide support and a modifier as well could be challenged for new catalyst 

development.  
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Figure 1.2   Showed three-step process for transformation of tertahydrofurfuryl alcohol to 1,5-

pentanediol (1,5-PeD). (Reproduced from ref. [7] with permission from The Royal Society of 

Chemistry). 

Seeking the non-toxic catalyst to obtain 1,5-PeD has been conducted and 

development of Noble based catalyst is great alterability from the point of view of 

activity and predictability. Monometallic noble metal (Rh or Ru) supported SiO2 or C 

firstly reported giving 1,5-PeD (< 20% selectivity) from THFA under 8 MPa 

pressurized H2 gas and drastically enhanced up to 94.2% selectivity by adding ReOx 

as a modifier to Rh supported catalyst.12 Controlling Rh/Re mol ratios allowed to 

enhance the activity for direct hydrogenolysis of FFR to 1,5-PeD up to 91.3% 

selectivity with 51.6% conversion.13 Alteration of ReOx with WOx and MoOx also 

experimented and Rh-MoOx gave a similar catalytic performance. The proposed 

mechanism in hydrogenolysis of THFA on Rh-based catalyst suggest the attachment 

of deprotonated THFA molecule on ReOx surface then the regioselective attack of 

hydride from the side of CH2OH group and subsequent protonation of the anion 

formed 1,5-PeD as illustrated in Figure 1.3.14,15 However, Ir-ReOx/SiO2 catalyzed of 

FFR giving 17% yield of 1,4-pentanediol (1,4-PeD) rather than the other pentanediol 

for 24 h (6 MPa H2, 393 K).16 Another research group evaluated the addition of 
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MoOx instead of ReOx in various noble metal (Ir, Pd, Pt, Ru, or Rh) supported SiO2 

revealed that Rh-MoOx/SiO2 catalyst seemingly resulted in the highest 1,5-PeD from 

THFA with a similar mechanism.17 A mechanistic study in Rh-MoOx/SiO2 reveals 

that the ring opening of tetrahydrofuran group of THFA occurred on the acidic 

molybdate surface (HxMO3) giving 1,5-PeD as a preferable product.18 Up to now, 

employing the C as a support of Rh-ReOx/C catalyst achieved the highest yield of 

1,5-PeD (96%) with the same reaction mechanism.19 Briefly, the addition of 

reducible metal oxide which acts as acidic site into Noble metal is applicable to 

opening tetrahydrofuran ring, although their activities are found wanting as well.  

Alteration of ReOx and MoOx as reducible metal oxides support affected by the 

desired pentanediol product. Dispersing of Pt (1.9%wt.) on CoAlO4 prepared by 

coprecipitation provided mild reaction conditions (1.5 MPa H2, 413 K) obtaining 1,5-

PeD (24.6% yield) from furfural along with 1,2- and 1,4-PeD.20 The ring opening of 

furan ring ascribes to the existence of CoOx in particular Co3+ ion on that catalyst. 

Exploration of the basic support such as hydrotalcite (HT) for noble metals (Pd, Pt, 

Ir, Ag, Rh, and Ru) turned the product selectivity of FFR hydrogenolysis and only 

Pt/HT afforded to give 1,2-PeD (73% yield) using 2-propanol as solvent (3 MPa H2, 

423 K).21 Employing MnOx as a support for dispersing Ru preferentially also 

directed on the 1,2-PeD formation starting from FFA (1.5 MPa H2, 423 K) but hardly 

formed any pentanediol in the case of THFA.22 The recent update in this reaction 

resulted 1,5-PeD up to 35% yield using 5%Pt/WO3/ZrO2 catalyst which elaborated 

the role of reducible WOx as an acidic site.23 The above-reported work seemingly 

acknowledged the existence of basic site on the support driving the pentanediol 

selectivity and availability on tuning the targeted diol. 
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Figure 1.3 (Top) Proposed mechanism of THFA hydrogenolysis over Rh-ReOx/SiO2. (Bottom) 

Possible reaction pathway for the selective C–O bond cleavage from THFA to produce 1,5-PeD 

and 1,2-PeD over HxMoO3 catalyst (Copied from ref. [15] with ACS permission and ref. [18] 

with Elsevier permission). 

Hydrogenolysis of FFR is paramount importance route to achieve a straightforward 

way producing pentanediol directly in particular of 1,5-PeD. A 2-step together, 
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hydrogenation and hydrogenolysis reaction, occurs in case of FFR as well as FFA 

hydrogenolysis and the formation of polymerized-product is delicate matters 

obviously. The addition of a noble metal such as Rh or Pd into Ir-ReOx/SiO2 catalyst 

and applying two-step reaction temperature which expects to suppress 

polymerization reaction was experimented enhancing the yield of 1,5-PeD up to 

65.8%.16,24 Up to now, this approach successfully achieves the highest yield 1,5-PeD 

directly from FFR. Additionally, all those achievements stimulate the search for a 

non-noble catalyst which enables to open other novelty in this process. 

1.2 Development of Ni-based catalyst for hydrogenolysis furfurals 

Utilization of Ni-based catalysts in an organic synthesis which is more active than 

Pd- and Pt-catalyzed requires much more effort to achieve the predicted outcome.20 

Modification of nickel as a single component is open a remarkable opportunity to 

develop a new nickel-based catalyst to meet the activity, selectivity, and stability 

criteria for targeted catalytic reaction, particularly in the heterogeneous catalyst. 

Nickel bimetallic catalysts have been developed giving the superior properties and 

catalytic performances in particular in hydrogenation and reforming reaction 

compare to their monometallic itself.25 Our group has been reported a novelty of 

introducing an electropositive metal such as Sn and Fe to nickel forming 

corresponding Ni alloy which suppresses its activity to be highly selective for 

hydrogenation α, β-unsaturated aldehyde giving α, β-unsaturated alcohol.26–28 

Recently, we escalate applying Ni-modified catalyst of an alternate noble metal to 

hydrogenolysis of furfural giving 1,5-PeD which is one burgeoning research area to 

obtain α, ω-diol from biomass-derived furfurals. 
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1.2.1 Modified nickel catalyst for hydrogenolysis of furfurals  

Up to now, catalytic hydrogenolysis of furfural and derivatives to pentanediols 

have been achieved employing the noble metal-based by modifying with the 

reducible metal oxide as explained earlier. Exploiting of an alternate catalyst such as 

nickel and copper has been reported for those substrates as reported elsewhere.29,30 

Ni phyllosilicate catalyst only hydrogenated C=C and C=O bonds of FFR without 

pentanediol formation.29 The existence of an acidic Al2O3 in Cu-Al2O3 and Ni-Al2O3 

catalysts catalyzed FFA (8 MPa H2, 413 K) giving 1,5-PeD only 13.7% and 1.3% 

yield, respectively.30 The recent report showed that alloying Ni-Cu on MgAlO 

support with acidic surface gave 1,2-PeD and 1,5-PeD less than 5% yield.31 It means 

that the modified nickel catalysts particularly inclined to be discontented as they 

achieved a low yield of 1,5-PeD.  

Persevering in the addition of second metal to Ni catalyst to tune its catalytic 

activity, the addition of lanthanum as non-reducible metal oxide extended employing 

the Ni-based catalyst for hydrogenolysis of biomass derived-furfurals. Lanthanum 

oxide is known to act on the decomposition of 4-hydroxy-4-methyl-pentanone and 

isomerization of 1-butene.32 The unsaturated bond of both substrates may absorb on 

the La2O3 surface during the catalytic reaction. Dehydration of 2-propanol on the 

surface through a hydrogen bond with the anionic hydroxyl group of La2O3 created 

surface acidic hydroxyl group with acidic character.33 That acidic character could be 

acted like HxMoO3 which is active for ring opening furan ring as mentioned earlier. 

Lanthanum complexes, ligated by a ferrocene-based-type ligand were highly active 

for ring opening polymerization of lactide and ε-caprolactone.34 Our previous works 
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proved that the addition of lanthanum formed Ni-La catalyst was active and selective 

for hydrogenolysis of furfurals to 1,5-PeD under moderate condition.35  

Those successful works lead to enhance the ring opening of furan ring as well as 

tetrahydrofuran ring and achieve the high yield of 1,5-PeD. For that goal, the 

addition of yttrium oxide (Y2O3) instead of La2O3 could be secure approach 

regarding their relationship on Periodic Table. The catalytic activity of Y2O3 

seemingly active for decomposition of 4-hydroxy-4-methyl-pentanone and 

isomerization of 1-butene,32 dehydration 2-propanol to acetone,36 and highly active 

for ring opening polymerization of ε-caprolactone,37 in which run with the similar 

manner of La2O3. Finally, the addition of lanthanum or yttrium into Ni catalyst could 

be offered a remarkable opportunity achieving the high yield of 1,5-pentanediol from 

furfurals as the main concern for this research.  

1.2.2 Lanthanum and yttrium modified nickel catalyst    

Modification nickel with Y2O3 and La2O3 has been used as support or additive in 

reforming reaction. Ethanol steam reforming to hydrogen production on Ni/La2O3 

and Ni/Y2O3 catalysts have been reported possessing a good stability and high 

catalytic activity and selectivity of hydrogen formation compared to Ni/Al2O3.
38 The 

surface oxygen mobility in particular on the Y2O3 support is a key factor for its better 

catalytic activity than Ni/Al2O3 catalyst.39 Crystallite size of Y2O3 support affects 

that property, not dispersion and particle size of a nickel.40 The addition of Y2O3 as a 

modifier to Ni/Al2O3 affected for enhancing catalytic activity and catalyst stability in 

the autothermal reforming of methane than Ni/Al2O3 and Ni/Y2O3.
41 They proposed 

an intermediate surface compound between Ni and Y2O3 which reduced the coke 
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formation. Besides that, dehydrogenation and hydrogenolysis rate for cyclohexane 

dehydrogenation at 533 K gave an analogous manner.   

The addition of La2O3 as a modifier in Ni/Al2O3 catalyst has its eminence for 

steam reforming reaction. The addition of La at optimized control (1.78%wt.) had 

that superior activity and stability in the CO2 reforming of methane corresponds to a 

higher dispersion of Ni, stability on the cooking formation, and chemical effect of La 

on the catalyst.42  Preparation Ni-Al-La catalyst by coprecipitation has positive effect 

expressing better in metal dispersion, cook resistance, and slightly high conversion.43      

Preparation through hydrotalcite route enhanced the catalytic performance of Ni-Al-

La catalyst giving an excellence yield hydrogen.44 The addition of La or Y into Ni-

based catalysts mostly enhance their catalytic activity expressing in good metal 

dispersion and cook resistance which may present a great benefit in the biomass-

derived furfural conversion.  

1.2.3 Ruthenium on Ni-M (M = La or Y) catalyst 

Previously, Ni catalyst has the highest catalytic activity compared to Pd and Pt 

catalysts.20 The high efficiency of Ni catalyst to alloy with all noble metals, in 

particular, make easier to develop nickel bimetallic catalysts provide a distinct 

property and excellent in catalytic reaction than its monometallic counterpart.25 I 

case of the hydrogenation reaction, bimetallic Ni-Noble metal catalyst performed an 

excellent catalytic activity. That review inspires an exploration on bimetallic Ni-

noble metal particularly ruthenium to achieve a high yield of 1,5-PeD from 

hydrogenolysis THFA because attacking of the formed hydride species is a key for 

ring opening of tetrahydrofuran ring based on reaction mechanism in Figure 1.4 

(top). Our hypothesis, enhancing the hydride formation on catalyst surfaces could be 
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accelerated the C-O bond cleavage of tetrahydrofuran ring leading to the higher yield 

of pentanediol. To that extent, the addition of ruthenium to Ni-Y2O3 and Ni-La2O3 

catalysts will be included in this study.  

1.3 Objective study 

Transformation of biomass-derived FFR and its hydrogenation product such as 

FFA and THFA through hydrogenolysis reaction under atmospheric hydrogen gas to 

obtain 1,5-PeD by employing Ni-based catalyst is the focus of this Thesis. To 

achieve that goal, development Ni-based catalyst with the addition of lanthanum or 

yttrium has experimented both catalyst preparation and catalytic reaction. Evaluation 

of catalytic behavior includes the optimum reaction condition, effect of solvent, time 

course, and reaction mechanism studies. To enhance the yield of 1,5-PeD, the 

presenting of ruthenium on yttrium added Ni catalyst has been carried out in this 

study.   

ABBREVIATIONS 

FFR: furfural 1,2-PeD, 1,2-pentanediol 

FFA:  furfuryl alcohol 1,4-PeD: 1,4-pentanediol 

THFA: tetrahydrofurfuryl alcohol 1,5-PeD: 1,5-pentanediol 
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Chapter 2  

Hydrogenolysis of furfural to 1,5-pentanediol 

over Ni-La and Ni-Y catalyst  

 

 

ABSTRACT. Catalytic transformation of furfural (FFR) and its hydrogenation 

product as biomass-derived chemicals into more sustainable chemicals especially 

1,5-pentanediol (1,5-PeD) through hydrogenolysis reaction are challenging for the 

current issue. While the breakthrough in the C-O bond hydrogenolysis of FFR and its 

derivatives (furfuryl alcohol (FFA) and tetrahydrofurfuryl alcohol (THFA)) to obtain 

1,5-PeD by lanthanum- and yttrium-modified Ni catalysts which are known good in 

the hydrogenation C=C and C=O bonds have experimented in this study. The 

addition of lanthanum and yttrium into Ni catalyst enhanced the C-O bond cleavage 

ability to give 1,5-PeD at high yield and selectivity.  

2.1 Introduction 

Biomass as renewable and abundant resources is an alternative option to supersede 

fossil fuels for sustaining energy and chemicals. The production of biomass-based 
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fine chemicals is an important option in the future as competitive and alternative 

against petrochemical derivatives. Cellulose is known as the most abundant and non-

edible biomass feedstock for refineries which can be obtained from agricultural 

wastes like straw, corn stover and bagasse.1,2 The catalytic reaction for transforming 

a cellulose to glucose and thence to other value-added chemicals such as 5-HMF (5-

hydroxymethylfurfural), FFR, etc. have been explored and investigated. Among of 

the potential top 30 building block candidates from sugar compounds in the DOE 

recommendation, FFR is one of the promising starting compounds to produce fuels 

and chemicals.3–5 

The utilization of FFR to give value-added compounds has been produced more 

than a hundred chemicals involving hydrogenation, rearrangement, and C-C coupling 

reaction rute.6,7 The catalytic hydrogenation of FFR, a substituted furan compound at 

C(1) with a formyl group, to value-added chemicals such as FFA, THFA, 2-

methylfuran (2MF), 2-methyltetrahydrofuran (2MTHF), furan, tetrahydrofuran 

(THF) and other useful chemicals (e.g. cyclopentanone and cyclopentanol), on the 

numerous catalysts have been reported so far.8 The other potential route is the 

transformation of FFR and its derivatives such as FFA and THFA giving 

pentanediols such as 1,2-PeD, 1,4-PeD, and 1,5-PeD through hydrogenolysis 

reaction, a C-O bond cleavage of furan or tetrahydrofuran ring.9 The hydrogenolysis 

reaction deals with the cleavage of carbon to carbon or carbon to oxygen (or 

heteroatom) bonds accompanied by the addition of hydrogen.10 The pentanediols 

formation especially 1,2- and 1,5-PeD from FFR, FFA, and THFA was reported 

mostly by using the Noble metal catalyst as active metals.9 The review insists that 

metal-metal oxide catalyst system is responsible for C-C bond cleavage and 
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hydrogenation C=C bonds as well as C=O bond to give pentanediols. In the metal-

metal oxide catalyst system, the metal (Ru, Rh, Pd, Ir, and Pt) have a prominent role 

as hydride formation and partially reduced metal oxide (ReOx, MoOx, or MnOx) act 

as Lewis acidic acid to bond C=O or C-O(H) bond.  

The use of non-noble metal catalyst instead of noble metal catalyst for producing 

1,5-PeD is challenging effort. The hydrogenolysis of FFA over Cu based catalysts 

such as Cu-Al2O3 or Cu-Mg3AlO4.5 were reported to give 1,2- and 1,5-PeD at low 

selectivity, 48.6-51.2%, and 22.7-28.8%, respectively. 11,12 Both reports were 

included Ni-Al2O3 and Ni-LDO which is inactive in the 1,5-PeD formation. Instead 

of Noble metals and Cu-based catalyst, a nickel-based catalyst which has the C=C 

and C=O bonds hydrogenation ability is the promising candidate for this reaction. 

Indeed, the modification is essential to accomplish the catalytic performance of the 

Ni-based catalyst. Our group was successfully added electropositive (such as Sn or 

Fe) into Ni for altering its catalytic behavior to be highly selective in the C=O bond 

hydrogenation of unsaturated aldehydes compounds especially FFR to FFA.13,14 Both 

added electropositive metal produced Ni-Sn or Ni-Fe alloy. Alumina supported Ni, 

Lewis acidic metal oxide, only hydrogenated C=C and C=O bonds of FFR to 

THFA.15  It means that the added Lewis acid into Ni catalyst is not an only key factor 

to improve C-O bond cleavage on the Ni-based catalyst for that reaction. The 

interaction of C=C bonds furan ring with the vacant 4d or 5d orbital via π electron 

donation is essential for enhancing polarization of C-O furan ring then the 

hydrogenolysis occurs easily. The rare earth oxide (REO) was utilized in the 

hydrogenation of ethylene and the highest rate of ethane formation was achieved 

over Y2O3 and La2O3 other than the investigated REO prior to heterolytically 
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hydrogen dissociation over REO cation and oxygen anion.16 Refers to metal-metal 

oxide catalyst system, the addition yttrium or lanthanum into Ni catalyst is firstly 

investigated for hydrogenolysis FFR and derivatives to 1,5-PeD.  

2.2 Experimental procedure 

2.2.1 Catalyst preparation 

Ni-Y catalysts were prepared by combining three methods, co-precipitation, 

hydrothermal, and reduction method. Firstly, the aqueous solution of yttrium nitrate 

(Y(NO3)3 0.49 M and aqueous solution nickel nitrate (Ni(NO3)2) 0.86 M were mixed 

by keeping of metal ions to 12 mmol and then control the Ni/Y mol ratios (1.5, 2.5, 

or 5.0). The pH of the solution adjusted equal to 13.2 by adding 8 mL NaOH 3.1 M. 

After stirring for 1 h, the slurry solution transferred into the Teflon vessel of the 

hydrothermal bomb and aged at 423 K for 24 h. Green precipitate was filtered and 

washed with distilled water until neutral filtrate then dried in vacuum overnight and 

denoted as Ni-Y(n), n is Ni/Y mol ratio. As a reference, Y2O3 was prepared with the 

same condition without nickel (Y(NO3)3. 6H2O, 1.6551 g, 6.0 mmol). All samples 

reduced by using hydrogen gas in hydrogen treatment apparatus at 573, 623, and 473 

K for 4.5 h before using as a catalyst. The catalysts denoted as Ni-Y(n)HTtemp, 

HTtemp is hydrogen treatment temperature in Kelvin. A similar procedure was 

employed in the preparation of Ni-La catalysts by using lanthanum aqueous solution 

instead of yttrium and hydrogen treatment temperatures of 523 K, 573 K, and 623 K. 

Then, it was denoted as Ni-La(n)HTtemp (temp = 523, 573, or 623). 

The physical mixture Ni-M(2.5) catalyst was synthesized as follow. The proper 

amount of Y2O3 or La2O3 was added to 0.86 M Ni(NO3)2 aqueous solution and then 

added 3.1 M NaOH to adjust pH 13.2. The similar steps were applied as the Ni-M(n) 
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catalyst preparation, i.e. hydrothermal and later hydrogen treatment. The catalyst was 

denoted as Ni-Y(2.5)HT573pm and Ni-La(2.5)HT623pm. The monometallic 

catalysts were also synthesized with the similar procedure. 

2.2.2 Catalyst characterization 

All catalysts had been characterized by powder X-ray diffraction (Miniflex 600, 

Rigaku) with Cu as monochromatic source Kα radiation (λ = 1.5444 nm). The XRD 

worked at 40 kV and 15 mA with 1.25 deg. solar slit, 5 deg./min. scan step and using 

Ni Kβ filter.  

The in-situ Fourier transformation infrared (FTIR) spectra of adsorbed furfural 

were recorded by using HORIBA FT720 at a resolution of 4 cm-1 and accumulating 

16 scans. The Ni-M sample powder was loaded into the sample cell tube, reduced in 

situ at 573 K for Ni-Y and 523 K for Ni-La catalyst for 1 h under a circulating of H2. 

Then, the sample was cooled down to room temperature, and then the background 

spectrum was recorded. Furfural vapor was introduced through the line. The 

remained FFR vapor was evacuated after 60 min and the adsorbed FFR on the 

catalyst was recorded at room temperature. The temperature was riased to 423 K and 

FFR vapor was introduced for 60 min. Finally, adsorbed FFR on the catalyst was 

recorded at room temperature after evacuating the remaining FFR. 

2.2.3 Hydrogenolysis catalytic reaction 

Catalytic hydrogenolysis of furfural performed in a 30 mL stainless steel autoclave 

equipped with a magnetic stirrer, pressure gauge, inserted glass vessel, and automatic 

temperature control apparatus. The reactor connected to a hydrogen cylinder of the 

reaction pressure. In typical experiment, catalyst (0.05 g) was put in glass vessel 

together with a magnetic stirrer, 2-propanol (3 mL), trans-decahydronaphthalene 
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(0.07 g) and substrate (0.1 g). The glass vessel was inserted into the autoclave with 

2.0 MPa H2 and heated at 423 K for 72 h. After the reaction, catalyst was separated 

from the mixture by centrifugation and the solution containing analyte was injected 

into GC-FID for analyzing product distributions. The conditions for GC were 

capillary column Inertcapt 624 (30 m, DF = 1.40 μm, 0.25 mm i.d.) with a flame 

ionization detector (FID). The temperature program was carried out as follows: the 

initial temperature and time = 70 °C, 0 min; final temperature = 250 °C, heating rate 

= 10 °C min−1, temperature of injector = 220 °C, temperature of detector = 250 °C. 

2.3 Result and discussion 

2.3.1 XRD measurement of catalysts 

Preparation and properties of Ni-La catalyst were explained in the previous 

report.17 Variation in Ni/La mol ratio clearly produced Ni(OH)2 and La(OH)3. The 

same procedure was used for synthesis Ni-Y catalyst as mentioned in the 

experimental procedure. Similar with Ni-La catalyst, the hydroxides of nickel and 

yttrium were obtained during coprecipitation and hydrothermal process as shown in 

Figure 2.1. The Y(OH)3 was formed according to the ICSD 24309 having a 

hexagonal structure. However, the hydroxides of nickel were a mixture of 

Ni(OH)2NiOOH (ICSD 202427) and Ni(OH)2 (ICSD 24015). Some peaks at 2θ = 33, 

38, 52, 59, and 63 of Ni(OH)2 superimposed onto Y(OH)3 probably because they 

have same hexagonal structure.  

The identity of species in the Ni-M catalysts was established by XRD. The XRD 

patterns of Ni-Y(2.5) catalysts at various hydrogen treatment temperatures (Figure 

2.2(a)) indicate that hydrogen treatment at 573 K was adequate in the Ni0 (ICSD 

646092) and Y2O3 (ICSD 647653) formations. Indeed, the hydrogen treatment 
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condition transformed hexagonal yttrium hydroxide to Y2O3. This is in line with the 

studies of Li et al., in which cubic Y2O3 was obtained from transformation of 

hexagonal Y(OH)3, which was produced from precipitation of yttrium nitrate with 

sodium hydroxide at pH 13 by a hydrothermal method.18  
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Figure 2.1 XRD patterns of hydroxides of Ni-Y(n), n = Ni/Y mol ratio. 

In the case of the Ni-La(2.5) catalysts, hydrogen treatment temperatures of 523 K 

and 573 K formed Ni0 and La(OH)3 (ICSD 245669) as shown in Figure 2.2(b). 

Increasing hydrogen treatment temperatures only resulted in lowering the La(OH)3 

crystallinity as a result of the dehydration process. At 673 K, peaks of Ni0 appeared 

as dominant peaks. Neuman and Walter reported that dehydration of La(OH)3 to 

lanthanum oxyhydroxide (LaOOH) occurred at approximately 603 K, and increasing 

the temperature up to 763 K produced La2O3.
19 Therefore, the Ni-La(2.5)HT673 

catalyst contains Ni0 and mixed lanthanum oxide, but the other two Ni-La(2.5) 

catalysts contain La(OH)3 as well as Ni metal. 
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Figure 2.2 XRD patterns of (a) Ni-Y(2.5) and (b) Ni-La(2.5) at various hydrogen treatment 

temperatures. 

2.3.2 Catalytic hydrogenolysis of furfurals  

The performance of Ni-M catalysts with various Ni/M molar ratios was 

investigated to achieve a high yield of 1,5-PeD. The catalytic activities for 

hydrogenolysis of FFR at different Ni/M mol ratios are displayed in Figure 2.3. All 

catalysts showed the full conversion of FFR with 1,5-PeD obtained as the 

predominant hydrogenolysis product along with the by-product, THFA. Variances in 
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the catalytic activities were clearly observed as a function of the Ni/M mol ratio; the 

highest yield of 1,5-PeD was obtained at the 2.5 Ni/M mol ratio, with Ni-

Y(2.5)HT573 and Ni-La(2.5)HT623 producing 1,5-PeD up to 46% and 42.5%, 

respectively. Then, both catalysts were used for further investigation. 

 

Reaction conditions: Ni-M catalyst (0.05 g), FFR (1.1 mmol), 2-propanol (3 mL), trans-

decahydronaphthalene (0.07 g), initial hydrogen pressure (2 MPa) at 423 K for 72 h. Conversion 

and yield were determined by GC using an internal standard technique. 

Figure 2.3 The catalytic activity of (A) Ni-Y(n)HT573 and (B) Ni-La(n)HT623 

(lower) catalysts in n (Ni/M mol ratio) function.  

Varying the hydrogen treatment temperature for the Ni-Y(2.5) and Ni-La(2.5) 

catalysts accomplished its catalytic activities. The hydrogen treatment temperature 

provided distinguishing features of catalysts, as shown in Figure 2.2. The effects on 

1,5-PeD yield were noticeable, as seen in Table 2.1 (entries 1-6). The Ni-

Y(2.5)HT573 catalyst (entry 2) exhibited the highest yield of 1,5-PeD compared with 

the other Ni-Y(2.5) catalysts. Surprisingly, the hydrogen treatment at 523 K for Ni-

La(2.5), the Ni-La(2.5)HT523 catalyst, produced 1,5-PeD up to 55.8% yield (entry 

4). The results indicated that Ni-Y2O3 as well as Ni-La(OH)3 composites are 

important in hydrogenolysis of the C-O bond, which is essential to obtain 1,5-PeD. 
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Table 2.1. Hydrogenolysis of FFR over Ni-M catalysts (Ni-M(2.5)HTtemp) at 

various H2 treatment temperatures a. 

Entry Catalyst  Conv.  Yield (%)  

  (%) THFA 1,5-PeD 1,2-PeD 

1 Ni-Y(2.5)HT548 100 77.0 18.4 1.7 

2 Ni-Y(2.5)HT573 100 38.5 46.0 1.9 

3 Ni-Y(2.5)HT673 100 84.7 12.9 2.4 

4 Ni-La(2.5)HT523 100 31.7 55.8 2.8 

5 Ni-La(2.5)HT573 100 32.6 53.5 1.9 

6 Ni-La(2.5)HT623 100 44.8 42.5 2.8 

a Reaction conditions: Ni-M catalyst (0.05 g), substrate (1.1 mmol), trans-decahydronaphthalene 

(0.07 g), 2-propanol (3 mL), initial H2 pressure (2.0 MPa), 423 K, for 72 h. Conversion and yield 

were determined by GC using an internal standard technique. 

Table 2.2 Hydrogenolysis of FFR in various catalysts a. 

Entry Catalyst  Conv.  Yield (%)   

  (%) FFA THFA 1,5-PeD 1,2-PeD 

1 Y2O3 98.1 83.2 0.0 0.0 0.0 

2 NiO  99.0 77.2 9.3 13.5 0.0 

3 Ni0b 100 0.0 87.2 4.4 0.6 

4 Ni-Y2O3(2.5)pm c 100 0.0 82.0 12.8 2.2 

5 Ni-Y(2.5)HT573 100 0.0 38.5 46.0 1.9 

6 La2O3 
b 100 98.1 0.0 0.0 0.0 

7 Ni-La2O3(2.5)pm c 100 0.0 78.6 9.3 3.5 

8 Ni-La(2.5)HT523 100 0.0 31.7 55.8 2.8 

a Reaction conditions: catalyst (0.05 g), FFR (1.1 mmol), trans-decahydronaphthalene (0.07 g), 

2-propanol (3 mL), initial H2 pressure (2.0 MPa), 423 K, for 72 h.  b 24 h. c pm = physical 

mixing. Conversion and yield were determined by GC using an internal standard technique. 

The catalytic activities of the nickel and lanthanum precursors are shown in Table 

2.2 compared with those of Ni-M catalysts in the FFR transformation. NiO, Y2O3, 

and La2O3 were inactive in 1,5-PeD production but showed remarkably high 

performance for the selective hydrogenation of FFR to FFA. The physical mixing of 

Ni-M catalysts (entries 4,7) and Ni0 metal only gave a small amount of 1,5-PeD. 
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Notably, the yttrium or lanthanum addition enhanced the hydrogenolysis ability of Ni 

catalysts. This result suggested that the interface of the Ni0-Y2O3 on the Ni-Y 

catalysts and Ni0-La(OH)3 and La2O3 on the Ni-La catalysts are essential for 1,5-PeD 

formation. 

2.3.3 Study of reaction pathway 

To further investigate the reaction mechanism, catalytic reactions using FFA and 

THFA substrates were carried out under the same reaction conditions to verify that 

these intermediates could be converted into pentanediols. The hydrogenolysis of FFA 

was performed over Ni-Y(2.5)HT573 and Ni-La(2.5)HT523 catalyst. At the full 

conversion, the yield of 1,5-PeD was obtained up to 42.3% and 51.3% which was 

slightly lower than from the FFR substrate (Table 2.3, entries 1-2). Otherwise, THFA 

was dominantly obtained from the hydrogenation of C=C bonds, similar to using 

FFR as substrate. By using THFA as the substrate, as shown in Table 2.3 (entries 3-

8), 1,5-PeD was the only hydrogenolysis (or ring opening) product among diols. Ni-

Y(2.5)HT573 and Ni-La(2.5)HT523 exhibited the highest yields of 1,5-PeD, up to 

77.6% (entry 4) and 92.4% (entry 6), respectively. 

The metal oxide precursors exhibited very high selectivity for hydrogenating FFR 

into FFA, even though they were inactive in C-O bond cleavage (Table 2.4). The 

employment of N2 gas instead of H2 confirmed that the selective transfer 

hydrogenation reaction proceeded predominantly in N2 atmosphere with 2-propanol 

as a hydrogen source (Table 2.4). This result suggested the adsorption of the 

carbonyl of FFR onto the electropositive metal (Y3+ or La3+).13 The FFR adsorption 

study would be presented for considering that suggestion. 
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Table 2.3. Hydrogenolysis of FFA and THFA over Ni-M (M = Y or La) catalysts. 

Entry Catalyst a Conv. Yield (%) 

 (%) THFA 1,5-PeD 1,2-PeD 1-BuOH 

FFA as a substrate      

1 Ni-Y(2.5)HT573 100 47.6 42.3 2.2 2.9 

2 Ni-La(2.5)HT523 100 28.3 51.3 0.0 4.8 

THFA as a substrate      

3 Ni-Y(2.5)HT548 36.2 – 33.9 0.0 2.4 

4 Ni-Y(2.5)HT573 80.5 – 77.6 0.0 3.9 

5 Ni-Y(2.5)HT673 78.1 – 71.6 0.0 2.6 

6 Ni-La(2.5)HT523b
 99.5 – 92.4 0.0 3.4 

7 Ni-La(2.5)HT573b 95.3 – 92.1 0.0 3.6 

8 Ni-La(2.5)HT623b 76.4 – 64.6 0.0 1.9 

a Reaction conditions: Catalyst (0.05 g), FFA (1.1 mmol), trans-decahydronaphthalene (0.07 g), 

2-propanol (3 mL), 423 K, initial H2 pressure (2.0 MPa), for 72 h or b 84 h. Conversion and yield 

were determined by GC using an internal standard technique. 

Table 2.4. Effect N2 gas in the transformation of FFR.  

Catalyst a Conv. Yield (%) 

 (%) FFA THFA 1,5-PeD 1,2-PeD 

Ni0 33.8 16.3 0.0 0.0 0.0 

NiO 64.5 41.2 0.0 0.0 0.0 

Y2O3 39.6 7.7 12.0 0.0 0.0 

La(OH)3 61.7 7.7 0.0 0.0 0.0 

Ni-Y(2.5)HT573b 65.9 39.6 0.0 0.0 0.0 

Ni-La(2.5)HT523 46.4 22.7 0.0 0.0 0.0 

a Reaction conditions: Catalyst (0.05 g), FFR (1.1 mmol), trans-decahydronaphthalene (0.07 g), 

2-propanol (3 mL), 423 K, initial N2 pressure (1.0 MPa), for 24 h. b 15 h. Conversion and yield 

were determined by GC using an internal standard technique. 

The FTIR spectra of the adsorbed FFR vapor on the Ni-Y(2.5)HT573 and Ni-

La(2.5)HT523 catalysts and FFR vapor as a reference are shown in Figure 2.4. Gas-

phase furfural shows the C=O stretching vibration mode at 1722 cm–1. As shown in 

Figure 2.4 (left side), the downshifted C=O stretching band in the adsorbed furfural 
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species appears at around 1698 cm–1 on Ni-Y(2.5)HT573 surface at 423 K. 

Unfortunately, adsorption on Ni-La(2.5)HT523 catalyst, the downshifted C=O hardly 

distinguished with C=O stretching mode. These lower frequencies indicate a 

weakening of the C=O bond as a result of the interaction with the surface. The 

highest downshift on Ni-Y(2.5)HT573 catalyst surface suggested strong interaction 

via η2 with the carbonyl O, but only through an interaction η1 with the carbonyl O on 

Ni-La(2.5)HT523 catalyst.20,21
 Hence, the electropositive yttrium or lanthanum ions 

strongly interact with the C=O bond of FFR and otherwise weakly interacts with the 

oxygen furan ring. Consequently, FFA was produced at the beginning of the reaction, 

and then a small amount of FFA converted to 1,2-PeD (Figure 2.5-2.6). FFR was 

hydrogenated into FFA. Further hydrogenation to THFA occurred rapidly, followed 

by hydrogenolysis of FFA to 1,2-PeD with the assistance of the adsorption of the 

CH2OH functional group onto the metal surface.22 Hydrogenolysis of THFA 

selectively produced 1,5-PeD. In addition, 1-butanol was suggested through C-C 

bond cleavage of the pentanediols. Moreover, a study of the adsorption of ethanol on 

Ni metal surface at temperatures of 100 – 400 K suggested that Ni0 might promote 

C–C bond breaking of the ethanol molecule, leading to the emergence of hydrogen 

and methane.23 On the presumption that their catalytic reaction occurs at the Ni-

Y(2.5) or Ni-La(2.5) boundaries, the cleavage of the C-O bond of tetrahydrofuran 

ring proceeded selectively on it. Based on the above results, a possible reaction 

pathway is proposed in Scheme 2.1. Therefore, the Ni0-Y2O3 or Ni0-La(OH)3 

composites had a prominent role in the 1,5-PeD formation from FFR and FFA with 

THFA as an intermediate. 
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Figure 2.4 FTIR of absorption FFR gas on the surface of Ni-Y(2.5)HT573 and Ni-

La(2.5)HT523 catalysts. 

 

Reaction conditions: Ni-Y(2.5)HT573 catalyst (0.05 g), FFR (1.1 mmol), trans-

decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K, and initial H2 pressure (2.0 MPa). 

Conversion and yield were determined by GC using an internal standard technique. 

Figure 2.5 Time profile for hydrogenolysis of FFR over Ni-Y(2.5)HT573.  
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Reaction conditions: Ni-La(2.5)HT523 catalyst (0.05 g), FFR (1.1 mmol), trans-
decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K, and initial H2 pressure (2.0 MPa). 

Conversion and yield were determined by GC using an internal standard technique. 

Figure 2.6 Time profile for hydrogenolysis of FFR over Ni-La(2.5)HT523. 

 

Scheme 2.1. Possible reaction pathways for the hydrogenolysis of FFR. 

2.4 Conclusion  

The Ni-Y2O3 and Ni-La(OH)3 catalysts were synthesized and showed promise as 

catalysts for the hydrogenolysis of FFR to 1,5-PeD (423 K, 2.0 MPa H2). Both 

catalysts exhibited remarkably high selectivity for producing 1,5-PeD from the 

hydrogenolysis of FFR, particularly starting from THFA. The results emphasized the 
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essential role of the Ni0-Y2O3 or Ni0-La(OH)3 composites in executing C-O bond 

cleavage selectively as a key step in 1,5-PeD formation.  

Notes 

All results have been published as follow: H. W. Wijaya, T. Sato, H. Tange, T. Hara, 

N. Ichikuni and S. Shimazu, Hydrogenolysis of Furfural into 1,5-Pentanediol by 

Employing Ni-M (M = Y or La) Composite Catalysts, Chem. Lett., 2017, 46, 744–

746.  

ABBREVIATIONS 

FFR: furfural 1,2-PeD, 1,2-pentanediol 

FFA:  furfuryl alcohol 1-BuOH: 1-butanol 

THFA: tetrahydrofurfuryl alcohol 2-PrOH: 2-propanol 

1,5-PeD: 1,5-pentanediol  
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Chapter 3  

Development Ni-Y2O3 catalyst for producing 

1,5-pentanediol from furfural and its 

hydrogenated compounds  

 

 

ABSTRACT. The hydrogenolysis of biomass-derived furfural (FFR) to obtain 1,5-

pentanediol (1,5-PeD) was carried out by employing Ni-Y2O3 catalyst under mild 

reaction conditions (2.0 MPa of initial H2, 423 K) prepared using a subsequent 

coprecipitation-calcination-hydrogen treatment. The hydrogenation of C=C and C=O 

bonds of furfural simultaneously came first to forming furfuryl alcohol (FFA) and 

tetrahydrofurfuryl alcohol (THFA), the hydrogenolysis of THFA was selectively 

proceeded to give 1,5-PeD (28.3% yield). The hydrogenolysis of FFA proceeded at 

the similar pathway giving 41.9% yield of 1,5-PeD with THFA as an intermediate.  

Employing THFA as a substrate corroborated with those results giving 54.7% yield 

of 1,5-PeD with 59.8% conversion and Ni0-Y2O3 boundaries had a prominent role for 
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that. This chapter highlights the hydrogenolysis of FFR, FFA, THFA and their 

mechanistic study of C-O bond cleavage of tetrahydrofuran ring to 1,5-PeD. 

3.1 Introduction 

The catalytic conversion of biomass-derived FFR and its derivatives to valuable 

chemicals and fuels by hydrogenation and hydrogenolysis have received increasing 

attention in recent years.1 Upgrading FFA includes the hydrogenation of its furan 

ring into THFA,2 reductions of its hydroxyl group into 2-methylfuran (2MF),3 and 

hydrogenolysis of the C-O-C bond of the furan ring into pentanediols.4,5 For FFA 

hydrogenolysis, 1,2-PeD was produced in higher yield and selectivity than 1,5-PeD if 

supported Ru, Pt/HT, or Cu-based catalysts are used.6–9 A Ru/MnOx catalyst system 

produced 1,2-PeD with 42.1% yield at 1.5 MPa H2 and 423 K.6 Employing basic 

support on Pt, Pt/HT catalyst directly transformed FFR giving 1,2-PeD up to 73 % 

yield with a small amount of 1,5-PeD (8 % yield) at full conversion.7 Ru-supported 

carbon catalyzed the aqueous solution of FFA with 20 % selectivity to produce 1,2-

PeD at 473 K and 1 MPa H2.
8 Cu-LDO with basic support also gave 1,2-PeD up to 

51.2 % yield and 28.8 % yield of 1,5-PeD (413 K and 6 MPa H2).
5 Another report on 

the use of nonprecious-metal-based Cu-Al2O3 catalyst produced comparable 

selectivity of 1,2-PeD (48.6 %) and 1,5-PeD (22.7 %) at 6 MPa H2 and 413 K.9 

Therefore, the production of 1,5-PeD selectively from FFA hydrogenolysis is an 

interesting and challenging route toward renewable fine chemicals production. 1,5-

PeD with an uneven aliphatic carbon chain and terminal diols has been used as a 

building block in producing polyesters, thermoplastics, polyurethanes, and as a 

plasticizer monomer.10 Employing Ni-based catalysts to transform the biomass-based 

chemical FFA into 1,5-PeD by hydrogenolysis is a worthwhile investigation. 
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Transformation of THFA to 1,5-PeD is challenging route owing to the high yield 

of 1,5-PeD can be achieved from 2-hydroxytetrahydropyran (2-HY-THP) over Ru/C 

catalyst up to 80% yield from FFR.11 The direct modified of a noble metal with metal 

oxide species especially Rh-ReOx and Rh-MoOx exhibited the best selectivity in 

hydrogenolysis of THFA to 1,5-PeD to 70–87% selectivity.12,13 The Brӧnsted acidic 

on the catalyst surface of ReOx, as well as MoOx, is essential to bind the oxygen 

atoms (ether and hydroxyl groups) of THFA and loose a C-O bond to give 

pentanediol products.14,15 Development of nickel-based catalyst instead of modified 

noble metal is demanding from economic, environmental, as well as scientific aspect 

for this reaction. Utilization of nickel catalyst which is known good for 

hydrogenation for this reaction after adding yttrium had been evaluated in this 

chapter as part of hydrogenolysis of FFR and FFA. In which, THFA is an 

intermediate product from both substrates by employing a Ni-Y2O3 catalyst.  

3.2 Experimental procedure 

3.2.1 Catalyst preparation 

Ni-Y2O3 catalyst was prepared in the following steps: co-precipitation, 

hydrothermal, calcination, and reduction methods. Typically, an aqueous solution of 

Y(NO3)3 0.49 M was added Ni(NO3)2 0.86 M with Ni/Y mmol ratios (n) of 1.5, 2.5, 

and 3.0. NaOH 3.1 M solution was added dropwise until it achieved pH = 13.2. After 

stirred for 1 h, the slurry solution was transferred into a Teflon vessel (100 mL) of a 

hydrothermal bomb and aged at 423 K for 24 h. Then, the precipitate was filtered and 

washed with distilled water until the pH of the filtrated mother liquor was 7. 

Afterwards, the green hydrogel was dried in vacuum overnight and then calcined at T 

temperature in Kelvin (T was 623 K, 773 K, 923 K, or 1073 K). The temperatures 
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inside the furnace were gradually increased from room temperature to the target 

temperature with a heating rate of 5 K·min−1. After the target temperature was 

reached, the powders were annealed for 5 h in air and were denoted as Ni-Y2O3(n)T. 

Before used as a catalyst, All Ni-Y2O3(n)T catalysts were reduced by using H2 gas at 

673K for 3-4 h in the hydrogen treatment apparatus. A similar procedure was applied 

to prepare the Ni-Y2O3 catalyst with Ni/Y mole ratios of 3.0 and 1.5 at same total of 

metal ions i.e., 12 mmol. As a reference, Y2O3 was prepared with the same condition 

without nickel nitrate.  

The physical mixture Ni-Y2O3(2.5) catalyst briefly synthesized as follow. The 

proper amount of Y2O3 was added to 0.86 M Ni(NO3)2 aqueous solution and then 

added 3.1 M NaOH to adjust pH 13.2. The similar steps were applied as the Ni-

Y2O3(n)T catalyst preparation, i.e. hydrothermal, calcination (623 K) and subsequent 

hydrogen treatment (673 K). The catalyst was denoted as Ni-Y2O3(2.5)623pm. The 

monometallic catalysts also synthesized with the similar procedure. 

3.2.2 Catalytic hydrogenolysis reaction 

Catalytic hydrogenolysis of furfural performed in a 30 mL stainless steel autoclave 

equipped with a magnetic stirrer, pressure gauge, inserted glass vessel, and automatic 

temperature control apparatus. The reactor connected to a hydrogen cylinder of the 

reaction pressure. In a typical experiment, catalyst (0.05 g) put in glass vessel 

together with a magnetic stirrer, 2-propanol (3 mL), trans-decahydronaphthalene 

(0.07 g) and substrate (FFR, FFA or THFA) (0.1 g). The glass vessel inserted into the 

autoclave with 2.0 MPa H2 and heated at 423 K for 24 h. After the reaction, 

autoclave cooled, gas released slowly, centrifuged mixture solution, and analyzed 

filtrate by using GC with trans-decahydronaphthalene as an internal standard. The 
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conditions for GC were capillary column Inertcapt 624 (30 m, DF = 1.40 μm, 0.25 

mm i.d.) with a flame ionization detector (FID). The temperature program was 

carried out as follows: initial temperature and time = 70 °C, 0 min; final temperature 

= 250 °C, heating rate = 10 °C min−1, temperature of injector = 220 °C, temperature 

of detector = 250 °C. 

3.2.3 Characterization of Ni-Y2O3 catalyst 

All catalysts had been characterized by Powder X-ray diffraction (XRD) Miniflex 

600 Rigaku with Cu as monochromatic source Kα radiation (λ = 1.5444 nm). The 

XRD was operated at 40 kV and 15 mA with 1.25 deg. solar slit, 5 deg./min. scan 

step and using Ni Kβ filter. The particle sizes of yttrium oxide and Ni0 were 

estimated by using Scherrer equation after analyzing some parameters of XRD data 

such as slit correction, Lorentz polarization correction, background subtraction, and 

Kα2 elimination by using Integral Intensity Calculation program. TEM micrographs 

were obtained using Hitachi High-tech H-7650 microscopy with field emissive gun 

at 150 kV. TEM image analyses of the best catalyst (Ni-Y2O3(2.5)623 catalyst) were 

taken on Hitachi High-Tech H7650 with an emissive gun, operated at 150 kV. The 

XPS analysis of Ni-Y2O3(2.5)623 catalyst was performed on JPS-9030, JEOL using 

a monochromatic Mg-K X-Ray source and operated at 12 kV and 25 mA with a 

base pressure in the XPS analysis chamber of 7  10-8 Pa at room temperature. The 

pass energy was held at 10 eV with energy step at 0.1 eV for each region. Each 

region was integrated using the SpecSurf of version 2.0 for determination of surface 

composition.   

Isotherm N2 adsorption-desorption measurements were performed using a Belsorp 

Max (BEL Japan). The samples were outgassed by evacuation at 473 K for 2 h prior 
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to analysis. Data were collected at liquid nitrogen boiling temperature (77 K). 

Surface area was calculated by the BET (Brunauer-Emmett-Teller) method of which 

data were collected at relative pressures between 0.06 and 0.2. Total pore volume, 

average pore diameter, and pore size were calculated via the BJH (Barrett-Joyner-

Halenda) method and DA method using the adsorption isotherm. Thermogravimetric 

analysis was performed on Thermo plus EVO2 TG-DTA machine under N2 gas flow 

at a 5 ºC/min heating rate. The modified FTIR Horiba that was connected with 

glassware line for introducing THFA vapor was used to study adsorption with 4 cm-1 

resolution. The NH3-TPD was performed on BELCAT-M machine under He gas 

flow, mixture of 5.23 vol.% NH3/He gas and a thermal conductivity detector for gas 

analysis. 

3.3 Properties of Ni-Y2O3 catalyst  

In a typical preparation of Ni-Y2O3, nickel and yttrium hydroxides were formed by 

coprecipitation and later hydrothermal treatment similar to the previous procedure 

(Chapter 2). Calcination as a pretreatment was conducted at 623 K in various Ni/Y 

mol ratio and variation calcination temperature from 573 to 1073 K for 2.5 Ni/Y mol 

ratio as shown in Figure 3.1. Lowering the amount of Ni ratios was indicated by 

increasing the crystallinity on Y2O3 (Figure 3.1(A)). Calcination at 573 K, 623 K, 

773 K, 923 K, or 1073 K for 5 h with 5 K/min. elevation step from room temperature 

transformed nickel and yttrium hydroxides (Ni/Y = 2.5) into their oxides as shown in 

Figure 3.1(B). The XRD patterns of calcined Ni-Y2O3 samples contained peaks at 

2θ=37.2, 43.3, 62.9, 75.3, and 79.4°, which was identified as NiO (ICSD 53931). 

Cubic yttrium oxide also formed according to ICSD 647653 after calcination at 923 

K and 1073 K, although calcination 623 K and 773 K produced amorphous yttrium 



41 

 

oxide in particular at 573 K. The crystallinity of Y2O3 decreased with lower 

calcination temperatures. The results were consistent with the experiment by Liu et 

al., in which cubic Y2O3 in Ni/Y2O3 was formed after calcination at a temperature 

higher than 773 K.16,17 
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Figure 3.1. XRD patterns of calcined (A) (a) Ni-Y2O3(1.5)623, (b) Ni-Y2O3(2.5)623, (c) Ni-Y2O3 

(3.0)623; (B) (a) Ni-Y2O3(2.5)623pm, (b) Ni-Y2O3(2.5)573, (c) Ni-Y2O3(2.5)623, (d) Ni-

Y2O3(2.5)773, (e) Ni-Y2O3(2.5)923, (f) Ni-Y2O3(2.5)1073.  

 Calcination as a pretreatment at 623 K was conducted prior to hydrogen treatment 

at 673 K on the Ni-Y2O3 in various Ni/Y mol ratios (Ni/Y = 1.5, 2.5, or 3.0). Their 

XRD pattern as depicted in Figure 3.2(A) and diffraction peaks of Ni(0), as well as 

Y2O3, was obviously noticed based on ICSD 646092 and 53931, respectively. The 

hydrogen treatment at 673 K only reduced NiO to be Ni0 and Ni-Y2O3(n) (the 

number in parenthesis indicates the Ni/Y mole ratio) catalyst will be evaluated in the 

further study due to its catalytic activity. 
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Figure 3.2. XRD patterns of the reduced catalyst by H2 treatment at 673 K (A) Ni-Y2O3(n)623 (n 

= 1.5, 2.5, and 3.0, respectively). (B) (a) Ni-Y2O3(2.5)623pm, (b) Ni-Y2O3(2.5)573, (c) Ni-

Y2O3(2.5)623, (d) Ni-Y2O3(2.5)773, (e) Ni-Y2O3(2.5)923, (f) Ni-Y2O3(2.5)1073. 
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The XRD patterns of calcined Ni-Y2O3(2.5) after hydrogen treatment at 673 K are 

shown in Figure 3.2(B). Two kinds of peak series are present, which correspond to 

Ni0 and Y2O3. The hydrogen treatment only reduced NiO to Ni0. This agrees with 

previous studies that hydrogen treatment at 673 K was the proper procedure for 

producing Ni0. Sun et al. reported that the temperature-programmed reduction (TPR) 

profile of Ni/Y2O3 showed a single peak at 658 K in the reduction of NiO.18 Pospisil 

and Kanokova experiment showed that NiO appeared to be only reducible 

component in the mixed NiO-Y2O3 at 683 K.19 The crystallite sizes of Ni0 and Y2O3 

estimated from Scherrer equation decreased with decreasing calcination temperature 

as shown in Table 3.1. BET surface area lowered aside from the increasing pre-

treatment temperature caused by the agglomeration of both constituents occurred and 

consequently lowered its surface area. The H2 chemisorption property of Ni-

Y2O3(n)623 catalysts (n = 1.5, 2.5, and 3.0) was dominantly influenced by the Ni/Y 

mol ratios at the highest yttrium amount and the crystallite sizes of both constituents 

at the highest nickel amount. The Ni-Y2O3(2.5)623 possessed the highest H2 uptake 

probably owing to the lowest crystallite size and the highest surface area. Both 

properties perceive the fused of Ni0 and Y2O3 on it is much better than the others 

investigated catalysts. The highest H2 uptake properties could be used as an 

indication of the better Ni-H species formation which is critical for attacking C-O 

bond of tetrahydrofuran ring to triggering the C-O bond cleavage in further catalytic 

hydrogenation.  

Calcination temperature as a pre-treatment impacted the hydrogen uptake property 

of the reduced Ni-Y2O3 catalyst as listed in Table 31. It lowered by increasing the 

calcination temperature as well as crystallite size of nickel and yttrium oxide at the 
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same Ni/Y mol ratio i.e. 2.5. Altering Ni/Y mol ratio in this case 1.5 and 3.0 gave a 

lower H2 uptake than that of 235.2 μmol/gcat.. The acidity amount of Ni-Y2O3 

catalysts from NH3-TPD measurement revealed three peaks around 450 K, 620 K, 

and 929 K which indicated a difference acidity strength and the total was listed in 

Table 3.1. A Ni-Y2O3(2.5)623 catalyst featured the highest total acidity by using this 

method. It means the distinguished attributes in crystallite size, surface area, H2 

uptake, and acidity amount of Ni-Y2O3(2.5)623 catalyst has a promise of a greater 

candidate for hydrogenolysis of FFR and THFA achieving the highest yield 1,5-PeD 

compared to the reported Ni-based catalysts.     

Table 3.1    Physicochemical properties of Ni-Y2O3 catalysts. 

Catalyst [a] Crystallite Size (nm) [b] BET H2 uptake[c] Acidity[d] 

 Ni0 Y2O3 (m2/g) (μmol/g. catalyst) (mmol/g) 

Ni-Y2O3(2.5)1073 24.2 23.9 17.57 25.4 0.140 

Ni-Y2O3(2.5)923 11.8 10.3 37.53 89.6 0.489 

Ni-Y2O3(2.5)773 5.3 7.2 52.34 125.1 0.788 

Ni-Y2O3(2.5)623 4.5 5.6 74.14 235.2 1.103 

Ni-Y2O3(2.5)623pm [c] 15.0 93.3 20.39 89.0 0.376 

Ni-Y2O3(3.0)623 11.0 13.0 35.5 76.1 0.512 

Ni-Y2O3(1.5)623 5.3 6.4 73.1 92.4 1.055 

[a] After hydrogen treatment at 673 K. Catalyst is denoted as Ni-Y2O3(x)-t; x indicates the Ni/Y 

mole ratio and t are the calcination temperature. [b] Determined by using the Scherrer equation. 

(pm = physical mixing). [c] after corrected with H2 physisorption. [d] Calculated from NH3-TPD 

measurement as a total amount of NH3 desorption at elevated temperature from 373-1073 K. 

3.4 Catalytic hydrogenolysis of furfural (FFR) 

3.4.1 Hydrogenolysis of FFR in various Ni-Y2O3 catalysts 

The catalytic hydrogenolysis of FFR over Ni-Y2O3 catalysts was firstly evaluated 

in different Ni/Y mol ratios at a similar calcination pre-treatment as shown in Table 

3.2 (entries 1,2 and 6). The addition of yttrium at higher mol ratio (Ni/Y = 1.5) gave 

1,5-PeD of below 15 % otherwise the THFA was obtained as the major 
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hydrogenation product. Decreasing yttrium mol ratio increased the yield of 1,5-PeD 

up to 28.3 % yield (Ni/Y = 2.5) and only THFA as a sole product at the enrichment 

of Ni (Ni/Y mol ratio was 3.0). The data showed that the 1,5-PeD was produced at 

the highest yield over Ni-Y2O3(2.5)623 catalyst and would be employed for further 

investigation.     

Table 3.2 Catalytic hydrogenolysis of FFR  

Entry Catalyst a Conv.   Yield (%)   

  (%) THFA 1,5-PeD 1,2-PeD 1-BuOH 

1 Ni-Y2O3(3.0)623 > 99 90.5 0.0 0.0 0.0 

2 Ni-Y2O3(1.5)623 > 99 84.5 14.5 0.0 1.1 

3 Ni-Y2O3(2.5)1073 > 99 86.2 10.4 3.4 0.0 

4 Ni-Y2O3(2.5)923 > 99 79.6 9.7 2.4 0.4 

5 Ni-Y2O3(2.5)773 > 99 62.6 12.6 2.9 0.4 

6 Ni-Y2O3(2.5)623 > 99 56.7 28.3 2.3 2.9 

7 Ni-Y2O3(2.5)623pm > 99 73.9 11.6 2.0 0.3 

8 Ni-Y2O3(2.5)HT673 b > 99 66.3 9.8 1.7 0.0 

9 Ni(0) > 99 11.8 9.1 0.0 0.0 

10 Y2O3 > 99 7.5 0.0 0.0 0.0 

11 NiO b,c 99.0 7.7 11.1 0.0 0.0 

a Reaction conditions: Reduced Ni-Y2O3 catalyst (0.05 g), FFR (1.1 mmol), trans-

decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K, initial H2 pressure (2.0 MPa), for 24 

h.  Conversion and yield were determined by GC using the internal standard technique.  b HT was 

Hydrogen treatment. c FFA was formed up to 63.4%. 

Calcination as pre-treatment not only impacted by catalyst properties (Figure 1) but 

also their catalytic performance (Table 2, entries 3-6). For all Ni-Y2O3 catalysts, 

THFA was obtained as a predominant hydrogenation product along with the 1,5-PeD 

preferentially. Differences in the yield of 1,5-PeD were clearly observed whereby at 

the same hydrogen treatment temperature, the higher calcination temperature than 

623 K gave the lower 1,5-PeD. The catalytic activity decreases due to the increasing 

crystallite size of Ni0 and Y2O3 as well as the lower surface area. Physical mixing of 
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Ni and Y2O3 (Ni-Y2O3(2.5)623pm catalyst) and direct reduced Ni-Y sample (Ni-

Y2O3(2.5)HT673 catalyst) only gave 1,5-PeD at 9.3 % and 15.6 % yield, respectively 

(entries 7-8).  Ni0 and NiO gave a low activity for this reaction otherwise Y2O3 was 

not active. It insists that Ni0-Y2O3 boundaries and catalyst surface acidity facilitated 

in calcination and H2 treatment are proposed to have a critical role in the C-O bond 

cleavage to form 1,5-PeD. 

3.4.2 Investigation of reaction conditions  

Optimization of the catalytic hydrogenolysis of FFR over Y2O3(2.5)623 catalyst 

has a profound effect on a yield of 1,5-PeD evaluated at different reaction 

temperatures and initial H2 pressure as shown in Figure 3.3 Changing the initial H2 

pressure, experimented in the range of 1.5–2.5 MPa (Figure 3.3 left), was expected to 

increase the solubility of H2 and hydride formation. However, the full conversion of 

FFR remained largely unaffected by the initial H2 pressure, the yield of 1,5-PeD is 

slightly lower than 28.3% at 2.5 MPa. By means of initial H2 pressure at 2.0 MPa, 

the investigated reaction temperature between 413 to 453 K (Figure 3.3 right) 

showed the yield of 1,5-PeD (28.7%) reached a plateau and slightly increased to 32.9 

at 453 K while THFA was decreased gradually by increasing reaction temperature. 

On the contrary, 1-BuOH periodically formed as the reaction temperature function 

and assumed the decomposition of the hydrogenolysis products (pentanediols) at 

high temperature. It insisted that FFR was hydrogenated rapidly to THFA at high 

temperature as well as hydrogen initial pressure and 1,5-PeD was produced 

selectively from hydrogenolysis of THFA in our catalytic reaction system. 
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Figure 3.3 Evaluation of initial H2 pressure dependency (left) and reaction temperature (right) for 

hydrogenolysis of FFR to 1,5-PeD.  

3.4.3 Time profile and reaction pathway  

The time course for hydrogenolysis of FFR to 1,5-PeD over Ni-Y2O3(2.5)623 

catalyst was therefore performed to mitigate a transformation of FFR to 1,5-PeD as 

shown in Figure 3.4. In the initial period (below 3 h), the hydrogenation of C=C and 

C=O bonds was concomitantly proceeded to produce the hydrogenation products and 

only THFA was produced during 3 h. A few pentanediols was initially formed. After 

3 h, the hydrogenolysis of THFA dominantly proceeded to 1,5-PeD as reaction time 

function and the yield of 1,5-PeD did not increase significantly after 24 h. Moreover, 

1-BuOH was produced after 18 h and constant with prolonging reaction time to 72 h. 

Utilizing 1,2-PeD and 1,5-PeD as substrates form 1-BuOH in up to yields of 8.0% 

and 2.1%, respectively. It suggests that 1-BuOH was produced by owing to the 

decomposition of pentanediols. These results also inform that the catalyst was 

deactivated after 24 h.    
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Based on the time profile result (Figure 3.4), the proposed reaction pathway for 

hydrogenolysis of FFR was shown in Scheme 3.1. The hydrogenolysis of FFR 

proceeded with a two-step reaction, hydrogenation giving THFA as an intermediate 

product and then hydrogenolysis of THFA to form 1,5-PeD. Thus, a study on the 

hydrogenolysis of FFA and THFA would be presented to comprehend its catalytic 

properties in our catalyst. 

 

Reaction conditions: Ni-Y2O3(2.5)623 catalyst (0.05 g), FFR (1.1 mmol), trans-

decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K, and initial H2 pressure (2.0 MPa).  

Conversion and yield were determined by GC using the internal standard technique.   

Figure 3.4 Time course for hydrogenolysis of FFR 

 

Scheme 3.1   Reaction route and products distribution in hydrogenolysis of FFR. 
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3.5 Catalytic hydrogenolysis of furfuryl alcohol (FFA) 

The hydrogenolysis of FFR to give 1,5-PeD over Ni-Y2O3(2.0)-623 catalyst 

exhibited the highest yield of 1,5-PeD formation up to 29.8% at the optimized 

catalytic reaction (423 K and 2.0 MPa initial H2 pressure). From Scheme 3.1, furfuryl 

alcohol (FFA) was produced during the transformation of FFR to 1,5-PeD. The 

investigation of FFA as a substrate will be studied in detail in this section. 

3.5.1 Hydrogenolysis of FFA in various Ni-Y2O3 catalysts 

The first study in hydrogenolysis of FFA was conducted by reduced Ni-Y2O3 with 

different Ni/Y mole ratios, various pretreatment calcination temperatures, a physical 

mixture of Ni-Y2O3, and the corresponding precursors as shown in Table 3.3. FFA 

was fully converted by all Ni-Y2O3 catalysts. At the highest Ni content, THFA was 

obtained as the predominant hydrogenation product and the yield of 1,5-PeD was less 

than 7% (entry 1). In contrast, as the Y2O3 content increased, 1,5-PeD yield increased 

slightly to 20% (entry 2). The Ni/Y mole ratio of 2.5 was well-suited for preparing 

1,5-PeD as the major product (up to 41.9% yield, entry 6). It suggests that Ni0 metal 

was solely responsible for the C=C bond hydrogenation as confirmed in entry 10. 

As mentioned above, the calcination treatment at various temperature affected the 

physicochemical properties of Ni-Y2O3(2.5) catalyst. The catalytic activity at 

different calcination temperatures was also studied as shown in Table 3.3, entries 3-

7. Altering the calcination temperature from 773 K to 1073 K produced 1,5-PeD with 

yields below 15 % and THFA as the main product. Increasing the crystallite size of 

Ni0 and Y2O3 was followed by a lowered BET surface area and surface acidity. 

Calcination above 673 K was not seemingly effective in the Ni0-Y2O3 boundaries 

formation and tuning acidity of catalysts that is essential for the hydrogenolysis of 
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the C-O bond. The other results (shown in entries 8-11), indicated that the physical 

mixing of Ni-Y2O3 and Ni0 produced only 9.3% 1,5-PeD, and the oxides alone were 

inactive for hydrogenation and hydrogenolysis (entries 11-12). Side products were 

also detected, i.e., 1,2-PeD at approximately 2.2% and a trace amount of 1-butanol. 

These results suggest that FFA was converted to THFA at the first step and then 

THFA was transformed into 1,5-PeD through C-O bond cleavage. Previous reports 

explained that 1,5-PeD could be obtained selectively from hydrogenolysis of THFA 

especially over Ir-ReOx/SiO2 catalysts.4 Among the screened Ni-Y2O3 catalyst 

systems, the Ni-Y2O3(2.5)623 catalyst was highlighted as a promising catalyst for 

1,5-PeD synthesis from FFA hydrogenolysis prior to the best catalyst features. 

Table 3.3 Catalytic hydrogenolysis of FFR  

Entry Catalyst a Conv.  Yield (%)   

  (%) THFA 1,5-PeD 1,2-PeD 1-BuOH 

1 Ni-Y2O3(3.0)623 > 99 77.3 6.8 1.9 0.0 

2 Ni-Y2O3(1.5)623 > 99 52.5 20.0 1.8 1.3 

3 Ni-Y2O3(2.5)1073 > 99 77.5 7.5 1.6 0.0 

4 Ni-Y2O3(2.5)923 > 99 77.7 12.3 2.0 0.0 

5 Ni-Y2O3(2.5)773 > 99 73.6 12.9 2.0 0.0 

6 Ni-Y2O3(2.5)623 > 99 30.4 41.9 1.2 1.6 

7 Ni-Y2O3(2.5)573 > 99 71.6 11.8 1.9 trace 

8 Ni-Y2O3(2.5)623pm > 99 68.5 7.1 0.0 0.0 

8 Ni-Y2O3(2.5)623 b > 99 0.0 0.0 0.0 0.0 

9 Ni(0) > 99 100 0.0 0.0 0.0 

10 Y2O3 0.0 0.0 0.0 0.0 0.0 

11 NiO b 0.0 0.0 0.0 0.0 0.0 

a Reaction conditions: Reduced catalyst (0.05 g), FFA (1.1 mmol), trans-decahydronaphthalene 

(0.07 g), 2-propanol (3 mL), 423 K, initial H2 pressure (2.0 MPa), for 24 h.  Conversion and yield 

were determined by GC using the internal standard technique. b without H2 treatment.  
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3.5.2 Evaluation of reaction conditions 

An investigation to figure out the optimal reaction conditions for the production of 

1,5-PeD was performed under a variety of initial hydrogen pressures and reaction 

temperatures utilizing the Ni-Y2O3(2.5)623 catalyst. Results altering the initial H2 

pressure ranging from 1.5 to 3.0 MPa at 423 K are shown in Figure 3.5(A). At low 

hydrogen pressure (1.5 MPa), THFA was exclusively produced by the hydrogenation 

of FFA and the C-O bond was hardly cleaved to give pentanediols. Elevation of the 

hydrogen pressure to 2.0 MPa increased the yield of 1,5-PeD to 41.9% and to 47.8% 

for a hydrogen pressure of 3.0 MPa. The initial H2 pressures below 1.5 MPa were 

insufficient to cleave the C-O bond of THFA. These results are similar to that on the 

hydrogenation of FFA to THFA over Ru/C (at 403-448 K, 1.03-2.06 MPa), and only 

the rate of the hydrogenation reaction was increased.20 

  

Figure 3.5 (A) Initial H2 pressure and (B) reaction temperature dependencies. 

The effect of reaction temperature (from 413 to 453 K) on the yield of 1,5-PeD is 

shown in Figure 3.5(B). Using 2-PrOH as the solvent, FFA reacted completely 

within 24 h at all temperatures. The main hydrogenolysis product was 1,5-PeD rather 
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than 1,2-PeD; the yields of 1,2-PeD were consistently approximately 2% at all 

temperatures. It suggests that 1,2-PeD was produced from hydrogenolysis of FFA 

through the C-O bond cleavage in the furan ring and THFA was converted to 1,5-

PeD through C-O bond cleavage in the tetrahydrofuran ring. We also tested the 

hydrogenolysis of THFA in which 1,2-PeD was not detected. The proposed 

mechanism of 1,2-PeD formation from FFA was reported by Liu et al.5,9 The yield 

for 1,5-PeD rose steadily to 45.5 % at 433 K and then decreased as the temperature 

increased. However, the THFA yield became constant at approximately 33% in the 

range between 423 and 453 K. In contrast, the byproduct 1-BuOH yield rose as the 

reaction temperature increased (up to a maximum of 14.9% at 453 K). Clearly, these 

results imply that the formation of 1-BuOH may mainly include the C-C cleavage of 

1,5-PeD at higher temperatures. Decomposition of ethanol to methane and CO on a 

Ni (111) surface was explained in detail by Gates and co-workers.21 The β-hydride 

elimination and C-C bond cleavage occurred to form CO and methane at 400 K. 

According to this mechanism, 1-BuOH can be formed from 1,5-PeD in an analogous 

manner. This also implies that other low-molecular-weight alcohols and 

hydrocarbons must be included in the "others" column in Table 3.3. These results 

indicate that the optimized temperature for producing 1,5-PeD at high yield and 

selectivity with the lowest 1-BuOH formation was 423 K. 

Over supported Ru and Pt catalysts, the direct C-O bond cleavage of a furan ring 

followed by the hydrogenation of C=C bonds produced 1,2-PeD from FFA, and a 

small amount of THFA was also formed.6–8 Cu-Al2O3 gave 1,2-PeD and 1,5-PeD 

with comparable amounts through C-O cleavage of the furan ring and hydrogenation 

of the ring-opened species to diols.9 An alcoholate species was proposed in the 
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reaction mechanism of basic support of Cu, Cu-LDO catalyst, giving 1,2-PeD and 1,-

PeD.5 Our results suggest that THFA is one of the hydrogenated products with a ring 

as shown in Scheme 3.2. The C=C bonds of the furan ring were hydrogenated from 

FFA and then the tetrahydrofuran ring C-O bond was cleaved selectively to produce 

1,5-PeD with remarkably high selectivity (41.9 % yield). 

 

Scheme 3.2   Proposed reaction route in the production of 1,5-PeD from FFA. 

3.5.3 Investigation of time course and reaction pathway  

The time profile of FFA hydrogenolysis to 1,5-PeD is illustrated in Figure 3.6. 

First, FFA was converted to THFA with a small amount of 1,2-PeD. FFA was almost 

fully converted to THFA (99.8%) within 1.5 h. After this initial formation, THFA 

sharply decreased and formed up to a 41.9% yield of 1,5-PeD over 24 h. On the other 

hand, the yield of 1.2-PeD decreased to 1.5% over 48 h. A small amount of 1-BuOH 

was detected and this amount slightly increased to 1.6% owing to the decomposition 

of 1,2-PeD and 1,5-PeD. 

The time course of FFA transformation to 1,5-PeD through hydrogenolysis is fully 

consistent with the proposed reaction pathway outlined in Scheme 3.2. Under the 

same reaction conditions over 24 h, using THFA as the substrate produced 1,5-PeD 

in a 54.7 % yield with a THFA conversion of 59.4% without 1,2-PeD formation. 

Utilizing 1,2-PeD and 1,5-PeD as substrates yielded 1-BuOH in yields of 8.0% and 

2.1 %, respectively. These results also confirm the pathway outlined in Scheme 3.2. 

Nickel oxide (NiO) and yttrium oxide (Y2O3) were inactive towards FFA 
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hydrogenolysis, and nickel metal (Ni0) gave only THFA under the same reaction 

conditions. These results suggest that a boundary of coupled Ni0-Y2O3 species plays 

a prominent role in the C-O bond cleavage of the tetrahydrofuran ring. 

 

Reaction conditions: Ni-Y2O3(2.5)623 catalyst (0.05 g), FFA (1.1 mmol), trans-
decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K, initial H2 pressure (2.0 MPa), for 24 

h.  Conversion and yield were determined by GC using the internal standard technique. 

Figure 3.6 Time course of hydrogenolysis of FFA over Ni-Y2O3(2.5)623 catalyst. 

3.5.4 Reusability test 

The reusability of Ni-Y2O3(2.5)623 was conducted at the optimum conditions to 

evaluate the stability of the catalyst (Table 3.4). Although the conversion of FFA was 

maintained at 100%, the yield of 1,5-PeD decreased to 15.3% in the second run. 

Increasing the THFA yield and decreasing the 1,5-PeD might indicate a change of 

the Ni-Y2O3 catalyst components and/or surface poisoning of the catalyst surface. 

The XRD analyses of fresh and used catalysts are shown in Figure 3.7(A). The fact 

that no considerable changes were detected may exclude the catalyst component 

change. Thermogravimetric analysis of used catalyst showed the reduction of mass 
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(11.15%) at 573 K under N2 gas flow. Polymerized products were detected by FTIR 

analysis of the used catalyst (Figure 3.7(B)). Choura et al. reported that 

homopolymerized products of FFA were formed by a Lewis acid catalyst.22 Polymer 

products were also observed in the hydrogenolysis of FFA over the Ru-supported 

catalyst.8 These reported results were similar to those of our used catalyst, which 

might be partially covered with the polymerization product and cause the decrease of 

1,5-PeD owing to the decrease in the Ni0-Y2O3 boundary. We conclude that 

poisoning of Ni0-Y2O3 boundary lowered the hydrogenolysis ability of the C-O bond. 

Table 3.4. Reusability test of the Ni-Y2O3(2.5)623 catalyst.  

Run Conv.   Yield (%)   

 (%) THFA 1,5-PeD 1,2-PeD 1-BuOH 

1a > 99 30.4 41.9 1.3 1.2 

2b > 99 59.0 15.3 4.0 0.0 

Reaction conditions: [a] Reduced Ni-Y2O3 catalyst (0.05 g), FFA (1.1 mmol), trans-

decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K, initial H2 pressure (2.0 MPa), for 24 

h.  [b] Used catalyst was only washed with 2-propanol three times and then dried. Conversion 

and yield were determined by GC using the internal standard technique.  
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Figure 3.7 XRD pattern of fresh and used Ni-Y2O3(2.5)623 catalyst 
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3.5.5 Hydrogenolysis of furanic compounds  

The remarkable selectivity of the 1,5-PeD production from FFA suggested that the 

C-O bond cleaved selectively on the Ni0-Y2O3 boundary and Ni-Y2O3(2.5)623 had 

the best catalytic activity. We speculate the following reaction pathway based on the 

above-mentioned reaction results. Initially, C=C bonds of FFA were hydrogenated 

and then the C-O bond of the tetrahydrofuran ring cleaved selectively to form 1,5-

PeD. On the other hand, the hydrogenolysis of furan derivatives as a substrate such 

as FFR, 2MF, and furan was also examined by using Ni-Y2O3(2.5)623 at the 

optimized conditions. The reaction summary is illustrated in Scheme 3.3. All 

substrates gave a full conversion with the furan-ring-hydrogenation product as the 

main product. The yield of 1,5-PeD to 28.9 % as the major hydrogenolysis product 

was also produced from using FFR. The major hydrogenolysis product of 2MF and 

furan was 2-pentanol (6.0% yield) and 1-butanol (5.5% yield), respectively. Those 

results imply the Ni-Y2O3(2.5)623 catalyst demonstrated a similar reaction pathway 

for hydrogenolysis of FFR, 2MF, and furan to the corresponding diol or alcohol. 

 

Reaction conditions: Ni-Y2O3(2.5)623 catalyst (0.05 g), substrate (1.1 mmol), trans-

decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K, H2 (2.0 MPa), for 24 h.  Conversion 

and yield were determined by GC using the internal standard technique. 

Scheme 3.3 Hydrogenolysis products from biomass furanic compound. 
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3.6 Catalytic hydrogenolysis of tetrahydrofurfuryl alcohol (THFA) 

3.6.1 Hydrogenolysis of THFA in various Ni-Y2O3 catalysts 

The catalytic activity of the Ni-Y2O3 catalyst in the hydrogenolysis of FFR and 

FFA was examined. THFA was produced at a higher yield than the target compound. 

Indeed, employing THFA as a substrate has been experimented to achieve a 

comprehensive study of that reaction as shown in Table 3.5. Tuning Ni/Y mol ratios 

(number in parenthesis) between 1.5 and 3.0 in the catalyst preparation influenced 

their catalytic performances achieving more than 50% conversion and 32% yield of 

1,5-PeD, Ni-Y2O3(2.5)623 achieving the highest yield of 1,5-PeD up to 54.7 among 

them (entries 1, 2, 6). Their product distributions were 1,5-PeD solely as a 

hydrogenolysis product and 1-BuOH as a by-product. Obviously, the Ni-Y2O3 

catalyst is highly selective in producing 1,5-PeD from THFA. Employing catalysts 

such as Ni0, NiO, Y2O3 and unreduced Ni-Y2O3 at the same reaction condition, and 

neither case formed 1,5-PeD (entries 9-12). The results indicated that the C-O bond 

cleavage of tetrahydrofuran ring of the THFA should proceed on the Ni-Y2O3 

boundaries as we proposed earlier. 

Calcination temperatures as a pre-treatment have been varied in the range of 623 – 

1073 K of Ni-Y2O3(2.5)T catalyst with a single H2 treatment temperature at 673 K 

and their catalytic performance showed in Table 3.5 (entries 3-7). As mentioned 

earlier, calcination temperature had a great influence on their crystallinity, surface 

area, and acidity, an increase in the calcination temperature drastically decreased the 

conversion of THFA and yield of 1,5-PeD. The pre-treatment at 623 K, Ni-

Y2O3(2.5)623 catalyst, exhibited the highest THFA conversion and 1,5-PeD of up to 

59.8% and 54.7%, respectively. While the other pentanediols such as 1,2- and 1,4- 
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were not observed in all investigated catalysts. An introduction of Y2O3 onto Ni0 (Ni-

Y2O3(2.5)-623pm catalyst) was enough for producing around 18 % yield 1,5-PeD 

(entry 8). Seemingly, in our case, a higher crystallinity of nickel and yttrium oxide is 

detrimental to Ni-Y2O3 interaction by means of Ni0-Y2O3 boundaries formation and 

surface acidity which have a prominent role of C-O bond cleavage and effectively 

formed in Ni-Y2O3(2.5)623 catalyst. The optimized variation of Ni/Y mol ratios and 

calcination temperatures seems to bring out the best in 1,5-PeD formation on Ni-

Y2O3(2.5)623 catalyst considering an effective formation of Ni0-Y2O3 boundaries. 

The ring opening of THFA on Ni0-Y2O3 boundaries implies a respect for the 1,5-PeD 

yield. 

Table 3.5 Catalytic hydrogenolysis of THFA to 1,5-PeD  

Entry Catalyst a Conv.  Yield (%) 

  (%) 1,5-PeD 1-BuOH 

1 Ni-Y2O3(3.0)623 53.0 34.9 2.1 

2 Ni-Y2O3(1.5)623 51.7 32.0 trace 

3 Ni-Y2O3(2.5)1073 13.1 13.1 0.0 

4 Ni-Y2O3(2.5)923 27.4 18.6 trace 

5 Ni-Y2O3(2.5)773 28.1 21.3 1.0 

6 Ni-Y2O3(2.5)623 59.8 54.7 2.3 

7 Ni-Y2O3(2.5)573 56.1 35.3 1.1 

8 Ni-Y2O3(2.5)623pm 24.3 18.3 0.0 

9 Ni-Y2O3(2.5)623 b 0.0 0.0 0.0 

10 Ni(0) 19.2 0.0 0.0 

11 Y2O3 15.6 0.0 0.0 

12 NiO b 7.0 0.0 0.0 

a Reaction conditions: Reduced Ni-Y2O3 catalyst (0.05 g), THFA (1.0 mmol), trans-
decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K, initial H2 pressure (2.0 MPa), for 24 

h.  Conversion and yield were determined by GC using the internal standard technique.  b without 

H2 treatment. 
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3.6.2 Evaluation of reaction conditions 

The conversion of THFA to 1,5-PeD was conducted in 2-propanol with 2.0 MPa 

initial H2 pressure at 423 K for 24 h and Ni-Y2O3(2.5)623 catalyst exhibited the 

highest catalytic activity. We, therefore, investigate the reaction conditions i.e. 

reaction temperature, initial H2 pressure, and reaction time dependencies. Alteration 

in reaction temperature highly impacted both the THFA conversion and 1,5-PeD 

yield as shown in Figure 3.8(A). Starting from FFR as a substrate, the reaction 

temperature was increased from 313 to 373 K for enhancing C-O bond 

hydrogenolysis over rhenium- modified Rh–Ir alloy catalyst.23 It seems to have a 

propensity for increasing THFA conversion and 1,5-PeD yield at a higher reaction 

temperature. Our catalytic system was proceeding in a similar way with FFR and 

FFA as substrates, at higher reaction temperature than 423 K, which not only 

increased the yield of 1,5-PeD but also the 1-butanol steadily. Moreover, the 

selectivity regarding the other pentanediols yield was well maintained by means of 

increasing the reaction temperature up to 473 K. It suggests that the Ni0-Y2O3 

boundaries cleaved the C-O bond in tetrahydrofuran ring at remarkably high 

selectivity leading to the 1,5-PeD formation.   

Hydrogen pressure is a crucial parameter in hydrogenation as well as 

hydrogenolysis, which is related to the hydrogen activation or hydride formation on 

the catalyst surface. Reported works in hydrogenolysis of THFA to 1,5-PeD 

suggested that the activation of hydrogen is conducted in the form of a rate-

determining step in this reaction.12,15,24–26 The initial H2 pressure dependency in the 

catalytic performance of Ni-Y2O3(2.5)623 catalyst was investigated to be between 

1.0 and 3.0 MPa as shown in Figure 3.8(B). At the same reaction temperature 
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(423K), the rising from the initial H2 pressure from 1.0 to 2.0 MPa enhanced the 

conversion of THFA and yield of 1,5-PeD. The effect of the initial hydrogen pressure 

was found to be insignificant at a higher value than 2.0 MPa. 

   

Figure 3.8 Effect of (A) reaction temperature and (B) initial H2 pressure in hydrogenolysis of 

THFA over Ni-Y2O3(2.5)623 catalyst. 

Table 3.6 Effect of composition of pressurized gas on catalytic performance of Ni-

Y2O3(2.5)623 catalyst.  

Entry Gas a Conv. b  Yield (%)b 

 Composition (%) 1,5-PeD 1-BuOH 

1 H2 59.8 54.7 2.3 

2 H2 + N2 45.0 19.4 3.7 

3 H2 
c 44.0 35.0 2.3 

4 N2 
c 0.0 0.0 0.0 

Reaction conditions: [a] Reduced Ni-Y2O3 catalyst (0.05 g), THFA (1.0 mmol), trans-
decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K, gas pressure (2.0 MPa), for 24 h.  [b] 

were determined by GC using the internal standard technique.  [c] without H2 treatment. [c] 1.0 

MPa initial gas pressure. 

THFA does not have C=C and C=O bonds, still hydrogen gas is important for C-O 

bond cleavage of tetrahydrofuran ring. Isopropanol which was employed as a solvent 
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has an ability for hydrogen source. Our investigation in pressurized gas composition 

as shown in Table 3.6 proved that pressurized hydrogen gas has a prominent role in 

C-O bond cleavage. Only isopropanol as hydrogen source was not enough to cleave 

C-O bond at 1.0 MPa N2 gas.  Moreover, a pressurized of the N2-H2 gas mixture (2.0 

MPa) lowered the conversion and yield of 1,5-PeD compared with 1.0 and 2.0 MPa 

H2. Thus, the reaction temperature at 423 K and the hydrogen pressure of at least 2.0 

MPa is adequate for obtaining 1,5-PeD from THFA at high yield and selectivity over 

that catalyst. 

3.6.3 Effect of solvent  

The nature of solvent impacted a great influence on the yield of the 1,5-PeD (Table 

3.7). The breaking of the C-O bond of furan or tetrahydrofuran ring required 

proton.15,23,27 Effect of solvent was investigated in polar protic and aprotic (1,4-

dioxane) solvent. Methanol, ethanol, 2-propanol, and 2-butanol have good H-bond 

donors and acceptors (α ≠ 0 and β ≠ 0). For the first time, we used 2-propanol as 

a solvent in this reaction and exhibited good performance among all investigated 

solvents. Surprisingly, by employing 1,4-dioxane, higher THFA was converted than 

in primary alcohol. In fact, 1,5-PeD was obtained up to 15 % yield, which is higher 

than in methanol, ethanol, and 2-butanol, by employing 1,4-dioxane as a solvent 

which has H-bond acceptors (β ≠ 0) ability, and less basic (DN = 59.8 kJ/mol) 

property. Lewis basic solvent (β ≠ 0 and DN > 50 kJ/mol) slanted preferable for C-

O bond hydrogenolysis.28 Moreover, in the 2-propanol which possesses the highest 

H-bond acceptor (β = 0.84) and donating number (DN = 150.6 kJ/mol) among the 

investigated solvent exhibited the yield of 1,5-PeD up to 54.7 %. It means that 

alcohol and 1,4-dioxane as solvent accomplished C-O bond cleavage of 
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tetrahydrofuran ring for the 1.5-PeD formation and proceeded preferentially in 2-

propanol.  

Table 3.7 Hydrogenolysis of THFA in various solvents. 

Solvent Parameter Conv. Yield (%) 

 α β AN DN (%) 1,5-PeD 

2-PrOH 0.76 0.84 140.0 150.6 59.8 54.7 

2-BuOH 0.69 0.80 109.0 136.4 36.5 10.9 

MeOH 0.98 0.66 172.6 125.5 0.0 0.0 

EtOH 0.86 0.75 155.1 133.9 10.0 10.0 

Dioxane 0.00 0.37 43.1 59.8 31.1 15.5 

a Reaction conditions: Ni-Y2O3(2.5)623 catalyst (0.05 g), THFA (1.0 mmol), trans-

decahydronaphthalene (0.07 g), solvent (3 mL), 423 K, initial H2 pressure (2.0 MPa), for 24 h.  

Conversion and yield were determined by GC using the internal standard technique.   

In the M-M`Ox catalyst system (Tomishige’s catalyst), alcohol solvents 

significantly decrease their catalytic activities because of the competition between 

the alcohol and substrate for the adsorption on the active site.4 A similar manner 

could occur in our catalytic reaction system, the yield of 1,5-PeD depends likely on 

the donor proton parameter value and decrease from 54.7 to 0 % yield as the 

following order 2-PrOH < EtOH < MeOH. It means that the easiest donor proton 

ability presents the highest competition of THFA to attach on the active site and have 

a negative impact on the 1,5-PeD yield. 

3.6.4 Time course 

The time profile in hydrogenolysis of THFA to 1,5-PeD at 423K Ni-Y2O3(2.5)623 

catalyst was depicted in Figure 3.9. THFA was directly transformed to 1,5-PeD 

without 1,2-PeD formation and then 1-butanol was seen after 18 h of reaction. 

Transformation of THFA to 1,5-PeD was increased continuously by prolonging time 

reaction up to 79.2% yield for 72 h. Meanwhile, 1-butanol was obtained at higher 

yield during the prolonging time reaction. 1-butanol was detected by using 1,5-PeD 
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instead of THFA as a substrate. Moreover, a study of the adsorption of ethanol on Ni 

metal surface at a range of 100 – 400 K suggested that Ni(0) might promote C–C 

bond breaking of the ethanol molecule lead to the emergence of hydrogen and 

methane.29 Probably, the 1-butanol formation in our case proceeded in the same 

manner. Inversely, the 1,2-PeD persisted undetectable, although the reaction time 

was prolonged to 72 hours at 86.2% THFA conversion. The uncomplete of THFA 

conversion was suggested due to deactivation of Ni0-Y2O3 boundaries. The 

interference from the adsorbed product on catalyst surface also could be contributed 

to the sluggish 1,5-PeD formation.    

 

Reaction conditions: Ni-Y2O3(2.5)623 catalyst (0.05 g), THFA (1.0 mmol), trans-

decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K and initial H2 pressure (2.0 MPa). 

Conversion and yield were determined by GC using the internal standard technique.   

Figure 3.9 Time course of hydrogenolysis of THFA over Ni-Y2O3(2.5)623 catalyst. 

3.6.5 Reusability test 

The reusability investigation of Ni-Y2O3(2.5)623 catalyst, especially which 

exhibited the best catalytic performance, is shown in Figure 3.10 (left). The catalyst 

was washed for three times after the first reaction for removing the remaining 
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organic compounds on the catalyst surface. The thermogravimetric analysis at a 

temperature below 200 ⁰C under N2 gas flow for fresh and used catalyst showed a 

mass loss of 1.69 %wt and 2.17 %wt, respectively. The catalytic activity of spent 

catalyst lowers the conversion of THFA and yield of 1,5-PeD. The remaining organic 

compounds on the catalyst surface were contributed for catalyst deactivation. Also, 

an alteration to the Ni0-Y2O3 boundary which was proposed as crucial for a C-O 

bond cleavage is the dominant factor for deactivating the catalyst. The XRD patterns 

of the used catalyst as displayed in Figure 3.10 (right) revealed the alteration in 

crystallinity of Ni metal as well as yttrium oxide and most probably due to the 

leaching of the catalyst. However, it is not yet investigated so far. 
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Figure 3.10 Reusability test of Ni-Y2O3(2.5)623 catalyst (left) and the XRD patterns of fresh and 

used catalysts (right). 

3.6.6 Ring opening of cyclic ether to terminal diols 

Transformation of furfural and its hydrogenation product over Ni-Y2O3 catalysts 

through the C-O bond cleavage of tetrahydrofuran ring selectively proceeds to give 

1,5-PeD. At the optimized reaction condition and catalyst (Ni-Y2O3(2.5)-623 
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catalyst) the conversion of THFA which was proposed as an intermediate in 

hydrogenolysis FFR and FFA produced 1,5-PeD as a sole pentanediol. Recently, 

Huber and Dumesic have been simulated a multi-step catalytic conversion from 

furfural feedstock to 1,5-PeD involving hydrogenation and 

dehydration−hydration−hydrogenation process.11 The conversion of THFA to 2-

hydroxytetrahydropyran (2-HY-THP) then hydrogenolysis to 1,5-PeD was suggested 

as the simple way to obtain 1,5-PeD. Our catalyst was tested in the hydrogenolysis of 

dihydropyran-2-one (DHP2O) only gave 10.3% yield of 1,5-PeD and the rest was 2-

HY-THP (Table 3.18 entry 2). The result gives a view that the conversion of THFA 

in our catalytic reaction system directly proceeds to give 1,5-PeD. 

Table 3.8 The catalytic activity of Ni-Y2O3(2.5)623 catalyst for ring opening of 

cyclic ether to terminal diols.  

Entry Substrate a Conv. b Product  

  (%) diol Yield 

(%) 

1 

 

59.8 
 

54.7 

2 

 

>99 
 

10.2 

3 

 

28.2 
 

25.9 

Reaction conditions: [a] Ni-Y2O3(2.5)623 catalyst (0.05 g), THFA (1.0 mmol), trans-
decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K, gas pressure (2.0 MPa), for 24 h.  [b] 

were determined by GC using the internal standard technique.    

Hydrogenolysis of other cyclic ether to terminal diol had been conducted such as 

1,6-hexanediol (1,6-HDO) from tetrahydropyran-2-one (THP2M) in our catalysts as 

listed in Table 3.8 entry 3. THP2M has been reported to be a candidate for obtaining 
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1,6-hexanediol (1,6-HDO) from biomass-derived compounds.30–32 As anyone knows 

that six-member ring is more stable than five-member, the hydrogenolysis of 

THP2M gave 1,6-HDO (25.9% yield) as a sole diol at 28.2% conversion over Ni-

Y2O3(2.5)623 catalyst. The catalytic activity of that substrate was lower than THFA 

at the same reaction condition. Similarly, the hydrogenolysis of THP2M over Rh-

ReOx/C (Rh/Re = 0.25) gave a lower conversion compare to use THFA as a 

substrate.30 A lower conversion of THP2M and yield of diol could be assumed as the 

result of the stability of hexacyclic ether ring toward ring opening reaction. That 

result confirms the selectivity of the Ni-Y2O3 catalyst for hydrogenolysis of THFA as 

well as THP2M to corresponding terminal diols.  

3.7 Investigation of THFA hydrogenolysis mechanism 

The best result in the direct conversion of THFA to 1,5-PeD which was conducted 

in water has been achieved of up to 94 % selectivity using a Rh−ReOx/C catalyst.30 

An acid-catalyzed reaction such as dehydration would effectively occur after giving 

1,5-pentanediol on that catalytic system. Authors proposed that the THFA molecule 

is adsorbed on the metal oxide species, ReOx, via the –CH2OH group, and the C–O 

bond neighboring the –CH2OH group is attacked by hydride-like species formed 

from H2 on the noble metal atom.12 A similar manner could be proposed in the case 

of a Ni-Y2O3 catalyst, the hydride-like species which is formed on Ni metal surface 

attacked the C-O bond neighboring the adsorbed CH2OH group on the acid site of 

Y2O3 giving 1,5-PeD. To understand the reaction mechanism in our catalytic reaction 

system, several experiments were conducted such as substrate and catalyst 

dependency including poisoned experiment by presenting 1,5-PeD in the initial 
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reaction and adsorbed basic compound on catalyst and FTIR study in the adsorption 

THFA on the catalyst.  

3.7.1 Dependency of substrate and catalyst  

The hydrogenolysis catalytic reaction experimented in 2-propanol at different 

molar THFA over Ni-Y2O3(2.5)623 catalyst as shown in Figure 3.11(A). With the 

same catalyst loading amount, an increase in the molar concentration of THFA 

linearly decreased the conversion of THFA while the yield of 1,5-PeD was likely to 

show a volcano peak at 0.35 M. At a low concentration, the yield of 1-BuOH 

obtained at the highest yield (4.1 %) with a high conversion of THFA (62.0 %). The 

1-BuOH was formed from the hydrogenolysis of pentanediol as mentioned earlier. 

Seemingly, the formed 1,5-PeD strongly attached on the catalyst surface which could 

prevent the adsorption of the unreacted THFA. As a consequence, a higher amount of 

THFA gave a lower conversion of THFA and yield of 1,5-PeD as well. The 

thermogravimetric analysis result on the used catalyst at 0.35 M only showed a 

degradation peak at below 200 ⁰C, and around 2.17 % mass loss which was a little 

bit higher than fresh catalyst (1.69 %). Therefore, the prolonged reaction time to 72 h 

enhanced the yield of 1,5-PeD up to 79.2 % (Figure 3.9). The results inferred that 

covering the catalyst surface with the formed 1,5-PeD could decelerate the ring 

opening of THFA.  

The substrate to catalyst ratio was studied at a constant 0.35 M THFA in the 

catalyst loading amount variation as illustrated in Figure 3.11 (B). An increase in the 

amount of Ni0-Y2O3 boundary by increasing the catalyst loading amount would 

enhance the hydrogenolysis performance. By product, 1-BuOH was formed as a 

function of increasing catalyst to substrate ratio. It could be ascribed to further 
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hydrogenolysis of the formed 1,5-PeD. The highest THFA conversion and 1,5-PeD 

yield could be obtained at the highest substrate to catalyst ratio (10.8) up to 91.6% 

and 87.8%, respectively. It is suggested that the attached CH2OH group of THFA to 

Ni0-Y2O3 is crucial to facilitate the ring opening of tetrahydrofuran ring obtaining 

1,5-PeD. In addition, the existing hydroxyl group from solvent and product could be 

ascribed as competitors for attaching THFA on the catalyst surface.  

 

Figure 3.11 (A) Molar THFA dependency at a constant of Ni-Y2O3(2.5)623 catalyst loading 

amount (0.05 g cat.). (B) THFA to Ni-Y2O3(2.5)623 catalyst ratio at constant molar THFA (0.35 

mmol/mL).  

3.7.2 Poisoning experiment  

An addition of 1,5-PeD in the initial reaction together with THFA as a substrate 

which is expected to poison the catalyst active site was performed. At the same 

catalytic reaction condition, adding 0.5 mmol of 1,5-PeD drastically lowered the 

conversion of THFA and yield of 1,5-PeD to 19.3 % and 13.3 %, respectively. The 

adsorption of 2-propanol over Y2O3 at 423 K would be ascribed for starting 

dehydrogenation at 473 K,33 even the transfer hydrogenolysis could not proceed in 

our catalyst system (Table 3.4 entry 4). In the case of M-M`Ox catalyst system 
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(Tomishige’s catalyst), alcohol solvents decrease many of their catalytic activities 

because of the competition between the alcohol and substrate for the adsorption on 

the active site.4 The OH groups of isopropanol, THFA, as well as 1,5-PeD, must 

compete to attach on the Ni-Y2O3 catalyst acidic site. Conducting catalytic reaction 

in the ethanol and methanol which possess a higher proton donor ability instead of 2-

propanol lowered the yield of 1,5-PeD by the order of increasing donor proton ability 

(Table 3.7). This poisoning experiment could be acted as an evidence that a stronger 

interaction of the formed 1,5-PeD can interfere in the adsorption of the remained 

THFA during the catalytic reaction. 

On the basis of the reported works, the addition of a reducible metal oxide on 

Noble metal catalyst is critical facilitating a Bronsted acidic site which is a key role 

for the ring opening of tetrahydrofuran ring of THFA to form 1,5-PeD. To examine 

that property, a Ni-Y2O3(2.5)623 catalyst exposed to saturated cyclohexylamine 

vapor for 20 hours at ambient temperature before used it for catalytic hydrogenolysis 

reaction. It only produced 17.2% yield of 1,5-PeD from THFA at the optimized 

reaction condition. It suggested the role of the hydroxyl group on the Y2O3 surface 

act as the Bronsted acidic site in our catalytic reaction system.  

3.7.3 Proposing a mechanism of the ring opening of THFA 

The formation of THFA in the hydrogenolysis of FFR and FFA can be understood 

in term of consecutive hydrogenation of FFR and FFA. Result in the transformation 

of THFA to 1,5-PeD without 1,2-PeD formation shows that the ring opening 

mechanism of THFA on the Ni-Y2O3(2.5)623 surface would be an indispensable step 

to obtain 1,5-PeD. For that goal, the adsorption of THFA molecules on that catalyst 

surface was experimented using FT-IR as shown in Figure 3.12. Because the 
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vibrational assignments of THFA vapor were not reported the vibrational spectrum 

of tetrahydrofuran (THF) was used as references for this study.34,35 The authors 

reported two characteristic vibrations of THF, i.e. the symmetric valence vibration of 

ether group at 1075 cm-1
 and the symmetric (pulsating) vibration of tetrahydrofuran 

ring skeleton at 918 cm-1. In addition, the spectrum of tetrahydrofuran derivatives 

(the substituted THF) indicated the presence of a five-membered oxygen ring and 

those bands were antisymmetric valence vibration of C─O─C group (1000-1100 cm-

1) and symmetric (pulsating) vibration of the ring (900-950 cm-1). Our results show 

the absorbed THFA spectra could be assigned to two groups, the tetrahydrofuran ring 

vibration (983, 1060, 1103 cm-1 C─O─C for group and 823, 863, 912 cm-1 for 

symmetric (pulsating) vibration of the ring) and the sp3 C─H bond stretching (2879, 

2969, and 2981 cm-1) in Figure 3.12. The resemblance of all vibrations indicates that 

tetrahydrofuran ring did not interact with catalyst surface. In addition, a new band at 

1270 cm-1 which was assigned as -OH (Figure 3.12 (b) and (c)) was strongly related 

with the absorption of THFA molecules on yttrium oxide site of Ni-Y2O3(2.5)623 

catalyst. The absorption of 2-propanol on the hydroxylated and/or dehydroxylated of 

Y2O3 showed the -OH absorption at 1280 cmˉ1 indicating the presence of the 

coordinated 2-propoxide species.33 The authors proposed the absorption of 2-

propanol on the hydroxylated surface or dehydroxylated yttrium oxide formed water 

and OHˉ, respectively. Based on Hussein’s results33, we concluded that the yttrium 

oxide of Ni-Y2O3(2.5)623 was coordinated by THFA through hydroxyl group 

(CH2OH). Then the absorbed THFA was easily attacked by hydride species from Ni 

metal surface giving 1,5-PeD with high selectivity (see Figure 3.13). The role of 

yttrium oxide was also confirmed in the Ni-Y2O3(2.5)623 catalyst loading evaluation 
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(Figure 3.11) and poisoning experiment. The reaction mechanism according to our 

data for that reaction can be proposed as illustrated in Figure 3.13.  
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Figure 3.12 Background-substituted FT-IR spectra of (a) THFA vapor, the adsorbed THFA on 

Ni-Y2O3(2.5)623 (b) at ambient temperature and (c) after heated at 423 K.  

 

Figure 3.13 Illustrated of the proposed reaction mechanism for selective hydrogenolysis of THFA 

to 1,5-PeD over Ni-Y2O3 catalyst.  
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3.8 Surface catalyst characterization  

The above results underline the Ni-Y2O3(2.5)623 catalyst had the best catalytic 

performance to obtaining 1,5-PeD from FFR, FFA, as well as THFA. The ring 

opening of THFA is the rate determining step to obtain 1,5-PeD selectively which is 

studied using FT-IR of the absorbed THFA (section 3.7.3). Further, TEM and XPS 

analysis were established for that catalyst for understanding the chemistry on the 

surface. The TEM image of Ni-Y2O3(2.5)623 catalyst illustrated a Y2O3 rod 

surrounded with Ni(0) nanoparticles, as shown in Figure 3.14. Similarly, a rod-like 

Y2O3 was observed by Yanagisawa et al.36 When the Ni/Y mole ratio was 2.5, a 

larger amount of Ni(0) nanoparticles were observed. Following our interest in the 

oxidation state of nickel and yttrium species on the catalyst surface, we performed 

XPS (X-ray photoelectron spectroscopy) measurements of Ni-Y2O3(2.5)623 catalyst 

and compared the evaluated binding energies (BE) were with the literature. The BE 

of Y(3d3/2) and Y(3d5/2) at 159.6 eV and 157.9 eV indicated the presence of the 

yttrium oxide species.37,38 The O(1s) BE at 529.9 eV also confirmed the presence of 

yttrium oxide. However, carbonate species was found at catalyst surface as shown at 

532.0 eV for O(1s) and 290.0 eV for C(1s). This result was consistent with XRD 

patterns which were explained earlier.   
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Figure 3.14 TEM image of Ni-Y2O3(2.5)623 catalyst.  

 

Figure 3.15 XPS spectra of Ni-Y2O3(2.5)623 catalyst.  
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3.8 Conclusion 

In summary, the synthesis of Ni-Y2O3(x)T (x and T indicate the Ni/Y mole ratio 

and calcination temperature in Kelvin) catalysts were successfully prepared by 

coprecipitation, hydrothermal, calcination, and subsequent H2 treatments (673 K). 

The XRD analysis showed the existence of Ni metal and yttrium oxide in the Ni-

Y2O3 catalyst. The Ni-Y2O3(2.5)623 catalyst possesses the highest amount of H2 

uptake and acidic site which holds Ni0-Y2O3 boundaries effectively among the other 

investigated catalysts. The XPS analysis of that catalyst confirmed the presence of 

Ni(0) and Y2O3 as well. It exhibited the highest catalytic activity to the 

hydrogenolysis of FFR, FFA, and THFA by giving the highest yield of 1,5-PeD 29.8 

%, 41.9 %, and 54.7 %, respectively, at the optimized reaction condition (2.0 MPa 

initial H2 and 423 K) with 2-propanol as a solvent. Both FFR and FFA were 

hydrogenated giving THFA prior to the 1,5-PeD formation through ring opening of 

tetrahydrofuran ring selectively. The adsorption of THFA onto that catalyst surfaces 

from FTIR evaluation confirmed the deprotonation of OH group giving the 

preferable 1,5-PeD product. Utilizing of THP2M and DHP2O as substrates indirectly 

validated the proposed mechanism for the direct ring opening of THFA to 1,5-PeD 

selectively. Increasing the catalyst loading amount for 0.1 g catalyst, Ni-

Y2O3(2.5)623, at the optimized condition yielded 1,5-PeD up 87.8% with 91.6% 

THFA conversion.  

ABBREVIATIONS 

FFR: furfural 2MF: 2-methylfuran MeOH: methanol 

FFA:  furfuryl alcohol 2-HY-THP: 2-hydroxytetrahydropyran EtOH: ethanol 

THFA: tetrahydrofurfuryl alcohol DHP2O: dihydropyran-2-one 2-PrOH: 2-propanol 

1,5-PeD: 1,5-pentanediol 1,6-HDO: 1,6-hexanediol 1-BuOH: 1-butanol 
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1,4-PeD, 1,4-pentanediol THP2M: tetrahydropyran-2-methanol 2-BuOH: 2-butanol 

1,2-PeD, 1,2-pentanediol THF: tetrahydrofuran   

Notes 

Some of the results in this chapter has been published as follows “H. W. Wijaya, 

T. Kojima, T. Hara, N. Ichikuni and S. Shimazu, Synthesis of 1,5-Pentanediol by 

Hydrogenolysis of Furfuryl Alcohol over Ni-Y2O3 Composite Catalyst, 

ChemCatChem, 2017, 9, 2869–2874.” as part of a Special Issue on the Catalytic 

Conversion of Biomass. 
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Chapter 4  

Improvement of Ni-Y2O3 catalyst by the 

addition of ruthenium to accelerate the C-O 

bond cleavage 

 

 

ABSTRACT. A Ni-Y2O3 catalyst containing ruthenium (Ru/Ni-Y2O3) was 

synthesized and applied to the hydrogenolysis of tetrahydrofurfuryl alcohol (THFA) 

to produce 1,5-pentanediol (1,5-PeD), which showed superior catalytic performance 

over that of the Ni-Y2O3 catalyst itself. The optimized ruthenium-containing catalyst, 

which was prepared by impregnation of 1.0 wt. % ruthenium in Ni-Y2O3, showed 

high catalytic activity for producing 1,5-PeD, giving an 86.5% yield at 93.4% 

conversion of THFA under 2.0 MPa of H2 at 423 K after 40 hours. The formation of 

Ru-Ni0-Y2O3 boundaries was proposed to accelerate the C-O bond scission of the 

tetrahydrofuran ring to give 1,5-PeD.  
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4.1 Introduction 

Recently, a multi-step catalytic conversion from a furfural feedstock to 1,5-PeD 

involving hydrogenation and dehydration−hydration−hydrogenation processes was 

modelled from a techno-economic analysis point of view.1 The authors suggested 

that the transformation of THFA through 2-hydroxytetrahydropyran formation 

previously obtained from dehydration (γ-Al2O3 catalyst) and hydration processes is a 

preferable route, giving 1,5-PeD up to 80% for overall yield from furfural.1,2 

Schniepp and Geller pioneered that reaction using activated alumina and then copper 

chromite.3 Modified noble metal catalysts, especially Rh−ReOx/C, have 

demonstrated the best results, with 1,5-PeD yields up to 94.2% from THFA.4–6 The 

Brønsted acidic metal oxide modifiers ReOx and MoOx are essential to binding the 

oxygen atoms (ether and hydroxyl groups) of THFA and breaking a C-O bond to 

give the pentanediol products.7,8 To modify the Ni catalyst while preserving 

hydrogen molecule dissociation, our group has successfully added yttrium or 

lanthanum to facilitate the scission of the C-O bond, giving 1,5-PeD from FFR, FFA, 

and THFA.9,10 Encouraged by this result, the improvement of the Ni-Y2O3 catalyst is 

an important approach to accelerating the selective C-O bond cleavage of the 

tetrahydrofuran ring to give 1,5-PeD. To achieve that goal, the exploration for the 

addition of relatively economical noble metal such as ruthenium into the Ni-Y2O3 

catalyst has been evaluated in this study. Although the hydrogenolysis of THFA to 

1,5-PeD is mostly catalyzed employing noble metal-based catalysts, our nickel-based 

catalyst showed the comparable catalytic performance according to the results 

described in this chapter. Since the hydrogenolysis of THFA to 1,5-PeD is mostly 

catalyzed employing noble metal-based catalysts. The boundary of Ni0-Y2O3 is 
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known to be responsible for C-O bond scission10, and the Ru-Ni bimetallic catalyst is 

known to be highly active for hydrogenation11–14; however, their combination could 

enhance the C-O bond cleavage of the THFA ring, giving 1,5-PeD rather than 1,2-

pentanediol. We expect that modification of Ni-Y2O3, Ni-Y2O3(2.5)-623 catalyst 

particularly, with ruthenium could accelerate hydride formation on the catalyst 

surface to then attack the C-O bond of the tetrahydrofuran ring, i.e., the Ru-Ni0-Y2O3 

boundaries could facilitate C-O bond cleavage.  

4.2 Experimental procedure 

4.2.1 Preparation of ruthenium modified Ni-Y2O3 catalyst 

The unreduced Ni-Y2O3(2.5)623 sample, Ni/Y mol ratio equal 2.5, was prepared 

according to our previous report (Chapter 3 also).9 Typically, a 21 mL of 0.49 M 

Y(NO3)3 was added to 30 mL of 0.86 M Ni(NO3)2. A 3.1 M NaOH solution was 

added dropwise to a pH 13.2 for the solution mixture. After stirring for 1 h, the slurry 

solution was transferred into a Teflon vessel of a hydrothermal bomb and aged at 423 

K for 24 h. Then, the precipitate was filtered and washed with hot distilled water 

until pH of the filtrated mother liquor was neutral. The light green powder was 

obtained after drying under vacuum overnight. The powder was calcined at 623 K 

with a heating rate of 5 K·min−1 and annealed for 5 h in air. 

The ruthenium was added to the calcined Ni-Y2O3 sample by impregnation 

method. A calcined Ni-Y2O3 powder was dispersed in ethanol and then added a small 

amount of RuCl3.xH2O (x ≈ 2) to obtain feeding amount 0.6, 0.8, 1.0, 3.0, and 5.0 at 

wt. %. The solution mixture was stirred at room temperature overnight then heated at 

363 K for 8 h. All samples were treated with hydrogen treatment at 673 K for 3 h 

before using for catalytic hydrogenolysis. The catalyst was denoted n Ru/Ni-Y2O3, 
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where n = wt. % (weight %) of Ru feeding amount. The catalysts were characterized 

by FTIR and XRD so far. Bulk Ni-Ru(2.5) catalyst was prepared with the similar 

procedure of Ni-Y2O3(2.5)623 catalyst by using RuCl3.xH2O (x ≈ 2) instead of 

yttrium precursor. Similarly, the 1.0M/Ni-Y2O3 catalyst (M = Ca, Fe, Co, Cu, and 

Sn) was prepared with corresponding metal salt (Ca(NO3)2.4H2O, Fe(NO3)3.9H2O, 

Co(NO3)2.4H2O, CuCl2.2H2O, and SnCl2) instead of RuCl3.  

A physical mixing between the unreduced Ni-Y2O3 and 1.0Ru/Y2O3 samples was 

prepared at 1:1 ratio using the agate mortar. Then, the mixture was treated with 

hydrogen gas at 673 K in the H2 treatment apparatus before used as catalyst (Ni-

Y2O3+1.0Ru/Y2O3) for hydrogenolysis of THFA. 

4.2.2 Catalytic hydrogenolysis of THFA 

Catalytic reaction was carried out in the stainless-steel autoclave (30 mL) equipped 

with a magnetic stirrer, pressure gauge, inserted glass vessel, and automatic 

temperature control apparatus. The reactor was connected to a hydrogen cylinder of 

the reaction pressure. In a typical reaction, the catalyst (0.05 g) was placed in a glass 

vessel together with a magnetic stirrer, 2-PrOH (3 mL), trans-decahydronaphthalene 

(0.07 g) and THFA (1.0 mmol). The glass vessel was inserted into the autoclave with 

2.0 MPa H2 gas and heated at 423 K for 24 h. After the reaction, the autoclave was 

cooled, the gas released slowly, the mixture was centrifuged, and then the liquid 

solution product was analyzed using GC equipped with a flame ionization detector 

(FID) and a capillary column (BAC Plus 1, 30 m × 0.32 mm).  

4.2.3 Characterization of ruthenium modified Ni-Y2O3 catalyst  

All Ru modified Ni-Y2O3 catalysts were characterized by Powder X-ray diffraction 

(XRD) Miniflex 600 Rigaku with Cu as monochromatic source Kα radiation (λ = 
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1.5444 nm). XRD operated at 40 kV and 15 mA with solar slit 1.25 deg., scan step 5 

deg./min. and using a Ni Kβ filter. The particle size of yttrium oxide and Ni(0) was 

estimated by using the Scherrer equation after analyzing some parameters of XRD 

data such as slit correction, Lorentz polarization correction, background subtraction, 

and Kα2 elimination by using the Integral Intensity Calculation program. Isotherm 

N2 adsorption-desorption measurements were taken using a Belsorp Max (BEL 

Japan). The samples were outgassed by evacuation at 200 °C for 2 h prior to 

analysis. Data were collected at liquid nitrogen boiling temperature (77 K). The 

surface area was calculated by the BET (Brunauer-Emmett-Teller) method with data 

collected at relative pressures between 0.06 and 0.2. Total pore volume and average 

pore diameter pore size were calculated with the BJH (Barrett Joyner-Halenda) 

method and DA method using the adsorption isotherm. Thermal gravimetric analyses 

(TGA) were performed on a Rigaku Thermal Analysis system (Thermo plus Evo TG 

8120 apparatus) under N2 gas flow (250 mL/min) using Pt pans in the range room 

temperature to 500 ⁰C (5 ⁰C/min). The hydrogen adsorption of the catalysts was 

evaluated by using hydrogen treatment apparatus line with 300 Torr H2 gas and 

placed the tube containing sample in the ice bath (273 K). The NH3-TPD was 

performed on BELCAT-M machine under He gas flow, mixture of 5.23 vol.% 

NH3/He gas and a thermal conductivity detector for gas analysis. 

4.3 Result and discussion 

4.3.1 Screening of the third metal addition on the Ni-Y2O3 catalyst 

The Ni-Y2O3(2.5)623 catalyst has been employed in hydrogenolysis of THFA 

giving the highest yield of 1,5-PeD up to 54.7% among the other investigated 

catalysts. The improvement of Ni-Y2O3 catalyst (a new notation for Ni-Y2O3(2.5)623 



84 

 

catalyst for simplification purpose) for accelerating C-O bond cleavage of 

tetrahydrofuran ring is critical to gain the high yield of 1,5-PeD. The screening of the 

addition of small amount third metal such as Ca, Fe, Co, Cu, Ru, and Sn to Ni-Y2O3 

was prepared with the same procedure and loading amount correspond to their salt 

precursors. Their catalytic performance in hydrogenolysis was carried at the 

optimized reaction condition for the Ni-Y2O3 catalyst as shown in Table 4.1. All the 

third metal addition not only maintain the 1,5-PeD selectivity but also suppressed the 

1-BuOH formation. Among the other screened third metal addition, the addition of 

Ru enhanced both conversion of THFA and yield of 1,5-PeD up to 80.8% and 

74.9%, respectively. The hydrogenolysis of THFA over ruthenium added Ni-Y2O3 

catalyst will be studied in this chapter to figure out the role of Ru addition, the 

optimized reaction condition, and reaction mechanism.   

Table 4.1 Screening the third metal addition on the Ni-Y2O3 catalyst for 

hydrogenolysis of THFA.  

Entry Catalyst Conv. Yield (%)  

  (%) 1,5-PeD 1,2-PeD 1-BuOH 

1 Ni-Y2O3 59.8 54.7 0.0 2.3 

2 1.0Ca/Ni-Y2O3 18.7 18.7 0.0 0.0 

3 1.0Fe/Ni-Y2O3 11.3 11.3 0.0 0.0 

4 1.0Co/Ni-Y2O3 29.6 25.3 0.0 1.4 

5 1.3Cu/Ni-Y2O3 26.7 24.9 0.0 0.9 

6 1.0Ru/Ni-Y2O3 80.8 74.9 0.0 1.7 

7 1.0Sn/Ni-Y2O3 27.6 26.2 0.0 1.0 

a Reaction conditions: Reduced catalyst (0.05 g), THFA (1.0 mmol), trans-decahydronaphthalene 

(0.07 g), 2-propanol (3 mL), 423 K, initial H2 pressure (2.0 MPa), for 24 h.  Conversion and yield 

were determined by GC using the internal standard technique.  
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4.3.2 Ruthenium modified Ni-Y2O3 catalyst properties 

The FTIR spectra of the catalysts exhibited similar absorption bands, as shown in 

Figure 4.1. The presence of hydroxyl groups on the surface of the Ni-Y2O3 and Ru-

containing catalysts was assigned as OH stretching (broad peak 3400 cm-1), OH 

bending (1630, 1508, and 1384 cm-1), Y-OH bending (800 cm-1), and Y-O vibration 

(600-300 cm-1) bands. The FTIR spectra of catalysts showed a quietly similar 

adsorption band as shown in Figure 4.1.15 Moreover, the Y-O vibration mode shifted 

to lower wavenumbers (464 to 458 cm-1) in all the Ru-containing catalysts. 

Thermogravimetric analysis of the 1.0Ru/Ni-Y2O3 catalyst under an N2 flow showed 

a mass loss below 473 K of only approximately 3.3%, which could be assigned to a 

dehydration process. This result indicates that Ru was highly dispersed and had weak 

interactions with Y2O3.  
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Figure 4.1. FTIR spectra of (a) Ni-Y2O3, (b) 0.6Ru/Ni-Y2O3, (c) 0.8Ru/Ni-Y2O3, (d) 1.0Ru/Ni-

Y2O3, (e) 3.0Ru/Ni-Y2O3, (f) 5.0Ru/Ni-Y2O3.  
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The addition of Ru into the Ni-Y2O3 catalyst was successfully accomplished by an 

impregnation method and subsequent H2 treatment at 673 K. The XRD patterns of 

the Ru-containing catalysts with various amounts of Ru are shown in Figure 4.2 (A). 

Diffraction peaks from Ni metal (2θ = 44.4, 51.7, and 76.3) were observed in all the 

Ru-containing samples. Meanwhile, the diffraction peaks of Ru species were not 

detected owing to the low content (≤ 5 wt. %) and high dispersion of Ru. The 

hydrogen treatment at 673 K was necessary to form zero valent Ni and Ru.16,17 The 

peaks from Ni metal were sharp in the samples containing 3.0-5.0 wt. % of 

ruthenium, indicating the agglomeration of Ru-Ni bimetallic species.18 The strongest 

diffraction peaks at approximately 44º for both Ni (111) and Ru (101) are very close 

and are superimposed in the bimetallic systems because the metals crystallize with a 

similar structure, and they have fairly similar ionic radii (Ni: 1.25 A and Ru: 1.34 

A).19 The intensity of the easily observed Y2O3 diffraction peak at 2θ = 29.2 

decreased with increasing Ru content. This change may correspond to the dispersion 

of ruthenium on the Y2O3, and the FTIR spectra corroborated this hypothesis, as a 

shift in the Y-O absorption band to lower wavenumbers (464 to 458 cm-1) was 

observed for all the Ru-containing catalysts (Figure 4.1). In addition, the mesoporous 

hysteresis loop of the Ni-Y2O3 catalyst gradually dissipated, as shown in Figure 

4.4(A), and the Ru-containing catalysts had a lower BET surface area than that of the 

Ni-Y2O3 catalyst, as listed in Table 4.2.  
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Figure 4.2. (A) The XRD pattern of (a) Ni-Y2O3, (b) 0.6Ru/Ni-Y2O3, (c) 0.8Ru/Ni-Y2O3, (d) 

1.0Ru/Ni-Y2O3, (e) 3.0Ru/Ni-Y2O3, (f) 5.0Ru/Ni-Y2O3. (B) Ni-Ru(2.5) catalyst. 
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Figure 4.3 (A) XRD pattern of 1.0Ru/Ni-Y2O3 at different H2 treatment temperature (a) 673 K, 

(b) 723 K, and (c) 773 K. (B) Enlarged view of XRD patterns within 2θ 40º to 50º. 

Increasing the H2 treatment temperature (in the range 673 to 773 K) of 1.0Ru/Ni-

Y2O3 catalyst had been investigated as depicted in Figure 4.3(A). The crystallinity of 
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Ni(0) and Y2O3 gradually increased by increasing H2 treatment temperature at higher 

than 673 K. The enlarged view (Figure 4.3(B)) revealed a shifted peak of Ni(111) to 

the higher 2θ regarding Ni-Ru bimetallic or NiRu alloy formation at the higher 

temperature. The catalytic reaction for those catalysts was then evaluated for the 

hydrogenolysis of THFA to 1,5-PeD. 

The physicochemical properties of Ru/Ni-Y2O3 catalysts are listed in Table 4.2. 

The BET surface area of Ni-Y2O3 lowered because of the Ru addition and 

insignificantly changed for Ru/Ni-Y2O3 catalyst by altering Ru feeding amount. The 

high dispersion of Ru over Ni-Y2O3 catalyst could correspond to it. The H2 uptake 

which only absorbed on Ni(0) not only corroborated those properties but also 

informed a better dispersion of Ni(0) by the addition of Ru. The 1.0Ru/Ni-Y2O3 

catalyst showed the highest H2 uptake among Ru/Ni-Y2O3 catalysts while at 5.0 wt. 

% Ru had the lowest one owing to the rich of Ru. Garcia et al., proven that H2 

chemisorption on NiRux corresponds to Ni(0) not ruthenium metal.18 In addition, 

increasing H2 treatment temperature more than 673 K lowered the amount of H2 

uptake and BET surface area of those catalyst (1.0Ru/Ni-Y2O3-723 and 1.0Ru/Ni-

Y2O3-773 catalysts) probably due to the formation bimetallic Ni-Ru or NiRu alloy 

intensely, sintering regarding to their XRD patterns (Figure 4.3) and dissipating 

mesoporous hysteresis loop on their N2 adsorption-desorption properties (Figure 

4.4(B)). The amount of acidic site is calculated from NH3-TPD measurement which 

shows three different strength at around 450 K, 621 K, and 862 K. A total acidity of 

catalysts shows the addition of ruthenium did not increase the acidity as listed in 

Table 4.2. The 1.0Ru/Ni-Y2O3 holds the highest H2 uptake and total acidic amount 

compare to other ruthenium feeding amount. Increasing H2 treatment temperature 
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significantly lowered the total acidic amount of 1.0Ru/Ni-Y2O3 catalyst.  It means 

the presence of ruthenium on the Ni-Y2O3 catalyst which indicated to forming Ni-Ru 

bimetallic species significantly enhance the amount of hydrogen uptake while 

keeping the acidic site of the catalyst.  

Table 4.2 Physicochemical properties of the Ru/Ni-Y2O3 catalyst. 

Catalyst  H2 uptake[a] 

(μmol/ g cat.) 

SBET 

(m2/g) 

Langmuir 

(m2/g) 

Acidity[b] 

(mmol/g) 

Ni-Y2O3 154.6 74.1 61.8 1.103 

0.6Ru/Ni-Y2O3 158.4 68.7 59.7 0.347 

0.8Ru/Ni-Y2O3 173.9 66.7 61.9 0.335 

1.0Ru/Ni-Y2O3 235.2 59.4 51.9 0.862 

3.0Ru/Ni-Y2O3 134.3 45.5 38.6 0.203 

5.0Ru/Ni-Y2O3 109.2 66.5 56.7 0.386 

1.0Ru/Ni-Y2O3-723 231.9 53.7 48.4 0.316 

1.0Ru/Ni-Y2O3-773 252.7 48.4 45.3 0.258 

[a] measured at 273 K and after corrected with H2 physisorption. [b] Calculated from NH3-TPD 

measurement as a total amount of NH3 desorption at elevated temperature from 373-1073 K. 
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Figure 4.4 (A) The N2 adsorption-desorption properties of (A) nRu/Ni-Y2O3 (n = wt. % Ru) after 

H2 treatment at 673 K. (B) 1.0Ru/Ni-Y2O3 at different H2 treatment temperature. 
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4.3.3 Catalytic hydrogenolysis of THFA 

The initial screening of the catalysts was conducted in the hydrogenolysis of 

THFA to give 1,5-PeD under pressurized hydrogen, i.e., 2.0 MPa and 423 K, as 

shown in Table 4.3. We performed our investigation with reduced Ru/Y2O3 and 

unreduced Ru/Ni-Y2O3 catalysts, but neither case produced 1,5-PeD (entries 1-2). 

The product 2-methyltetrahydrofuran (1.3% yield) was detected, particularly in entry 

2. The dispersion of Ni (16 wt. %) and Ru (1 wt. %) on as-prepared Y2O3 

(imp(16Ni1.0Ru)-Y2O3 catalyst), which was synthesized by co-impregnation and 

then hydrogen treatment at 673 K, did not produce 1,5-PeD under the same reaction 

conditions (entry 3). The Ni-Ru(2.5) catalyst composed of Ni0 and NiRu alloy (ICSD 

#646325), as shown in Figure 4.2(B), was not active for C-O cleavage of the 

tetrahydrofuran ring (entry 11). The physical mixing catalyst (Ni-

Y2O3(2.5)+1.0Ru/Y2O3) which treated with H2 gas at 673K only resulted in 10.5% 

yield of 1,5-PeD (entry 14). The reduced Ni-Y2O3 catalyst having Ni0-Y2O3 

boundaries and the highest amount acidic site was active in the cleavage of the C-O 

bond of THFA to give 1,5-PeD in up to 54.7% yield (entry 4). The above 

experimental results indicate that the ruthenium species, Ru-Ni bimetallic and NiRu 

alloy did not facilitate the C-O bond cleavage of the tetrahydrofuran ring under this 

reaction condition.  

It is generally known that Ru and Ni metals are active in hydrogenation through 

activation and dissociation of hydrogen molecules. Obviously, the Ru-Ni bimetallic 

is more active than its monometallic counterparts for the hydrogenation of C=C 

bonds, such as the hydrogenation of benzene to cyclohexane under 5.3 MPa of H2 at 

60 °C.11–13 To our delight, the addition of a small amount of ruthenium (1.0 wt. %) 
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into Ni-Y2O3 significantly enhanced the catalytic activity for this reaction after 24 h, 

giving a 74.9% yield of 1,5-PeD (Table 4.3, entry 5). Prolonging the reaction time to 

40 h slightly increased the conversion of THFA to 93.4%, giving an 86.5% yield of 

1,5-PeD (Table 4.3, entry 6). Only 1-butanol (1-BuOH) as a by-product was detected 

in our catalytic reaction conditions. Thus, the addition of a small amount of 

ruthenium (1.0 wt. %) enhanced the ring opening of THFA to give 1,5-PeD through 

hydrogenolysis of the C-O bond. The highest H2 uptake property which deals with 

Ru-Ni bimetallic formation and the well-maintained acidic site which correlated with 

Ni0-Y2O3 boundaries of 1.0Ru/Ni-Y2O3 catalyst is responsible for forming Ru-Ni0-

Y2O3 boundaries  

Table 4.3 Catalytic hydrogenolysis of THFA to 1,5-PeD.a 

Entry Catalyst Conv.  Yield (%) 

  (%) 1,5-PeD 1-BuOH 

1 1.0Ru/Y2O3 0.0 0.0 0.0 

2 1.0Ru/Ni-Y2O3 
b 5.4 0.0 0.0 

3 Imp(16Ni1.0Ru)-Y2O3 0.0 0.0 0.0 

4 Ni-Y2O3 59.8 54.7 2.3 

5 1.0Ru/Ni-Y2O3 80.8 74.9 1.7 

6 1.0Ru/Ni-2O3
c 93.4 86.5 2.4 

7 0.8Ru/Ni-Y2O3 71.0 69.2 1.8 

8 0.6Ru/Ni-Y2O3 68.3 58.9 0.8 

9 3.0Ru/Ni-Y2O3 34.5 27.4 1.2 

10 5.0Ru/Ni-Y2O3 39.7 23.3 0.7 

11 Ni-Ru(2.5) 0.0 0.0 0.0 

12 Ni-Y2O3+1.0Ru/Y2O3 10.5 10.5 0.0 

13 1.0Ru/Ni-Y2O3-723d 62.7 60.0 1.0 

14 1.0Ru/Ni-Y2O3-773e 59.6 55.5 0.0 

a Reaction conditions: All catalysts were calcined at 623 K and then H2 treatment at 673 K (0.05 

g), THFA (1.0 mmol), trans-decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K, initial H2 

(2.0 MPa), for 24 h. b without H2 treatment. c 40h. d H2 treatment at 723 K. e H2 treatment at 773 

K. Conversion and product yields were determined by GC using the internal standard technique. 
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The presence of the Ru-Ni bimetallic species in the 1.0Ru/Ni-Y2O3 catalyst 

enhanced the C-O bond cleavage compared to that of the Ni-Y2O3 catalyst. Such 

cooperative activity could not be achieved with the Ru-Ni bimetallic species, which 

suggests that the prominent role of the Ru-Ni bimetallic species was in accelerating 

the dissociation of hydrogen molecules. 

Furthermore, the effect of the Ru content variation was investigated, as shown in 

Table 4.3 (entries 7-10). A ruthenium feeding amount of 0.6-0.8 wt. % (0.6Ru/Ni-

Y2O3 and 0.8Ru/Ni-Y2O3 catalysts) significantly enhanced the catalytic activity, but 

the activity was still lower than that of the 1.0Ru/Ni-Y2O3 catalyst. In contrast, the 

yield of 1,5-PeD significantly dropped to 27.4% and 23.3% when 3.0Ru/Ni-Y2O3 

and 5.0Ru/Ni-Y2O3 were utilized, respectively. Larger Ru contents (>1.0 wt. % Ru) 

corresponded to greater dispersion of the Ru metal on the Ni-Y2O3 and Y2O3 surface. 

In addition, the Ru-Ni bimetallic species was considerably enriched at higher Ru 

contents since the surface was mainly covered with Ni, as confirmed by the XRD 

patterns shown in Figure 4.2(e)-(f). The yield of 1,5-PeD catalyzed by 0.3Ru/Ni-

Y2O3 was nearly 2-fold lower than that catalyzed by Ni-Y2O3; the excess Ru metal 

likely poisoned the Ni0-Y2O3 boundary, resulting in deactivation of the C-O bond 

cleavage reaction, and the Ru-Ni species was not active. This hypothesis was also 

corroborated by the decreasing surface area and H2 uptake upon further Ru addition 

(Table 4.2). These results suggest that a Ru-Ni0-Y2O3 boundary, which was quite 

active in C-O bond hydrogenolysis, was effectively produced in the 1.0Ru/Ni-Y2O3 

catalyst, as evidenced by the highest catalytic activity corresponding to a 74.9% yield 

of 1,5-PeD. 
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Ru-Ni bimetallic catalysts have been reported to be more active than the 

corresponding monometallic catalysts in several catalytic hydrogenations, such as 

that of acetonitrile, benzene, naphthalene, and other aromatic compounds.11–14,18,20 

An electron donation effect from Ru to Ni (ligand effect) was also proven, which 

contributed to the specific catalytic enhancement. A higher Ru content would 

enhance the Ru-Ni bimetallic dispersion and the catalytic activity. The hydrogen 

uptake (hydrogen chemisorption) of the 1.0Ru/Ni-Y2O3 catalyst at 298 K showed the 

highest value among the investigated catalysts, as shown in Table 4.2. The hydrogen 

uptake of Ru metal was confirmed to be negligible in accordance with the results of 

previous studies.18,21 The study of Chen et al. on the structure-activity of Ru-Ni 

bimetallic species revealed that Ru-Ni alloy and segregated Ru-Ni bimetallic species 

were more active than Ru clusters on Ni.12 It is very likely that the amount of H2 

uptake, especially H2 chemisorption, was related to the Ni0 dispersion, and this 

dispersion also effectively enhanced the Ru-Ni0-Y2O3 boundaries, which are crucial 

to C-O bond scission. 

The above explanation indirectly suggests that Ru-Ni bimetallic is not responsible 

for C-O bond cleavage of tetrahydrofuran ring. By assuming the H2 treatment at a 

higher temperature (723 K and 773 K) enriches the Ru-Ni bimetallic or RuNi alloy 

formation which is revealed by a shifted peak of Ni(111) to the higher 2θ the higher 

H2 treatment temperature (Figure 4.3). Increasing the crystallinity of both Ni0 and 

Y2O3 caused decreasing the surface area and H2 uptake (Table 4.2) of 1.0Ru/Ni-Y2O3 

catalyst, in consequence, the yield of 1,5-PeD was lower than that 74.9% (Table 4.3, 

entries 13-14). Although, the elevated temperature of H2 treatment (> 673 K) was 

beneficial for obtaining Ru-Ni bimetallic. Seemingly, it was detrimental for Ru-Ni0-
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Y2O3 boundaries formation which is crucial for accelerating the H species formation 

as well as C-O bond cleavage of tetrahydrofuran ring. 

Ru-Ni bimetallic catalysts have been reported to be more active than the 

corresponding monometallic catalysts in several catalytic hydrogenations, such as 

that of acetonitrile, benzene, naphthalene, and other aromatic compounds.11–13,18,20,22 

An electron donation effect from Ru to Ni (ligand effect) was also proven, which 

contributed to the specific catalytic enhancement. A higher Ru content would 

enhance the Ru-Ni bimetallic dispersion and the catalytic activity. The hydrogen 

uptake (hydrogen chemisorption) of the 1.0Ru/Ni-Y2O3 catalyst at 298 K showed the 

highest value among the investigated catalysts, as shown in Table 4.2. The hydrogen 

uptake of Ru metal was confirmed to be negligible in accordance with the results of 

previous studies.18,21 The study of Chen et al. on the structure-activity of Ru-Ni 

bimetallic species revealed that Ru-Ni alloy and segregated Ru-Ni bimetallic species 

were more active than Ru clusters on Ni.12 It is very likely that the amount of H2 

uptake, especially H2 chemisorption, was related to the Ni0 dispersion, and this 

dispersion also effectively enhanced the Ru-Ni0-Y2O3 boundary, which is crucial to 

C-O bond scission.  

The effect of the initial H2 pressure and reaction temperature on the course of 

THFA hydrogenolysis over the 1.0Ru/Ni-Y2O3 catalyst was investigated, as shown 

in Table 4.4. The investigated initial H2 pressures between 1.5 – 3.0 MPa at 423 K 

resulted in comparable yields of 1,5-PeD. The bimetallic Ru-Ni species did not 

improve heterolytic hydrogen molecule dissociation. However, the production of 1-

BuOH increased considerably to a 4.4% yield for reaction at high temperature (443 

K). The catalytic reaction was effectively carried out under an initial H2 pressure of 
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2.0 MPa at 423 K in our catalytic reaction system. Nevertheless, the C-O bond 

hydrogenolysis could still proceed at 1.5 MPa H2 and a mild reaction temperature 

(403 K), giving a modest yield of 1,5-PeD. 

Table 4.4 Hydrogenolysis of THFA to 1,5-PeD over 1.0Ru/Ni-Y2O3 catalyst at 

various reaction condition. 

Entry PH2 T Conv.   Yield (%) 

 (MPa) (K) (%) 1,5-PeD 1-BuOH 

1 1.5 423 65.9 64.1 1.5 

2 2.0 423 80.8 74.9 1.7 

3 3.0 423 72.0 71.7 Trace 

4 2.0 403 43.4 39.5 0.0 

5 2.0 433 73.9 68.2 2.6 

6 2.0 443 75.3 71.2 4.1 

Reaction conditions: 1.0Ru/Ni-Y2O3-623 catalyst (0.05 g), THFA (1.0 mmol), trans-

decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K, initial H2 (2.0 MPa), for 24 h. 

Conversion and product yields were determined by GC using the internal standard technique. 

4.3.4 Time course 

A ruthenium content of 1.0 wt. % in Ni-Y2O3 to form the 1.0Ru/Ni-Y2O3 catalyst 

resulted in a better catalytic performance than that of the other investigated catalysts 

and Ni-Y2O3 itself. Figure 4.5 shows the time course for the hydrogenolysis of THFA 

to 1,5-PeD using the 1.0Ru/Ni-Y2O3 catalyst. During the first 12 h, 1,5-PeD was 

produced in up to 63.7% yield, which was two times higher than that obtained with 

the Ni-Y2O3 catalyst (Table 4.3, entry 4). Unfortunately, the hydrogenolysis was 

moderately sluggish from 12 to 40 h. The selectivity of 1,5-PeD over 1-BuOH 

formation obviously decreased upon prolonging the reaction time. After 24 h at the 

same reaction conditions, 1-BuOH was obtained (2.5% yield) when 1,5-PeD was 

used as the substrate. This reveals that adding Ru to Ni-Y2O3 accelerated C-O bond 

scission and prevented the formation of 1-BuOH. 
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Reaction conditions: 1.0Ru/Ni-Y2O3 catalyst, (0.05 g), THFA (1.0 mmol), trans-

decahydronaphthalene (0.07 g), 2-propanol (3 mL), 423 K, and initial H2 (2.0 MPa). Conversion 

and product yields were determined by GC using the internal standard technique. 

Figure 4.5 Time course for 1,5-PeD formation from THFA using 1.0Ru/Ni-Y2O3 catalyst.  

4.3.5 Reusability test 

The reusability of the catalysts was tested by using the used catalyst which was 

recovered by centrifugation, washing with a solvent, and then drying in vacuum. The 

catalytic activity of the used catalyst for the second run drastically decreased giving 

18.1% yield of 1,5-PeD with 19.4% THFA conversion at the same reaction 

condition. Compared with the fresh catalyst, the XRD patterns and 

thermogravimetric analysis as shown in Figure 4.6 informed that agglomeration of 

catalyst and remained organic compound on the catalyst surface could be exploited 

for this result. Refer to the Chapter 3 section 3.7 that the Ni0-Y2O3 boundary is easily 

poisoned by diol compound and Ni-Y2O3 catalyst is easily agglomerated, the Ru-Ni0-

Y2O3 boundaries could be noted having a similar property regarding its catalytic 

activity.  
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Figure 4.6. The XRD pattern (left) and thermogravimetric graph (right) of fresh and used 

1.0Ru/Ni-Y2O3 catalyst. 

4.3.6 FT-IR study of the absorbed THFA 

The adsorption of THFA vapor on Ni-Y2O3(2.5)-623 catalyst (recently noted as a 

Ni-Y2O3 catalyst) was evaluated in Chapter 3. The same procedure was applied for 

the adsorption of THFA on 1.0Ru/Ni-Y2O3 catalyst and the results were depicted in 

Figure 4.7. The vibrational assignments are quietly similar with the adsorption of 

THFA on Ni-Y2O3 catalysts (Figure 3.12). The yttrium oxide of Ni-Y2O3(2.5)623 

catalyst can be coordinated by THFA through hydroxyl group (CH2OH) on the 

catalyst surface. Then the absorbed THFA can be easily attacked by hydride species 

from Ni metal or Ni-Ru bimetallic surface giving 1,5-PeD with high selectivity. The 

same mechanism or interaction of THFA forming 1,5-PeD with high selectivity can 

be applied as illustrated in Figure 4.8. 
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Figure 4.7 Background-substituted FT-IR spectra of (a) THFA vapor, the adsorbed 

THFA on 1.0Ru/Ni-Y2O3 (b) at room temperature and (c) after heated at 423 K. 

 

Figure 4.8 Illustrated of the proposed reaction mechanism for selective hydrogenolysis of THFA 

to 1,5-PeD over 1.0Ru/Ni-Y2O3 catalyst.  

4.3.7 XPS analysis of Ru/Ni-Y2O3 catalysts 

Ru species of 1.0Ru/Ni-Y2O3 and 5.0Ru/Ni-Y2O3 catalysts were investigated by 

XPS as shown in Figure 4.9. The XPS of Ni-Y2O3 discussed in section 3.8 (page 72) 
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was also shown for the comparison. The surface components of Ni-Y2O3 catalyst did 

not change of Ni(0) and Y2O3 species by the addition of ruthenium except for Ru 

species and chloride. Binding energy (BE) of Y(3d3/2) and Y(3d5/2) at 159.6 eV and 

157.9 eV was indicated the presence of yttrium oxide species.23,24 The O(1s) BE at 

529.9 eV was also confirmed for yttrium oxide. The chloride (BE at 199 eV for 

Cl(1s)) and carbonate (BE at 532.0 eV for O(1s) and 290.0 eV for C(1s)) species 

could be assigned as impurities from ruthenium salt and air, respectively. The BE in 

C(1s) area around 280 eV was definitely the highlight of Ru species existence.25 The 

estimated atomic content of Ru increased with the increasing Ru feeding amount.  
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Figure 4.9 XPS spectra of Ni-Y2O3 (black line), 1.0Ru/Ni-Y2O3 (red line), and 5.0Ru/Ni-Y2O3 

(blue line) catalysts. The bottom table listed the atomic percentage of samples. 
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The chemistry for Ru on the Ni-Y2O3 surface was delicate matters, consisting of 

more than one oxidation states and overlaying peaks as shown in Figure 4.10. The 

deconvoluted signal at that peaks revealed the BE energy as 280.9 and 280.1 eV 

which were assigned for RuO2 and Ru, respectively.25 From these XPS study, Ru(0) 

and RuO2 were present on the surfaces of both 1.0Ru/Ni-Y2O3 and 5.0Ru/Ni-Y2O3 

catalysts. The 1.0Ru/Ni-Y2O3 catalyst possessed a higher percentage RuO2 than 

Ru(0). On the contrary, the 5.0Ru/Ni-Y2O3 catalyst had a higher Ru(0) than RuO2. 

The high amount of Lewis acidic site and H2 uptake of 1.0Ru/Ni-Y2O3 were 

corroborated with RuO2 (Lewis acidic) and Ru(0) based on the observed results. 

Obviously, the ring opening of THFA enhanced with an excellent THFA conversion 

of 93.4% and 1,5-PeD yield of 86.5% over that catalyst.  
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Figure 4.10 XPS spectra deconvolution of 1.0Ru/Ni-Y2O3 (left), and 5.0Ru/Ni-Y2O3 (right) 

catalysts at Ru binding energy region. The bottom table listed the percentage of Ru species. 
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4.3.8 Ring opening of cyclic ether to terminal diols 

Hydrogenolysis of THFA at the optimized reaction condition (2 MPa H2 and 423 

K for 24 h) selectively produced 1,5-PeD in particular by using 1.0Ru/Ni-Y2O3 

catalyst which formed the highest yield of 1,5-PeD in this study. Its selectivity 

corresponds to THFA adsorption through OH group deprotonation and weakly 

interaction of oxygen tetrahydrofuran ring on the catalyst surface. Transformation of 

tetrahydropyran-2-methanol (THP2M) was considered to have succeeded. At the 

optimized reaction condition, the 1.0Ru/Ni-Y2O3 catalyst catalyzed the formation of 

1,6-hexanediol (1,6-HDO) up to 28% yield in 32% THP2M conversion. The GC-MS 

analysis also confirmed tetrahydropyran and 2-methyltetrahydropyran as by-

products. It confirmed the high selectivity of 1.0Ru/Ni-Y2O3 catalyst in the C-O 

bond cleavage of THFA and THP2M to give corresponding terminal diols. 

4.4 Conclusion 

In summary, the addition of ruthenium into Ni-Y2O3 catalyst was successfully 

conducted by impregnation method and subsequent H2 treatment at 673K. The XPS 

analysis reveals that Ru(0) and RuO2 was present on the of 1.0Ru/Ni- Y2O3 and 

5.0Ru/Ni- Y2O3 catalysts. The addition of ruthenium influenced the formation of Ru-

Ni0-Y2O3 boundaries which is effectively formed in the 1.0Ru/Ni- Y2O3 catalyst. 

Increasing Ru feeding amount at higher than 1.0 wt. %. deaccelerated the 1,5-PeD 

formation owing to the lack of Ru-Ni0-Y2O3 boundary formation. The C-O bond 

cleavage of tetrahydrofuran ring of THFA over 1.0Ru/Ni- Y2O3 catalyst accelerated 

two times faster than the Ni-Y2O3 catalyst. The direct formation of terminal diols 

from the hydrogenolysis of THFA as well as THP2M Ru/Ni-Y2O3 catalyst validated 
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the selectivity of Ru-Ni0-Y2O3 boundaries on the C-O bond cleavage to give 

corresponding terminal diol.  

ABBREVIATIONS 

FFR: furfural 1-BuOH: 1-butanol 

FFA:  furfuryl alcohol 2-HY-THP: 2-hydroxytetrahydropyran 

THFA: tetrahydrofurfuryl alcohol 2-PrOH: 2-propanol 

1,5-PeD: 1,5-pentanediol 1,6-HDO: 1,6-hexanediol 

1,2-PeD, 1,2-pentanediol THP2M: tetrahydropyran-2-methanol 

Notes 

Some results have been published as follows: H. W. Wijaya, T. Hara, N. Ichikuni 

and S. Shimazu, Hydrogenolysis of Tetrahydrofurfuryl Alcohol to 1,5-Pentanediol 

over a Nickel-Yttrium Oxide Catalyst Containing Ruthenium, Chem. Lett., 2018, 47, 

103–106.  
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Chapter 5  

Summary 

 

 

Transformation of biomass-derived furfural (FFR) and its hydrogenated product to 

1,5-pentanediol (1,5-PeD) through hydrogenolysis C-O bond has been conducted 

using Ni-La or Ni-Y catalyst. The modification of Ni catalyst with Y produced the 

high yield of 1,5-PeD. Lately, we had a glimpse of our studies as follow:  

1. The Ni-Y2O3 and Ni-La(OH)3 catalysts which were synthesized by 

coprecipitation, hydrothermal, and the hydrogen treatment showed promise as 

catalysts for the hydrogenolysis of FFR to 1,5-PeD (2.0 MPa H2, 423 K,). Both 

catalysts exhibited remarkably high selectivity for producing 1,5-PeD from the 

hydrogenolysis of FFR, particularly starting from THFA. The results emphasized 

the essential role of the Ni0-Y2O3 or Ni0-La(OH)3 boundary in executing C-O 

bond cleavage selectively as a key step in 1,5-PeD formation.  

2. Enhancing of Ni-Y catalyst preparation which was calcined prior to H2 treatment 

and denoted as Ni-Y2O3(x)T (x and T indicate the Ni/Y mole ratio and calcination 

temperature in K) improved their catalyst properties and catalytic performance. 
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The catalysts were successfully prepared by coprecipitation, hydrothermal, 

calcination, and later H2 treatments. The Ni-Y2O3(2.5)623 catalyst has the highest 

amount of H2 uptake and acidic site which holds a Ni0-Y2O3 boundary effectively 

among the other investigated catalysts. The XPS analysis of that catalyst 

confirmed the presence of Ni(0) and Y2O3 as well. That catalyst showed the 

highest catalytic activity to the hydrogenolysis of FFR, FFA, and THFA by 

giving the highest yield of 1,5-PeD 29.8 %, 41.9 %, and 54.7 %, respectively, at 

the optimized reaction condition (2.0 MPa initial H2 and 423 K) with 2-propanol 

as a solvent. Both FFR and FFA were hydrogenated giving THFA prior to the 

1,5-PeD formation through ring opening of tetrahydrofuran ring selectively. The 

adsorption of THFA onto that catalyst surfaces from FTIR evaluation confirmed 

the deprotonation of OH group giving the preferable 1,5-PeD product. Increasing 

the catalyst loading amount for 0.1 g catalyst, Ni-Y2O3(2.5)623, at the optimized 

condition effectively gave 1,5-PeD up 87.8% with 91.6% THFA conversion. 

3. The addition of ruthenium into Ni-Y2O3 catalyst was successfully conducted by 

impregnation method and later H2 treatment at 673K. The addition of ruthenium 

influenced the formation of Ru-Ni0-Y2O3 boundaries which is effectively formed 

in the 1.0Ru/Ni- Y2O3 catalyst. Increasing Ru feeding amount at higher than 

1.0%wt. decelerated the 1,5-PeD formation owing to the lack of Ru-Ni0-Y2O3 

boundary formation. The C-O bond cleavage of tetrahydrofuran ring of THFA 

over 1.0Ru/Ni- Y2O3 catalyst accelerated two times faster than the Ni-Y2O3 

catalyst. The XPS study on that catalyst confirmed the existence of Ru(0) and 

RuO2 on the surface of the Ni-Y2O3 catalyst. FT-IR study of the absorbed THFA 

on 1.0Ru/Ni-Y2O3 catalyst conclude that the interaction of THFA was occurred 
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through the OH deprotonation and followed by the attacking of hydride species 

on Ni(0) or bimetallic NiRu surface. 

4. Transformation of tetrahydropyran-2-methanol (THP2M) to 1,6-hexanediol (1,6-

HDO) was also experimented using Ni-Y2O3(2.5)623 and 1.0Ru/Ni- Y2O3 

catalysts at the optimized reaction condition (2 MPa, 423 K). Both catalysts 

yielded the high selectivity of 1,6-HDO with a small amount of tetrahydropyran 

and 2-methyltetrahydropyran. It assumes that the similar reaction mechanism of 

the ring opening of THFA can be applied for the ring of THP2M giving 1,6-

HDO.  
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