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Abstract 
The concept of catalytic transfer hydrogenation (CTH) was investigated on the 

conversion of lignin model compounds: benzyl phenyl ether (BPE), diphenyl ether 

(DPE), and guaiacol (GUA) by using noble metal catalysts. In our studies, formic acid 

(HCOOH) was used as the hydrogen donor (H-donor). It was found that BPE, having 

the lowest bond energy (C-O-C linkage), can be completely converted to toluene 

(PhCH3) and phenol (PhOH) with HCOOH in the presence of Pd/C catalyst at 80°C. In 

contrast to Pd/C, Ru/C and Pt/C were not active for CTH at the same reaction 

conditions. When Pd/C was applied for DPE and GUA conversion, they could not be 

efficiently converted owing to their stronger bond energies or different bond types.  

Besides using HCOOH, the addition of different base (KOH) or acid (HCl) with 

varying concentrations were also examined to improve the process towards the 

conversion of all types of lignin model compounds. Ring-hydrogenated products were 

significantly formed by the addition of KOH at intermediate pH values, while the 

introduction of HCl with HCOOH resulted in the production of PhCH3 and PhOH with 

lower selectivity compared to HCOOH-facilitated conversion. It is worth noting that 

the use of activated carbon (AC) as the support for all of the catalysts gave rise to 

significant adsorption of products. Thus, results of using carbon-supported catalysts 

were compared with the original ones and shown after long extraction time (> 3 

weeks) until the carbon balance was completed.  

Since carbon-supported catalysts tended to absorb products, palladium 

incorporated on different supports including H-ZSM5, SiO2 and TiO2 were synthesized 

and applied for CTH of BPE. It was found that their activities were all inferior to Pd/C. 

However, when Pd/C was employed for lignin conversion, the yield of monomeric 

products was negligible. Hence, reaction conditions for CTH of lignin need to be 

further explored. 
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1. Introduction 
1.1. Background 

Due to the rapid consumption, and thus, the urgent demand of fossil fuels 

owing to the booming population growth and environmental concerns, considerable 

research efforts have been put on seeking and developing economically viable ways 

of converting renewable biomass resources into biofuels as alternatives for fossil 

fuels. The most pronounced motivation of biomass utilization lies in the discrepancy 

that the production and consumption of biomass-derived fuels has a closed CO2 cycle, 

indicating that greenhouse gases tend not to be rapidly accumulated in atmosphere. 

This is in contrast to the adverse effect of using petroleum-based oils (Fig 1.1). In 

principle, the former scenario has lower increase of carbon footprints in the overall 

process, which certainly meets the requirements in society.  

 

Figure 1.1: A schematic representation of CO2 cycle for petroleum and 

biomass-based fuels [1] 

Typically, biomass feedstock can be categorized into three classes: 

carbohydrates, triglycerides, and lignocellulose. Each of them has been mainly used 

for the production of (i) bioethanol, (ii) diesel fuels, (iii) platform chemicals and 

transportation fuels.[1] Among these categories, lignocellulosic biomass is the most 

abundant resource because it provides the integrity of the plants, while starch and 

triglycerides only exist in some crops.[1] Thus, lignocellulose could be a resource of 

greater potential for biofuels thanks to its high degree of availability. Moreover, it will 

not cause significant impact on food production since it is not digestible compared to 

starch and sugars, which are edible carbohydrates.[2] Considerable developments in 

the use of bio-based raw materials have been addressed by the integration of 

conventional fossil-based refinery to biorefinery. Current aim is to accomplish 

improved production of bio-based materials, and increase economic performances to 
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replace petroleum refinery. Compared to petroleum-based feedstock, biomass 

feedstock consists of building blocks with much higher oxygen content and lower 

fraction of carbon, which in turn has lower heat value as a crucial property for fuel 

application. Therefore, the ultimate goal of biorefinery is to depolymerize and 

deoxygenate the biomass in a cost-effective fashion. Concepts of biorefinery 

developed so far can be classified into 1st and 2nd generations. The former one 

typically refers to the principle that edible raw materials are essentially fed to the 

refinery to produce biofuels, while the latter one only utilize non-food biomass based 

on wastes or residues.[3] Herein, we focus on the applicability of lignin for 2nd 

generation biofuels, which constitutes 15-20wt% (cellulose: 40-50wt%, hemicellulose: 

25-35wt%) of lignocellulose.[1, 4]  

1.2. Biomass feedstock 

1.2.1. Carbohydrate 

Carbohydrate is the most abundant type of biomass in nature which is 

generated in plants via photosynthesis. In general, they can be classified into two 

groups: mono- and polysaccharides (Fig 1.2). Monosaccharides comprise 6-carbon 

sugars (C6H12O6) like glucose, galactose, and mannose, while the latter one consists 

of 5-carbon sugars (C5H10O5) such as xylose and arabinose.[5] They have been widely 

used for ethanol production via fermentation in industry.[5] The amount of 

monosaccharides is less than polysaccharides in nature. However, they can be found 

in certain types of plants such as sugarcane or sugar beets.[5] Polysaccharides 

encompass a wide range of different sugars such as starch (C6H10O5)n, cellulose 

(C6H10O5)n, and hemicellulose.[5] Although starch and cellulose have the same 

chemical formula, different types and compositions of the linkages connecting their 

glycosidic monomeric units leads to different three dimensional structures.[6] Starch 

is crossly-linked by 1,4’-α-glycosidic bonds and 1,6’-α-glycosidic bonds, while 

cellulose molecules only comprise 1,4’-β-glycosidic bonds forming linear structure.[6] 

Such arrangement of linkages present in starch molecules renders it to be easily 

subjected to acidic or enzymatic hydrolysis forming glucose monomers for upgrading 

to commodity chemicals, or to be fermented to yield bioethanol.[6] Despite that 

starch can be readily utilized for the production of fuels and chemicals; it was 

debated that the use of starch can compete with food demand.[6] Thus, cellulose is 

claimed as the promising sustainable resource in terms of its availability and 

abundance.[6] In contrast to starch and cellulose, the structure of hemicellulose is 

relatively amorphous consisting of branched and varying sub-units (e.g. mannose, 

arabinose, glicuronic acid) .[7]  
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(a) β-D-glucose (6-carbon sugar)    (b) β-D-xylose (5-carbon sugar) 

(c) Starch (polysaccharide) 

Figure 1.2: Representative types of carbohydrates showing their structures 

1.2.2. Triglyceride 

Triglycerides mainly exist in oleaginous feedstock, and it is composed of glycerol 

skeleton in ester form incorporated with long-chained alkyl fatty acids (Fig 1.3).[3] 

Their chain lengths range from C8 to C20, while C16-20 ones are the most common.[1] 

The fundamental sources of triglycerides, also known as vegetable oils, are primarily 

obtained from soybean, palm, and rapeseed.[3] These raw materials have been 

widely used for biodiesel production by reacting them with alcohols to form alkyl 

esters as biodiesel, and glycerol.[3] Besides, they can also be used as reactants for 

other chemical reactions on account of two reactive sites: the double bond in the 

unsaturated fatty acid chain and the acid group of the fatty acid moiety.[3]  

It has been reported that the reactivity of C=C bonds present in triglycerides 

offers potentials in the production of lubricants, plasticizers, polyurethanes, and 

other oleochemicals as the alternatives for their petroleum-based counterparts.[8] 

For instance, bio-based polyvinyl chloride (PVC) can be obtained via (i) methanolysis 

of vegetable oil yielding fatty methyl ester, (ii) C=C bonds hydrogenation by hydrogen 

peroxide, and (iii) oxirane ring opening with acetic anhydride.[9] In this way, the 

conventional route of producing PVC leaving toxic and harmful components can be 

gradually discarded. Another application is that triglycerides can be sustainable 

reagents to replace petroleum-derived polyols for polyurethane production supplied 

for coatings and adhesives industries.[8] Nonetheless, their availability for non-food 

uses and focus on biodiesel production confine their development for wider 

applications.[10, 11] 
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Figure 1.3: An example of triglyceride comprising glycerin backbone, saturated and 

unsaturated fatty acid chains 

1.2.3. Lignocellulose 

Lignocellulosic biomass contains three major fractions: cellulose, hemicellulose, 

and lignin, their compositions are schematically shown in Fig 1.4.[1] Cellulose is the 

most abundant component consisting of glucose monomeric units connected by 

β-glucosidic bonds. The linear structure formed by these bonds provides its rigidity 

causing low reactivity towards hydrolysis.[1] Pretreatment of biomass is basically 

needed to isolate it from hemicellulose and lignin fractions, which allows 

following-up hydrolysis step to convert it into sugar monomers for upgrading.  

The second major components of lignocellulose is hemicellulose, which is an 

amorphous polymeric structure composed of five different sugar monomers: 

D-xylose, L-arabinose, D-galactose, D-glucose, and D-mannose, of which D-xylose is 

the dominant monomer.[1] Since less energy is needed for the degradation of 

hemicellulose than that of cellulose resulted from different degree of crystallinity, it 

is preferable to separate hemicellulose from lignocellulosic biomass for further 

treatment.[6] Extraction of hemicellulose from lignocellulose can be afforded by 

either physical methods or a combination of physical and chemical methods.[1] The 

methods for the former case include steam explosion or hot water treatment to 

produce polymeric xylans, which can be hydrolyzed to produce xylose monomers.[1] 

For the latter case, dilute acid hydrolysis can be efficiently applied to produce xylose 

monomers.[1] It is worth noting that the monomeric xylose obtained from 

hemicellulose has been regarded as an useful precursor for the production of 

bioethanol via fermentation or for the synthesis of furfural through dehydration.[1] 

Moreover, it was also argued that hemicellulose can be easily hydrolyzed to wheat 

bran syrup.[8] This substance can be used as the precursor for surfactants by treating 

it with n-decanol and diluted sulfuric acid at 90°C yielding alkyl-pentosides displaying 

good surface tension properties.[8, 12] 
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Figure 1.4: The compositions of cellulose, hemicellulos, and lignin in lignocellulosic 

biomass feedstock [1] 

Lignin, the third major constitution of lignocellulose, is a three-dimensional 

amorphous polymer consisting of methoxylated phenylpropane structure that holds 

the lignocellulose network together and protects the plant tissue from mechanical 

stress and microbial attack.[13] The polymeric structure can be represented by three 

primary substituted monomers: p-coumaryl, coniferyl, and sinapyl alcohols (Fig 1.5) 

connected through various C-O and C-C bonds.[13] 

           

Figure 1.5: Three representative monomers as the building block of lignin [13] 

The types of linkages between these monomers and their compositions are 

depicted in Tab 1.1. Hard wood lignin possesses roughly 1.5 times more β-O-4 

linkages than that of soft wood lignin, while other minor linkages differ not that 

much. As can be seen from the structural properties of lignin, the effective removal 

of oxygen and C-O-C bonds cleavage can allow formation of fuels and fuel additives 

such as alkylated aromatics, hydrogenated cyclic hydrocarbons. However, owing to its 

unique aromatic structure and hence, recalcitrant nature, pretreatment and further 

upgrading processes are required and will be discussed in the next section. 
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(a) C9-O-C9 

 

  

 

Linkage β-O-4 α-O-4                     4-O-5 

Softwood (%) 46 6-8 3.5-4 

Hardwood (%) 60 6-8 6.5 

(b) C9-C9 

  

 

 

 

 

 

 

 

Linkage β-O-5             β-1                 β-β                     5-5 

Softwood (%) 9-12 7 2 9.5-11 

Hardwood (%) 6 7 3 4.5 

Table 1.1: Common linkages and their compositions found in lignin: (a) C9-O-C9 

linkages, (b) C9-C9 linkages [4] 

1.3. Methodologies of lignin valorization 

There are two challenging tasks currently confronted with lignin conversion. 

First of all, lignin structure is mostly connected by stable ether and C-C linkages. Thus, 

the catalytic reaction to break the linkages theoretically needs high pressure, high 

temperature and also the supply of external hydrogen. It has been found that lignin 

can be decomposed to lower molecular weight compounds such as phenolic resins, 

poly-substituted aromatic derivatives or a mixture of organics (bio-oil) via pyrolysis.[1] 

It can also be degraded to gaseous products (syngas, producer gas) by gasification at 

higher temperature.[1] The products in former case can be upgraded to 

transportation fuels or value-added chemicals via hydrogenolysis, hydrogenation or 

hydrolysis, whereas the gaseous products can be transformed into liquid fuels by 

Fischer-Tropsch process.[1] 

1.3.1. Pyrolysis 

Pyrolysis is a rapid thermal treatment which is typically conducted at 
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temperatures from 650-800K in an anaerobic condition within seconds of processing 

time.[1] This severe condition can lead to the formation of up to 350 types of 

identified organic compounds, which are typically referred to “bio-oil”. Bio-oil 

includes different acids, aldehydes, alcohols, sugars, esters, ketones, and aromatics.[1] 

However, the high oxygen content (10-40 wt%)[14] of the oil produced results in its 

low energy content. The high acidity also gives rise to its corrosive property and 

instability due to the presence of various functionalities. These properties restrict its 

direct application as biofuel. 

1.3.2. Gasification 

In contrast to pyrolysis, gasification is performed at much higher temperature 

above 1000K by partial combustion of biomass to produce syngas or producer gas.[1] 

As defined, syngas is a mixture of CO and H2, while producer gas is represented by a 

gas mixture consisting of N2, CO, CO2, H2, CH4, and other higher hydrocarbons.[15] 

Syngas can be upgraded to hydrocarbons with different chain lengths as liquid fuels 

by Fischer-Tropsch synthesis, and the ratio of CO-H2 can be adjusted by water gas 

shift reaction.[1] With regard to the selectivity of the gas produced, it is of less 

concern because selectivity can either be altered by reforming , selective oxidation, 

and methanation reactions.[4] 

1.3.3. Hydrogenolysis and hydrogenation 

While biomass conversion is performed in the presence of hydrogen source, it 

can be referred as a technique called hydrogenolysis or hydrogenation.[16] Pyrolysis 

generally results in plenty of coke formation. Thus, hydrogenolysis could replace 

conventional thermolysis as a promising pathway for lignin conversion. In this 

process, a hydrogen source is essentially employed with a transition metal catalyst 

and a suitable solvent to improve the conversion of the feedstock and product 

selectivity.[16] For instance, lignin can be treated in a hydrogen-donating solvent 

such as tetralin, alcohols, and formic acid, or in a hydrogen-rich environment like the 

presence of gaseous hydrogen.[16] More attentions and researches have been 

addressed on this technique since less quantity or even no explosive molecular 

hydrogen is required compared to hydrogenation with H2. Furthermore, this 

technique can be carried out in a much milder reaction condition. Thus, our report 

will focus on hydrogenolysis, or transfer hydrogenation for the conversion of lignin 

and its corresponding model compounds. In addition, HDO technique was also 

applied for the conversion of the model compound as a comparison with the results 

obtained by hydrogenolysis. 
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2. Literature review 

2.1 Hydrodeoxygenation (HDO) 

HDO has been widely used in industry for the hydroprocessing of 

petroleum-based feedstock. It is a technology to upgrade the feedstock to 

value-added chemicals or fuels via one-step hydrogenolysis and deoxygenation. This 

process is typically performed at 300-600°C.[17] During the treatment, oxygen in the 

raw material is removed in the form of water, which only poses little impact on 

environment.[18] As more attentions have been stressed on green production of 

fuels for the next generation, HDO is of great potential for massive manufacturing 

and also under intensive development.  

Because crude oil is being rapidly consumed and cannot be replenished, the 

upgrading of bio-oil transformed from biomass has been thoroughly investigated 

thanks to the renewability of plants. Although HDO is regarded to be the most 

effective way for bio-oil upgrading[19], one should be noted that the oxygen content 

of fossil-based feedstock is generally less than 2wt%, while it can be up to 50wt% of 

biomass feedstock.[18] Bio-oil derived from industrial pyrolysis or liquefaction 

contains a mixture of phenolics, cyclic ketones, levuglucosan and levuglucosenon, 

and aromatic hydrocarbons.[17] High oxygen content of bio-oil due to various 

functionalities can lead to undesired side reactions owing to its high reactivity and 

instability.[18]. In addition, an external source of molecular hydrogen is typically 

required to deoxygenate the feedstock.[18] 

The catalysts which have been broadly used for HDO are identical to the ones 

used for hydrotreatment like hydrodesulfurization (HDS), hydrodenitrogenation 

(HDN), and hydrodemetallization (HDM) for crude oil, namely Co-Mo or 

Ni-Mo/Al2O3.[17] However, these catalysts presented some drawbacks on the 

catalytic performance for HDO. Owing to the nature of bio-oil, the compounds with 

high oxygen content and the existence of instable phenolic compounds tend to 

polymerize, oligomerize, or attach to the catalyst surface by forming cokes or 

blocking the active sites.[17] It was proposed by Mortensen et al. that water formed 

via HDO mechanism and oxygen containing intermediates can transform Al2O3 

support into boehmite (AlO(OH)) thereby deactivation occurs.[20] As also 

demonstrated by Guvenatam et al., when Ru/Al2O3 was used as the catalyst for HDO 

of PhOH, the conversion was much lower than other carbon-supported noble 

catalysts in aqueous phase.[21] This could be attributed to the transformation of the 

native structure of the support.[21] In addition, cyclohexane, a complete HDO 

product, was even observed to undergo isomerization to methylcyclopentane in 

acidic aqueous phase caused by the presence of metallic and acidic sites promoting 
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ring contraction and proton transfer. However, high degree of conversion, 

hydrogenation, and deoxygenation of PhOH could be accomplished in the cases of 

carbon-supported catalysts. Thus, this scenario prompted scientists to utilize 

carbon-supported catalysts with less acidity[20] under HDO and aqueous reaction 

condition. Conducted by Chen Zhao et al., the screening of carbon-based noble 

metals (Pd, Pt, Ru, Rh) and Al2O3, SiO2, ASA-supported Pd catalysts concluded that 

Pd/C was the catalyst with the highest HDO activity and stability which converted 

bio-oil resembling phenolic mixture to cycloalkanes with high selectivity.[22] Based 

on the results obtained, Pd/C was shown to be a promising catalyst candidate for 

lignin valorization. However, HDO requires molecular hydrogen and high processing 

temperature. Therefore, it is advantageous to explore a new route for lignin 

upgrading via an economically viable approach. Catalytic transfer hydrogenation (CTH) 

as a promising pathway will be discussed and summarized in section 2.2. 

2.2. Catalytic Transfer Hydrogenation (CTH) 

2.2.1. Alternative hydrogen donor for catalytic transfer hydrogenation 

The core concept of CTH lies in using in-situ generated hydrogen source to 

reduce or even deoxygenate the feedstock via a less energy-intensive route. Since 

hydrogen locates in the central position of periodic table in terms of electronegativity, 

it can exist in the forms of proton, atom, and hydride depending on the reaction 

condition and reactant involved.[23] In general, CTH can proceed via two pathways: (i) 

reduction of unsaturated functional groups by addition of hydrogen, (ii) cleavage of 

functional groups by adding hydrogen across single bond (hydrogenolysis).[23] 

Several organic compounds like aliphatics, alcohols, formic acid, and have been 

explored as the hydrogen donors with heterogeneous catalysts under mild 

conditions.[24-32] For instance, if MeOH was selected as the H-donor, it was stated 

that the dissociation energy of C-H bond in MeOH is lower than H-H bond in 

molecular hydrogen.[33] In addition, if molecular hydrogen is used for hydrogenation, 

there will be two mass transfer barriers need to be overcome, which are the 

resistance from gas to liquid phase, and then the activation from liquid to solid 

surface of catalyst.[33] These arguments potentially shed light on using alcohols 

instead of molecular hydrogen for CTH. However, our study focuses on investigating 

formic acid as the hydrogen donor since it can be either produced from carbonylation 

of MeOH followed by hydrolysis of acetic acid in petroleum refinery or 

decomposition of sugars obtained from biorefinery.[25] It was also mentioned that 

HCOOH is one of the best H-donor because the electronegativity between hydrogen 

and formate is similar.[23] Last but not the least, the formation of CO2 as the 

byproduct after decomposition is exothermic promoting HCOOH itself as the 

H-donor.[23] If HCOOH is used as the hydrogen donor, its decomposition routes can 
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be expressed as decarboxylation or decarbonylation to H2, CO2 or H2O, CO 

respectively under hydrothermal condition (Scheme 2.1). The selectivity towards H2 

and CO2 can be adjusted kinetically or thermodynamically. Equation (1) is slightly 

exothermic, while equation (2) is slightly endothermic. Thus, higher selectivity of H2 

can be tuned at lower temperature.[34]  

 

Scheme 2.1: The decomposition pathways of formic acid [34] 

2.2.2. Catalytic transfer hydrogenation of monomeric substrates 

CTH applied on monomeric reagents bearing a library of functionalities such as 

benzyl alcohol, benzyl acetate, benzaldehyde were all breakthroughs that complete 

conversion could be reached and the target products can be obtained with high 

selectivity.[27, 35-41] For these articles, Pd-based supported catalysts were utilized 

to facilitate CTH. It was reported that Pd is the most active metal for hydrogenolysis 

and not active for ring hydrogenation of aromatics at low temperature.[42] These 

properties hold its application for the transfer hydrogenation of aromatic compounds 

if certain functional groups are desired to be reduced while the aromaticity ought to 

be retained.  

Jian Feng et al. introduced Pd/C with HCOOH as the hydrogen source to reduce 

α-methylbenzyl alcohol (MBA) at 80°C.[41] It was found that the reactant could be 

converted to ethylbenzene (EB) with 98.8% of conversion and selectivity. In other 

words, oxygen present in feedstock was remarkably removed in their system. It was 

proposed that HCOOH in this reaction condition was ionized to form proton (H+) and 

formate (HCOO-) in 1/5 H2O-EtOH as the solvent. First of all, the proton in the 

reaction medium attached to the oxygen atom of the feedstock. Since oxygen 

became positively charged, hydroxyl group could be subsequently activated into O+H2 

serving as a good leaving group to produce carbonium ion as shown in the right side 

of Scheme 2.2[41]. In the meanwhile, HCOO- could be dissociated on Pd atom to yield 

H- by liberating CO2 as the only gaseous by-product. Finally, the carbonium ion 

absorbed H- from Pd active site to form the desired product, EB. It is depicted in the 

left route of Scheme 2.2 that MBA itself could also act as the hydrogen provider for 

CTH. MBA was initially oxidized to ketone, and the hydrogen released can be 

activated by Pd atom for the reduction of MBA to close the catalytic cycle. 
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Scheme 2.2: Mechanism of CTH for MBA using Pd/C and formic acid [41] 

In another article, monomeric substrates with similar functionalities and 

properties of the compounds derived from pyrolysis bio-oil were also tested. 

Exploited in the experiments performed by Xinyu Wang et al., the roles of hydrogen 

donor and solvent were both replaced by a variety of primary and secondary alcohols 

(e.g., MeOH, EtOH, 2-PrOH, 2-BtOH).[43] In their research, 2-PrOH displayed the best 

performance on hydrogenation of PhOH. Thus, it was then applied on the reactants 

with complex structure like guaiacyl, syringyl, and furanic model compounds, among 

some of which were aldehyde, carboxylic, ester, or C=C bond bearing structures. It 

was discovered that 2-PrOH could promote complete conversion for almost all of the 

substrates to hydrogenated and deoxygenated products at mild temperature (80 or 

120°C). By rendering 2 protons from 2-PrOH, they could be absorbed on Raney-Ni 

active sites. In the meanwhile, 2-PrOH was transformed to acetone by self-oxidation 

(Scheme 2.3).[43] However, MeOH generated during the reaction could poison the 

catalytic surface of Raney Ni via chemisorption of deprotonated MeO- leading to 

blocking of active sites. This was exemplified by the decreases of conversion and 

selectivity with MeOH as a replacement for 2-PrOH as the solvent for PhOH 

conversion. Therefore, it is of interest to seek for a catalyst which is more tolerant to 

MeOH deactivation, and can be incorporated well with 2-PrOH for lignin valorization. 
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Scheme 2.3: Proposed mechanism of H-donation from 2-PrOH for hydrogenation and 

hydrogenolysis of methoxyphenols [43] 

Of all the H-donors for the screening of CTH reactions, unsaturated cyclic 

aliphatic could also afford high conversion and yield towards hydrogenated or 

hydrogenolysis products. In the works of John F. Quinn et al., 1,4-cyclohexadiene was 

successfully applied for not only hydrogenation but also hydrogenolysis reactions.[30] 

It was found that cinnamic acid with unsaturated C=C bond between carboxylic and 

aromatic moieties could be hydrogenated by 1,4-cyclohexadiene at 100°C in 5min 

(Scheme 2.4(a)). The catalyst and the solvent used were Pd/C and ethyl acetate 

respectively. For the substrates with common protecting groups such as benzyl and 

carboxybenzyl, they were able to be cleaved by achieving more than 75% yield of 

desired products (Scheme 2.4(b), (C)). In contrast to HCOOH or formate salts which 

were commonly used as H-donor, the employment of 1,4-cyclohexadiene offers an 

advantage that the byproduct formed after the reaction is merely benzene in liquid 

phase.[30] This compound is easy to be disposed by standard evaporation technique 

compared to gaseous byproducts (CO2 and NH3) formed in CTH facilitated by HCOOH 

and ammonium formate.[30] Furthermore, there will be no build-up of pressure 

resulting in additional cost invested on venting system afterwards.[30] Thus, 

1,4-cyclohexadiene is of great potential to be used as H-donor under mild conditions.  

      (a) 

  (b) 

  (c) 

Scheme 2.4: (a) Hydrogenation and (b),(c) hydrogenolysis of different substrates 

facilitated by 1,4-cyclohexadiene as H-donor (MW: Microwave heating)[30] 
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In conclusion, the replacements of H2 by liquid organic compounds allowed 

successful conversion of various organic reactants with high yield and selectivity. As 

summarized above, Pd/C was often utilized for hydrogenolysis or hydrogenation. This 

indicated that Pd/C is a highly active noble metal catalyst for transfer hydrogenation 

under low severity. 

2.2.3. Catalytic transfer hydrogenation of lignin 

A number of studies on transfer hydrogenation or hydrogenolysis of monomeric 

reactants, lignin model compounds, and even bio-oil derived compounds has been 

conducted in less severe reaction condition yielding the corresponding products in a 

desirable way.[23, 27, 30, 35-39, 43] The achievements on obtaining desired products 

by using a library of H-donor under mild conditions thus stimulated scientists to 

apply CTH on native lignin to explore the effect and feasibility for biomass 

valorization. However, development on utilizing suitable catalyst of high effectiveness 

in CTH condition is still in its early stage. Heterogeneous catalysts of either noble or 

non-noble metals have been widely explored and attempted on biomass conversion 

thanks to their facile recyclability and reusability. Overall, typical noble metal 

catalysts includes Pd, Pt, Ru, Rh loaded on different supports (AC, Al2O3, SiO2, 

zeolite….), while Cu, Fe, and Ni based catalysts are commonly incorporated as 

non-noble ones.[44] Noble metal catalysts often show high activity on hydrogen 

activation for hydrogenation, but over-saturation of aromaticity leading to extra 

hydrogen consumption is tough to be avoided owing to the characters of 

catalysts.[44] Furthermore, it is of large difficulty to employ noble metal catalysts to 

biorefinery in a large scale because of their rareness on Earth. Therefore, the high 

cost of them restricts their applications in industrial scale. On contrary, non-noble 

metal catalysts basically have moderate activity and low cost, among which Ni has 

been widely used for hydrogenation.[44] Previously, bimetallic catalysts (NiRu, NiRh, 

NiPd) were tested as catalysts for the conversion of lignin model compounds and 

organosolv lignin.[44] Their activities were also compared with single metal particles 

(Ni, Ru, Rh, Pd) as counterparts. It was found that bimetallic catalyst containing 85% 

of Ni and 15% Ru (Ni85Ru15) exhibited highest monomer yield (58%, compared to 42% 

yield of dimers) on dimeric model compound bearing β-O-4 linkage, which meant 

that it was more active for hydrogenolysis toward C-O bond cleavage rather than 

hydrogenation for aromatic rings. When this catalyst was applied on lignin (130°C, 

10bar H2, 12h, water as the solvent), 6.8% of monomer yield could be achieved 

compared to only 0.9% yield of pure Ru and 0% for pure Ni as catalysts. It was argued 

that the individual property or even disadvantage of Ni and Ru can be compensated 

by each other. To be explicitly, reduction rate of Ni can be enhanced by Ru, while 

over-hydrogenation of aromatics mainly promoted by Ru can be inhibited by the 
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predominance of Ni. Thus, Ni85Ru15 could be a prospective catalyst of lower price for 

achieving lignin hydrogenolysis and depolymerization to a certain extent. 

Apart from the selection of a proper catalyst, H-donor also affects lignin 

hydrogenolysis significantly. Four different solvents, namely tetralin, glycerol, formic 

acid, and isopropanol have been tested as H-donor by Ana Toledano et al. for lignin 

conversion.[25] Ni/Al-SBA-15 was used as the catalyst. In their experiments, 

HCOOH-catalyzed reactions had no char formation both in the presence and the 

absence of catalyst even though they only gave rise to moderate yield of bio-oil. In 

spite that isopropanol led to the highest yield of bio-oil without the assistance of 

Ni/Al-SBA-15, its ability towards lignin depolymerization was relatively low based on 

the results of GPC. Moreover, the involvement of HCOOH resulted in the highest yield 

towards phenolic monomers, indicating that hydrogenolysis for C-O bond cleavage in 

lignin polymer could be mostly favored in HCOOH compared to other solvents used. 

It is worth addressing that the reaction condition used was hydrogen-free, 

demonstrating that it is also promising to perform CTH for lignin by using liquid 

H-donor instead of molecular hydrogen. The aim of our studies is to investigate the 

conversion of lignin model compounds as a benchmark, and then the optimal 

condition will be applied on a real lignin. 

3. Experimental section 

3.1. Chemicals 

Pd/C (5wt%, activated charcol), Ru/C (5wt%, activated charcoal), Pt/C (5wt%, 

activated carbon) were purchased from Sigma-Aldrich and directly used for 

experiments without further treatment. Benzyl phenyl ether (Sigma-Alcdrich, 98%), 

diphenyl ether (Sigma-Aldrich, ≧98%), and guaiacol (Sigma-Aldrich, ≧98%) were 

employed as lignin model compounds as received. Soda lignin (GreenValue, 

Protobind 1000) was also used as purchased. Formic acid (Sigma-Aldrich, ≧98%) 

was introduced as the hydrogen donor for CTH. For the screening of reaction 

conditions, potassium hydroxide (VWR, pellets, Ph. Eur.), hydrochloric acid (Merck, 

37%), were individually employed with HCOOH to alter the reaction conditions by 

changing pH values.  

In order to synthesize the heterogeneous catalysts with different supports, 

Tetraamminepalladium(II) nitrate solution (Sigma-Alcdrich, 10wt% in H2O) was 

purchased and used as the precursor. H-ZSM5 (Albemarle, SAR = 40), SiO2 (Criterion, 

X080), and TiO2 (Evonik, P25 class) were used as different supports for Pd. 

For the reaction medium, deionized water was used as solvent. After the 

reaction, ethyl acetate (Biosolve, ≧ 99.8%) together with dibutyl ether 

(Sigma-Aldrich, ≧99%) as the internal standard were added for the extraction of 
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products obtained. 

3.2. Experimental setup and procedure 

To perform all of the experiments, 12mL stainless steel autoclave was used as 

the batch reactor. 5 or 100mg catalyst was initially loaded with 0.75mmol dimeric 

model compound (BPE or DPE) or 1.5mmol monomeric model compound (GUA). 6mL 

water was then added with different quantities of HCOOH, or different ratios of 

HCOOH/KOH mixture. Addition of 1mL HCl to 3mmols of HCOOH was also attempted 

for reaction condition screening. All of the reactions were heated by the electrical 

heater to desired temperatures (3 min) at 1000rpm stirring. After the reaction, the 

autoclave was quenched in ice bath for 5 to 10 minutes followed by extraction step 

using extracting solution (1:1000 volumetric ratio of dibutyl ether to ethyl acetate) as 

prepared. The experiment of lignin conversion was performed in 50mL autoclave, 

and the amount of solvent, catalyst, and H-donor used were scaled-up accordingly.  

3.3. GC-MS/FID analysis 

After the extraction procedure, 1mL of the liquid sample was taken from organic 

phase in top layer and put into GC vial for GC analysis. There were two types of GC 

utilized for product characterization. GC-MS (GC-17A/GCMS-QP 5050A, Shimadzu) 

equipped with a capillary column (Stabilwax, 30m length, 0.32mm i.d., 0.5μm 

thickness) was used for distinguishing the products obtained after the reaction. The 

injection temperature was 230°C. The analysis started with 40°C as initial 

temperature and held for 2min. The temperature was then heated to 80°C at a rate 

of 2°C/min and then kept for 5min. Finally, it was raised to 200°C at a rate of 

10°C/min and held for 5 min. GC-FID installed with a capillary column (Rxi-5ms, 30m 

length, 0.25mm i.d., 0.5μm thickness) was used for quantification of the products. 

The injection temperature was 230°C. The analysis began with an initial temperature 

of 50°C and held for 1min. The column was then heated to 150°C at a rate of 

10°C/min and held for 5min. The temperature was eventually increased to 200°C at a 

rate of 20°C/min and kept for 8min. The conversion of the substrate and the 

selectivity of the products were calculated by the following equations: 

𝐂𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 (𝐗%) =
𝐂𝐨𝐧𝐬𝐮𝐦𝐩𝐭𝐢𝐨𝐧 𝐨𝐟 𝐭𝐡𝐞 𝐬𝐮𝐛𝐬𝐭𝐫𝐚𝐭𝐞 (𝐦𝐦𝐨𝐥)

𝐀𝐦𝐨𝐮𝐧𝐭 𝐨𝐟 𝐭𝐡𝐞 𝐬𝐮𝐛𝐬𝐭𝐫𝐚𝐭𝐞 𝐮𝐬𝐞𝐝 (𝐦𝐦𝐨𝐥)
 

𝐒𝐞𝐥𝐞𝐜𝐭𝐢𝐯𝐢𝐭𝐲 (𝐒%) =
𝐓𝐡𝐞 𝐚𝐦𝐨𝐮𝐧𝐭 𝐨𝐟 𝐝𝐞𝐬𝐢𝐫𝐞𝐝 𝐩𝐫𝐨𝐝𝐮𝐜𝐭 𝐟𝐨𝐫𝐦𝐞𝐝 (𝐦𝐦𝐨𝐥)

𝐓𝐡𝐞 𝐚𝐦𝐨𝐮𝐧𝐭 𝐨𝐟 𝐚𝐥𝐥 𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐬 𝐟𝐨𝐫𝐦𝐞𝐝(𝐦𝐦𝐨𝐥)
 

3.4. HPLC analysis 

The decomposition of HCOOH on noble metal catalysts was exemplified by HPLC 

(Shimadzu). The sample was taken from the autoclave and filtered by a syringe filter. 

100μL liquid in each sample vial was then diluted by 1mL H2O and put in GC vial for 
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HPLC analysis. 50mM of KH2PO4/H3PO4 with pH = 2.0 was used as the buffer solution 

and mobile phase. The column used was prevail organic acid column, and the 

detector used was PDA (photo diode array) detector. 

3.5. Gas phase analysis 

In order to observe the effect of catalytic transfer hydrogenation, reactions at 

80°C with 20 bars nitrogen and 200°C with 1 bar air were conducted. The reason for 

nitrogen addition was to increase the gas amount to a detectable level above 5 bars 

since the temperature at 80°C was not favorable for formic acid decomposition into 

gaseous phase. Gaseous products were analyzed by Interscience Compact GC system. 

The columns used were Molsieve 5Å and Porabond Q column coupled with a thermal 

conductivity detector (TCD) and Al2O3/KCl column with a flame ionization detector 

(FID). A gas cylinder possessing a known amount of gas mixture was used as the 

internal standard for qualification and quantification of the gaseous products. 

3.6. TEM analysis 

TEM analysis was performed to understand the morphology and particle 

dispersion of the catalyst. Prior to the analysis, the catalyst sample was dissolved by 

EtOH in a sample vial and sonicated for 5min. TEM images were obtained by FEI 

Technai 20 transmission electron microscope with a LaB6 filament, and the 

acceleration voltage used was 200kV. 

3.7. BET analysis 

BET analysis was employed for observing the changes of porosity and surface 

area of the fresh and spent catalysts. The instrument used for BET analysis is 

Micromeritics 3020 Tristar II system. Catalysts were firstly subjected to pretreatment 

under N2 flow at 60°C for 3h. The adsorption-desorption isotherms were obtained by 

physisorption of N2 conducted at 77.3K. BET surface area (SBET) was derived by 

Brunauer-Emmet-Teller equation. Pore volume and pore size were calculated by 

Barret-Joyner-Halenda (BJH) method. 

3.8. Catalyst preparation (Pd/H-ZSM5, Pd/SiO2, Pd/TiO2) 

5wt% Pd-based catalysts incorporated with different supports were synthesized 

by impregnation method. To prepare Pd/H-ZSM5 and Pd/TiO2, 2.7mL of 10wt% 

tetraaminepalladium nitrate solution as the precursor and 2g support were placed in 

a 100mL round bottom flask and stirred with 30mL H2O for 2h at 30°C. EtOH was 

used as the solvent for Pd/SiO2 preparation. After stirring, evaporation of the solvent 

was carried out by rotatory evaporator. The solid remained was then dried in the 

oven at 100°C overnight. Next procedure was the calcination at 550°C for 6h in 

ambient environment. Reduction was the last step by which calcined sample was 

firstly treated with H2 flow (100mL/min) for 5min at room temperature, and then 
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heated to 200°C within 30min under H2 stream (100mL/min). The temperature was 

subsequently kept at 200°C for 1h, and decreased to room temperature at a rate of 

20°C/min. 

4. Results and discussion 

4.1. Hydrodeoxygenation of benzyl phenyl ether 

Carbon supported noble metal catalysts (Pd/C, Ru/C, Pt/C) have been reported 

active in hydrogenation of aromatics.[21] Hence, prior to the discussion of CTH for 

BPE, the conventional HDO technique was initially applied to investigate the catalytic 

activities of the catalysts considered. In the design of our experiments, low and high 

temperatures were both tested to monitor the catalytic behavior of Pd/C in different 

reaction conditions. Furthermore, different loadings of catalyst (5mg, 100mg) were 

also employed to examine the effect of catalytic activity in terms of catalyst amount. 

When 5mg of Pd/C was used in the presence of molecular hydrogen, 80°C was 

enough for achieving 75% conversion, while 200°C resulted in complete conversion 

(Fig 4.1(a)). At 80°C, BPE conversion preceded with selectivity of 45% to PhCH3, 42% 

to PhOH, and 2% to cyclohexanone (Cyc=O) most likely formed upon PhOH 

hydrogenation. When the temperature was increased to 200°C, not only 100% 

conversion could be reached but also hydrogenation products, namely methyl 

cyclohexane (methyl Cyc-H), cyclohexanol (Cyc-OH), and Cyc=O were able to be 

transformed from PhCH3 and PhOH yielding up to 68% selectivity in total. Selectivity 

of methyl Cyc-H was 37%, and it was 5% and 26% for Cyc-OH and Cyc=O.  

On the other hand, if 100mg Pd/C was utilized, nearly all of the PhOH was 

hydrogenated yielding 39% Cyc=O and 3% Cyc-OH at 200°C (Fig 4.1(b)). Overall 

selectivity of PhCH3 and its hydrogenated product was 41%. This proved that BPE was 

equally converted to its corresponding monomeric products with 42% from PhOH 

and 41% from PhCH3. More hydrogenated products (10% selectivity) were formed at 

80°C compared to low-loading case (2% selectivity). It was also observed that 

high-loading of Pd/C could enhance BPE conversion by 99% compared to 75% at 80°C. 

The conversion was also 100% at 200°C of high catalyst loading.  

Although conversion and hydrogenation could be promoted when 20 times 

weight of Pd/C was used, selectivity of unidentified products (UI) was noticeably 

raised from 8% to 39% at 80°C. It was also promoted by 10% at 200°C. In general, ca. 

90% of carbon balance could be attained for low-catalyst-loading case, while it was 

much lower when 0.1g Pd/C was introduced. This indicated that there was probably 

the adsorption of products or condensates caused by the absorbing behavior of the 

carbon support.[45] Enough extraction agent and extraction time were possibly 

needed to remove them from the catalyst surface.  
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Figure 4.1: Conversion and selectivity diagram of HDO for BPE *Reaction conditions: 

(a) 0.75mmol BPE, 6mL H2O, 5mg Pd/C, 1h, 20bar H2 (b) 0.75mmol BPE, 6mL H2O, 

100mg Pd/C, 1h, 20bar H2, Note: UI refers to the unidentified products which could 

not be detected in GC analysis and compensated for complete carbon balance.  

4.2. Catalytic transfer hydrogenation of benzyl phenyl ether 

BPE has the representative bond type (α-O-4) with the lowest dissociation 

enthalpy (~215kJ mol-1) compared to other classes of ether linkages found in 

lignin.[24] Hence, BPE was initially investigated for transfer hydrogenation assisted by 

HCOOH and three different catalysts in aqueous phase. In our examination, different 

ratios of BPE to HCOOH with 100mg Pd/C were initially applied to inspect the 

distinctions of catalytic performances affected by different acidities. Moreover, Ru/C 

and Pt/C were also employed to observe the reactivity of different noble metal 

catalysts.  

The conversion of BPE and the selectivity of the products catalyzed by Pd/C, 

Ru/C, and Pt/C are shown in Fig 4.2(a)-(c). Four different reaction conditions were 

achieved by altering the molar ratios of BPE-HCOOH from 1:2 to 1:20. As plotted in 

Fig 4.2(a), Pd/C displayed the highest activity at 80°C in water yielding PhCH3 and 

PhOH as the main monomeric products up to 40% selectivity. The lower selectivity at 

high acidities (BPE:HCOOH = 1:10 and 1:20) could be resulted from the increased 

concentration of HCOOH leading to the formation of unstable intermediates 

undergoing recombination. High loading of carbon-supported catalyst could be 

responsible for the adsorption of products, particularly for PhOH.[45] Hence, PhOH 

generally had lower selectivity than PhCH3. It was also found that conversion of BPE 

increased with increasing HCOOH amount which might due to the higher reaction 

rates at higher HCOOH concentrations.  
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Figure 4.2: BPE conversion and product selectivity catalyzed by (a)Pd/C, (b)Ru/C, and 

(c)Pt/C with HCOOH in deionized water *Reaction conditions: 0.75mmol BPE, 6mL 

H2O, 1.5-15mmol HCOOH, 100mg catalyst, 1h, 80°C 

On the other hand, Ru/C was incapable of generating monomeric products. 

There was only trace amount of PhOH present in the liquid sample which could not 

offset the moles of carbon converted from BPE, demonstrating that over 90% of the 

products remained unknown. In general, Ru/C was not remarkably affected by the 

varying pH values of the reaction media. Therefore, Ru/C was concluded as the 

catalyst with much lower activity than Pd/C for CTH.  

Although BPE conversion aided by Pt/C could also produce PhCH3 and PhOH, the 

conversion never surpassed 10%. In addition, the selectivity of unidentified fraction 

dominated the overall product selectivity up to 85% in 1:20 case. It was striking that 

1:4 ratio led to the lowest amount of UI compared to other cases. However, the 

carbon balance still could not reach 100%. Based on these results, we concluded that 

Pd/C was the catalyst with the most promising catalytic performance at such low 

temperature. However, for all of the results above, 100% carbon balance could not 

be accomplished. Thus, more investigation ought to be devoted to figure out these 

consequences.  

4.3. Extraction efficiency - carbon balance exploration 

Activated carbon (AC) has been known as a perfect adsorbent for low Mw 

organic compounds, in particular, for phenolics.[45] Its chemical heterogeneity 
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contributes to the adsorptive properties dramatically.[45] Oxygen and 

hydrogen-bearing functional groups are the main hetero-atoms on the surface, and 

their compositions might differ from the precursors used for the preparation of 

AC.[45] It should also be mentioned that the oxygen-containing functionalities are 

predominantly formed upon the exposure to the atmosphere after preparation, 

which contributes to the generation of acidic, neutral, and basic functional groups 

such as carboxylics, aldehydes, and ketones on the surface.[45] These functional 

groups were likely responsible for attracting the products formed after the α-O-4 

ether bonds of BPE were cleaved.  

Inspired by the fact that carbon balance of the samples for Pd/C cases could be 

achieved after several weeks by simply storing them in ambient environment, Pd/C, 

Ru/C, and Pt/C-catalyzed reactions with HCOOH were repeated to scrutinize the 

extraction efficiency of EA in the course of extraction time. 

Figure 4.3(a)-(d). are plotted for the comparisons of Pd/C-catalyzed reactions as 

a function of extraction time. The samples were placed in ambient condition for 1, 2, 

and 3 weeks and then compared with the ones which were only put for several hours. 

As can be observed in the graphs, carbon balance could reach over 90% and 80% for 

1:2 and 1:4 cases after one week compared to those were merely put for a couple of 

hours. It is worth noting that conversion of 1:2 and 1:4 cases could be achieved to 

100% after one week, indicating that BPE might be further converted to monomeric 

products by Pd/C and HCOOH in the sample vial. The better carbon balance could be 

ascribed to the extraction by EA in a slow fashion, as also verified by the better 

carbon balance in the cases of 1:10 and 1:20. However, it was also observed that the 

higher the quantity of HCOOH, the worse the carbon balance. We speculated that 

condensation could be dramatically promoted by high concentration of protons 

dissociated from HCOOH. 
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   (a) few-hours extraction               (b) 1-week extraction 
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   (c) 2-weeks extraction                (d) 3-weeks extraction 

Fig 4.3: Conversion and selectivity of Pd/C-catalyzed BPE conversion in the course of 

extraction time *Reaction conditions: 0.75mmol BPE, 6mL H2O, 1.5-15mmol HCOOH, 

100mg Pd/C, 1h, 80°C 

In contrast, 100% carbon balance for Ru/C was not able to be achieved although 

the samples were stored for three weeks (Fig 4.4). It is assumed that Ru/C was not 

active for CTH at such low temperature, and BPE was also considerably adsorbed on 

catalyst surface leading to the high degree of UI formation. The conversion of BPE 

detected initially of up to 20~30% was possibly caused by the adsorption of itself on 

AC, or the products gained were absorbed by AC in the liquid mixture. However, one 

should expect that there will be almost no conversion of BPE after long extraction 

since product selectivity was hardly to be measured. In other words, the color 

variation of the organic phase caused by either polymerization or condensation 

products leading to the conversion should be visible after three weeks. Thus, we 

proposed that the formation of condensation products were considerably absorbed 

by Ru/C, and they were not able to be seen on black carbon powder. Interestingly, 

there was less than 10% of benzyl alcohol selectivity detected after one week. This 

result could be due to hydrolysis of BPE by H2O to form benzyl alcohol and PhCH3 

because Ru/C was not active in HCOOH decomposition facilitating CTH. Although 

more PhCH3 and PhOH were detected after two weeks particularly for PhOH, carbon 

balance could hardly be completed. This demonstrated that Ru/C was not active in 

CTH condition. 
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   (a) few-hours extraction              (b) 1-week extraction 
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   (c) 2-weeks extraction                (d) 3-weeks extraction 

Fig 4.4: Conversion and selectivity of Ru/C-catalyzed BPE conversion in the course of 

extraction time. *Reaction conditions: 0.75mmol BPE, 6mL H2O, 1.5-15mmol HCOOH, 

100mg Pd/C, 1h, 80°C 

The extraction time for Pt/C exerted remarkable influence on the product 

distribution. As shown in Fig 4.5, the product selectivity generally increased with 

extraction time, particularly at low HCOOH concentration. Carbon balance reached 

complete for 1:4 ratio in two weeks as the fastest followed by 1:2 one. 100% carbon 

balance could even be completed at 1:10 ratio after three weeks. However, 1:20 ratio 

was probably too harsh to prevent the condensation of products. In sum, extraction 

by EA for all of the carbon-supported catalysts was shown to be a slow process when 

equal volume of H2O-EA was applied. 
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    (a) few-hours extraction            (b) 1-week extraction 
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        (c) 2-week extraction                 (d) 3-week extraction 

Fig 4.5: Conversion and selectivity of Pt/C-catalyzed BPE conversion in the course of 

extraction time *Reaction conditions: 0.75mmol BPE, 6mL H2O, 1.5-15mmol HCOOH, 

100mg Pd/C, 1h, 80°C 

Since most of the carbon-supported catalysts were shown to absorb products, 

activated carbon was employed as a benchmark to study the behavior of adsorption 

effect for BPE conversion. The result was compared to the experiment with the same 

reaction condition using 5wt% Pd/C as the catalyst. As can be seen in Table 4.1, using 

AC only resulted in trace amount of PhCH3 and 8% of PhOH. Since conversion was 

only 7%, we proposed that AC was not active for CTH, and most of BPE and its 

products were adsorbed by AC leading to 92% of UI formation. Therefore, palladium 

particles were indispensable components affording CTH by preventing the generation 

of UI because equivalent monomeric products, PhCH3 and PhOH were obtained. 

Therefore, results shown from section 4.5 will be based on extraction after three 

weeks using Pd/C as the catalyst. Prior to the discussion of other reaction conditions 

applied, the mechanism of BPE conversion will be firstly proposed in Section 4.4. 

Table 4.1: Comparison of BPE conversion by using AC and Pd/C 

 

Catalyst 

 

X% 

S% 

    

 

UI 

 

AC 7 ----- ----- <1 8 92 

Pd/C 100 <1 1 50 50 ----- 

*Reaction conditions: 0.75mmol BPE, 6mL H2O, 3mmol HCOOH, 100mg catalyst, 1h, 

80°C 

*Samples were collected and then analyzed after one month 

4.4. Mechanism of catalytic transfer hydrogenation 

Based on the product distribution, the simplest mechanism proposed for BPE 

conversion at 80°C with HCOOH and Pd/C can be expressed in Fig 4.6 below. Pd/C 
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plays a crucial role that formate dissociated from HCOOH can be activated on active 

site to release CO2 and hydride, which is then attached to itself.[41] BPE is 

simultaneously ionized by proton to form carbocation and PhOH. The carbocation, 

which is cationic C7H7
+ specie, can be consequently stabilized by hydride liberated 

from Pd active site to generate PhCH3. For the final step, Pd with oxidation state -1 is 

reduced to 0, which can be continuously used for conversion of the upcoming 

substrate. Hydrogenated products formed in the cases of Pd/C could be ascribed to 

hydrogenation by H2 obtained from HCOOH decomposition since Pd/C has been 

reported highly active in HCOOH decomposition to form H2 and CO2.[34] 

 

Fig 4.6: The proposed mechanism of CTH for BPE catalyzed by Pd/C and HCOOH 

4.5. Effects of acid and base addition 

For the screening of H-donors, the addition of different acid or base was also 

examined. In the case of acid addition, hydrochloric acid (HCl) was added to the 

mixture with 3mmol formic acid (1:4 BPE:HCOOH) to adjust the pH to the same level 

as 1:20 ratio, and the result was compared with 1:20 case. In essence, the role of 

HCOOH was predominantly replaced by HCl.  
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 (a)  (b) 

Figure 4.7: (a) The sample of HCl addition to 1:4 BPE:HCOOH after extraction (b) The 

sample of 1:20 BPE:HCOOH after extraction  

The influence of HCl is represented in Table 4.2 along with 1:20 case. Complete 

conversion of BPE could be achieved in both cases; however, HCl addition led to 

lower selectivity towards monomeric products. Selectivity of PhCH3 and PhOH was 

only 25% and 26% respectively, while it was 36% and 31% for 1:20 case. Furthermore, 

UI was also promoted with HCl addition. This consequence was proposed to be 

affected by the presence of Cl- ionized from HCl in the reaction medium. Pd particles 

could be leached from AC by chloride resulting in deactivation of catalytic activity. 

Surprisingly, the color of the liquid sample became greenish compared to the sample 

with merely HCOOH addition, which indicated that Pd might be removed from AC to 

form palladium salt dissolved in water (Fig 4.7). Vacant sites on AC which were 

originally belonged to Pd were probably occupied by the products thus more UI was 

observed. Another scenario proposed was that catalytic activity of Pd/C was probably 

deprived leading to promotion of condensation. Therefore, HCl was not a suitable 

H-donor for CTH. 

Table 4.2: The comparison between two different reaction conditions using external 

acid source (Reaction time = 1h, T= 80°C, 6mL H2O, 100mg Pd/C) 

 

Reaction condition 

 

X% 

S% 

   

 

  

UI 

1:4 BPE:HCOOH 

+ 1mL HCl 

(pH=1:20 BPE:HCOOH) 

100 <1 <1 <2 25 26 46 

1:20 BPE:HCOOH 100 <1 <1 <2 36 31 29 

Various formate salts have also been reported as promising sources for transfer 

hydrogenation.[35, 39] Amongst the salts employed, potassium formate has been 
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revealed as the most suitable candidate in one research due to the ionic nature of 

potassium.[35] Therefore, various amounts of potassium hydroxide (KOH) were 

implemented with HCOOH to investigate the influences of different pH values ranging 

from 3.2 to 12 (Table 4.3). 

Table 4.3: Different pH values adjusted by different ratios of KOH to HCOOH 

KOH (mmol) HCOOH (mmol) Ratio (KOH/HCOOH, BPE = 1) pH 

0.375 3 0.5/4 3.2 

3 3 4/4 5.5 

3.6 3 4.8/4 7 

3.75 3 5/4 8.5 

7.5 3 10/4 12 

----- ----- ----- 5.5 (DI water) 

*DI water: deionized water 

It can be seen from Fig 4.8 that hydrogenated products (Cyc-OH, Cyc=O) were 

noticeably formed compared to the absence of KOH depicted as points A and B (A: 

1-4 BPE-HCOOH, B: 1-2 BPE-HCOOH). Selectivity of Cyc=O reached the highest at pH 

= 8.5 by 21%, while it was 10% as the highest for Cyc-OH at pH = 12. The significant 

drop of PhOH selectivity with KOH addition was assumed contributing to the 

production of its hydrogenated products, namely Cyc-OH and Cyc=O. This 

phenomenon could be attributed to the synergy of HCOOK and H2O followed by the 

catalytic reaction promoted by Pd/C which is illustrated in Scheme 4.1.[35] As shown 

in the mechanisms below, hydrogen can be generated in-situ for hydrogenation of 

the substrate owing to the catalytic contributions from water and Pd/C. 

 

Scheme 4.1: The proposed mechanism of hydrogenation for substrate involved by 

formate and water [35] 

In our cases, PhOH acted as an intermediate which was further reduced by H2 to 

Cyc=O and Cyc-OH assisted by HCOOK formed from the neutralization of HCOOH and 

KOH. The overall mechanism from BPE conversion can be described in Scheme 4.2. 

Compared to the cases without KOH, HCOOH tends to be ionized to H+ and HCOO- at 

low temperature. Thus, hydrogenated products were formed in a much lesser extent. 

It is also worth stating that in the relatively neutralized conditions (pH=5.5, 7, and 

8.5), UI selectivity was promoted by a greater level up to 43%. This effect could be 

explained by the influences of different pH values affecting the surface coverage of 

activated carbon.[45] It was postulated that at high pH value, PhOH was 
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deprotonated to phenolate leading to the repulsion between catalyst surface and 

itself since the reaction medium was anionic. Moreover, PhOH adsorption was also 

reduced at low pH value compared to neutral condition because the protons formed 

in-situ could compete with the carbonyl sites responsible for absorbing PhOH on the 

surface of AC.[46] Compared to our studies, it could be concluded that higher UI 

formation at milder conditions (pH = 5.5, 7, 8.5) was due to PhOH adsorption giving 

rise to the decline of its selectivity. However, higher selectivity of PhOH was observed 

at harsher conditions (pH = 3.2, 12) owing to the inhibition caused by proton 

adsorption at low pH value and repulsion of phenolate with anionic surface at high 

pH value. Thus, PhOH could significantly contribute to the formation of hydrogenated 

products at intermediate pH values when it was absorbed on the active sites of the 

catalyst. The adsorbing behavior of PhCH3 could be caused by the instable nature of 

its ionic state after BPE was heterolytically cleaved by HCOOH. Hence, it was prone to 

be adsorbed by the functional groups on AC.  

 

Scheme 4.2: Possible reaction pathway of BPE conversion with KOH and HCOOH 
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Figure 4.8: Pd/C-catalyzed BPE conversion and selectivity with KOH and HCOOH 

addition in the course of extraction time *Reaction conditions: 0.75mmol BPE, 6mL 

H2O, 3mmol HCOOH, 0.375-7.5mmol KOH, 100mg Pd/C, 1h, 80°C  
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4.6. Catalytic transfer hydrogenation of diphenyl ether and guaiacol 

Apart from CTH of BPE, DPE and GUA were also applied by using Pd/C. Unlike 

the bond energy of BPE (~215kJ mol-1), DPE has a much higher bond enthalpy (330kJ 

mol-1)[24], and GUA has a more complicated structure possessing methoxy and 

hydroxyl groups with different reactivity. Table 4.4 shows the results of DPE and GUA 

conversion. As can be seen here, Pd/C was less active in cleaving 4-O-5 bond of DPE. 

Semi-hydrogenated product was detected in GC with 39% selectivity together with 

minor products such as Cyc=O, Cyc-OH, Cyc-H, and PhOH. Since there were 

monomeric products present, effect of CTH could be somewhat exerted by HCOOH. It 

could be implied that DPE was converted in the same manner as that for BPE shown 

in Fig 4.6. First of all, proton was dissociated from HCOOH then attached to the 

oxygen atom of DPE. Secondly, the cleavage of 4-O-5 bond could be accomplished to 

form benzene and PhOH. The existence of Cyc-H was postulated to be hydrogenated 

from benzene, while Cyc-OH and Cyc=O were hydrogenated from PhOH. Much lower 

selectivity of Cyc-H derived from benzene was probably due to condensation or 

adsorption of cationic C6H5
+ species by AC, which could explain the considerable 

formation of UI.  

Conversion of GUA was even lower, and the products obtained were in principal 

unknown. 2-methoxycycloheanone was the main hydrogenated product converted 

from GUA with 22% selectivity, whereas little amount of PhOH was obtained by 

demethoxylation of GUA. Cyc=O was basically hydrogenated from PhOH. The 

circumstance that UI dictated the product distribution could be ascribed to the 

effects of the substituents. It was argued by Yonge et al. that substituents like ethyl 

and methoxy groups could induce stronger adsorption towards AC.[47] It was also 

stated by Mattson et al. that a withdrawing agent such as nitro group attached to 

PhOH could reduce the electron density on aromatic ring leading to irreversible 

adsorption on AC.[48] In addition, It was established that the more the 

hydrophobicity of the substituent, the higher the adsorption capacity of phenolics 

towards AC.[45] Hence, it is reasonable that GUA with a hydrophobic and 

electron-withdrawing methoxy group could enhance the adsorption on AC compared 

to PhOH derived from BPE. Although the ether bonds of DPE and GUA could not be 

efficiently cleaved in the presence of Pd/C and HCOOH, it is of potential that they 

could be fully hydrogenated with extended reaction time instead of using molecular 

hydrogen.  
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Table 4.4: BPE, DPE, and GUA conversion in aqueous phase 

 

 

Reactant 

 

 

X% 

S% 

 

  

 

 

    

UI 

BPE 100 ----- ----- 7 34 41 ----- ----- 18 

DPE 23 2 5 10 ----- 2 ----- 39 42 

GUA 12 ----- ----- 5 ----- 2 22 ----- 71 

*Reaction conditions: 6mL H2O, 3mmol HCOOH, 100mg Pd/C, 1h, 80°C 

4.7. Exemplification of catalytic transfer hydrogenation 

4.7.1. Gas phase analysis 

In order to prove the effect of CTH, gas phase analysis was carried out to 

observe the sole presence of CO2 after quenching of the autoclave since it was 

reported that CO2 was the only gaseous product formed after CTH.[41] Table 4.5 

summarizes the gases detected by compact GC for low and high temperature cases. 

At 80°C, only CO2 was detected for all of the catalysts, which proved that CTH 

dominated the condition of the reaction. However, there were both H2 and CO2 

formed at 200°C for Pd/C, which pointed out that decomposition of HCOOH to H2 

and CO2 was promoted at high temperature. Thus, HCOOH could mostly be ionized 

and served as the hydrogen donor for CTH at 80°C. It is worth noting that H2 was 

probably consumed for ring hydrogenation resulting in lower composition than CO2. 

Negligible amount of gas produced (not shown in Tab 4.5) at 200°C for Ru/C and Pt/C 

could be due to the catalytic properties that these two catalysts were much less 

active than Pd/C for HCOOH conversion. 

Table 4.5: Gas phase analysis after quenching of the autoclave 

Catalyst Gas composition (%) 

H2 CO CO2 CH4 C2H6 

Pd/Ca N/A N/A 1.9 ----- ----- 

Ru/Ca N/A N/A 0.8 ----- ----- 

Pt/Ca N/A ----- 0.3 N/A N/A 

Pd/Cb 17.3 0.5 28.2 0.1 1 

*Reaction conditions: 0.75mmol BPE, 6mL H2O, 3mmol HCOOH, 100mg catalyst, 1h 

a. 80°C, 20bar N2 was purged before reaction, b. 200°C, 1bar air 

4.7.2. HPLC analysis for formic acid conversion 

In order to verify that Pd/C is the catalyst with the highest reactivity for HCOOH 

conversion towards CTH, the samples of fixed ratio of BPE to HCOOH (1:4) for Pd/C, 

Ru/C, and Pt/C cases were filtered. The pure liquid samples were then analyzed by 
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HPLC. The degree of HCOOH conversion for different catalysts is shown in Table 4.6. 

As expected, 35% conversion of HCOOH was the highest with Pd/C, followed by 10% 

with Pt/C and 2% with Ru/C. This consequence indicated that Pd/C was the most 

active catalyst for HCOOH conversion for CTH. 

In addition, blank reactions were also performed to observe the HCOOH 

decomposition rate in the absence of the reactant. It was found that when the 

substrate was removed from reaction medium, turnover number (TON) of HCOOH 

was noticeably elevated by three times compared to BPE conversion when Pd/C was 

used. HCOOH conversion was also enhanced by 7% for Pt/C, and 4% for Ru/C 

respectively. This result could be attributed to the blocking of active sites by reactive 

phenolic intermediates and water molecules tending to be adsorbed on catalyst 

surface. Thereby, the conversion rate was inhibited as a consequence.[45] In sum, it 

could be concluded once again that Pd/C was the most appropriate 

carbon-supported heterogeneous catalyst for CTH at low temperature. 

Table 4.6: Conversion of formic acid decomposed by different catalysts 

Catalyst Initial [HCOOH] 

(mM) 

Final [HCOOH] 

(mM) 

Conversion (%) TONb 

Pd/C 45 29 35 7.4 

Pd/Ca 47 2 96 21 

Ru/C 46 45 2 0.5 

Ru/Ca 45 42 6 1.2 

Pt/C 46 41 10 2.2 

Pt/Ca 47 39 17 3.6 

*Reaction conditions: 0.75mmol BPE, 6mL H2O, 3mmol HCOOH, 100mg catalyst, 1h, 

80°C 

a. Blank reaction without BPE, b. HCOOH consumed (g)/[Pd/C used (g)*reaction time 

(h)] 

4.8. Blank reactions 

In order to compare the catalytic effects of Pd/C and HCOOH, BPE conversion 

was performed in the blank conditions without Pd/C and HCOOH or only with 

HCOOH. In Table 4.7, it was found that higher temperature promoted the degree of 

conversion from 12% to 56% (Entry 1 and 2). When the reactions were conducted in 

round-bottom flask, conversion was also enhanced by 24% with longer reaction time 

(Entry 3 and 4). It could be concluded that autoclave accelerated the reaction rate 

proven by the higher conversion compared to the one in round-bottom flask (Entry 1 

and 3), which could be due to the catalytic effect of stainless steel as the material of 

the autoclave. However, most of the products were unclear and denoted as UI for all 
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of the cases. As shown in Fig 4.9, it was possible that water promoted condensation 

mechanism substantially at 200°C causing the color of liquid changing from 

transparent to yellow. The black substances generated at 200°C between organic and 

aqueous layer might be condensation products, or so called “UI”. 

 
Fig 4.9: The difference in color of blank reactions at 80°C (left) and 200°C (right) 

Table 4.7: Conversion of BPE in blank reaction conditions 

 

Entry 

 

Temperature (°C) 

 

Reaction time (h) 

 

X% 

S% 

  

 

 

  

UI 

 

1 80a 1 12 <1 <1 99 

2 200a 1 56 <1 <1 99 

3 80b 1 3 <1 <1 >99 

4 80b 16 27 <1 <1 >99 

*Reaction conditions: 0.75mmol BPE, 6mL H2O 

a. Reaction in autoclave, b. Reaction in round-bottom flask 

Although BPE conversion could be achieved to 74% at 200°C instead of 5% at 

80°C in the presence of HCOOH, the product selectivity of monomerics was still very 

trivial that most of the carbonaceous substances remained undetectable (Tab 4.8). 

Formation of benzyl alcohol and GUA could be caused by hydrolysis of BPE and 

substitution reaction of PhOH. These consequences could result from the 

disappearance of the catalytic effect exerted by Pd/C. Supposed that HCOOH was 

partially ionized to form proton and formate, the latter specie could not be 

dissociated by Pd/C to form hydride and carbon dioxide closing the catalytic cycle of 

CTH shown in Fig 4.6. Thus, cationic species left in the reaction medium tended to 

condensate, polymerize or to be absorbed by AC leading to poor carbon balance. In 



35 
 

contrast, carbon balance could reach 100% when Pd/C was added. The main 

products were 44% PhCH3 and 48% PhOH which were certainly converted via the 

mechanism of CTH. Therefore, it can be concluded that Pd/C is an essential role for 

catalytic transfer hydrogenation. 

Table 4.8: Conversion of BPE in blank reaction conditions with HCOOH 

 

Temperature 

(°C) 

 

Reaction 

time (h) 

 

X% 

S% 

 

 

 

 

  

 

UI 

 

80 1 5 ----- 2 ----- ----- 98 

200 1 74 <1 2 2 <1 95 

80 1 100 44 48 ----- ----- 8 

*Reaction conditions: 0.75mmol BPE, 1.5mmol HCOOH, 6mL H2O 

4.9. Catalytic effects of different supports 

Pd/C was concluded as the catalyst with the highest activity for CTH in our 

investigation. However, due to the character of AC for strong adsorption of organics 

on the surface, we expanded our study by using different supports. Thus, 5wt% of Pd 

supported on H-ZSM5, SiO2, and TiO2 were synthesized by wet impregnation method 

to examine the catalytic properties compared with Pd/C. All of the samples were 

analyzed after one week of extraction. For all of the catalysts employed for BPE 

conversion, over than 80% of carbon balance could be completed. It was even close 

to 100% for Pd/TiO2. As shown in Figure 4.10, conversion of BPE was much lower for 

all of the catalysts compared to Pd/C. The conversion was around 20% for Pd/SiO2 

and Pd/H-ZSM5, while it was only 5% for Pd/TiO2. These results were in line with the 

results of Feng et al.[41] that transfer hydrogenation rate of MBA was lower on 

Pd/SiO2, Pd/TiO2, and Pd/Na-Y than Pd/C. In addition, conversion of MBA was <20% 

on both Pd/SiO2 and Pd/TiO2, and it was ca. 22% on Pd/Na-Y while Pd/C led to 

complete conversion of MBA with 99% selectivity of EB.[41] Previously, it was also 

shown that high surface acidity and high surface area of the support material was 

required for selective hydrogenolysis of MBA.[41] This could be ascribed to the 

presence of different functional groups on the supports with different Lewis acidities 

affecting the conversion route of BPE. 

In our studies, nearly equal molar of PhCH3 and PhOH could be obtained on 

Pd/TiO2. Pd/SiO2 even displayed the hydrogenation activity that 6% of Cyc=O could 

be derived from PhOH. However, conversion of BPE on Pd/H-ZSM5 did not favor ring 

hydrogenation where selectivity of PhOH and PhCH3 was 43% and 40%, respectively. 

As a result, we illustrated that adsorption of organic products onto AC was promoted 
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more significantly. In sum, it can be concluded once again that Pd/C was the most 

active catalyst for CTH. However, the character of AC for chemisorption should be 

resolved. 

Pd/TiO2 Pd/SiO2 Pd/H-ZSM5 Pd/C
0

10
20
30
40
50
60
70
80
90

100
C

on
ve

rs
io

n 
(%

)

Catalyst

 Conversion
 Cyc=O
 toluene
 PhOH
 UI

0
10
20
30
40
50
60
70
80
90
100

Se
le

ct
iv

ity
 (%

)

 
Figure 4.10: BPE conversion and selectivity using different Pd-based catalysts 

*Reaction conditions: 6mL H2O, 3mmol HCOOH, 100mg catalyst, 1h, 80°C (1 week 

extraction) 

4.10. Lignin conversion 

After the screening of reaction conditions, the optimal condition (80°C, 1:2 

BPE:HCOOH, 100mg Pd/C) was applied on lignin conversion since complete 

conversion and high selectivity of desired products could be obtained. Moreover, 

carbon balance could be completed in the fastest way. Protobind lignin was used as 

our feedstock, and the conversion was conducted in 50mL autoclave at 200°C. The 

products primarily obtained from lignin were detected in GC-MS and shown in Fig 

4.11. Apparently, the products were all oxygen-containing compounds, which 

indicated that the parent lignin did not undergo deoxygenation. Quantification of 

these products was not capable of conducting because each product was very 

traceable detected in GC-FID. 
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Fig 4.11: The products obtained from lignin conversion; A: Phenolic components, B: 

Guaiacyl components, C: Others *Reaction conditions: 3.125mmol Protobind lignin, 

6.25mmol HCOOH, 25mL H2O, 0.42g Pd/C, 3h, 200°C 

Gas phase analysis was also carried out to analyze the distribution of gaseous 

products. As plotted in Fig 4.12, H2 and CO2 comprised the major fractions of gases 

which could be mainly dissociated from HCOOH at 200°C. Limited formation of CO 

could be inhibited by the presence of water in the bulk medium based on Le 

Chatelier’ principle. Water, as the solvent, could suppress the dehydration of HCOOH 

into CO and H2O shown in Scheme 2.1. Since there was almost no formation of 

hydrogenated product, H2 and CO2 generated by HCOOH decarboxylation remained 

in unity that the overall composition was dominated by 32% H2 and 30% CO2. 

However, H2O formed afterwards was not detectable since it was condensed to liquid 

phase during the quenching of the autoclave. Except for 0.8% of methane, there was 

in principle no other gas produced, suggesting that the native lignin remained 

undecomposed after the reaction. 
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Fig 4.12: Distribution of gases formed after lignin conversion detected in compact GC 

*Reaction conditions: 3.125mmol Protobind lignin, 6.25mmol HCOOH, 25mL H2O, 

420mg Pd/C, 3h, 200°C 

5. Catalyst characterization 

Since AC was claimed as an adsorbing reagent for phenolic compounds and also 

used in our studies, BET surface analysis and TEM were subsequently applied to 

measure and observe the changes of surface porosity and morphology. 

5.1. TEM measurement 

TEM analysis was executed for fresh and spent catalysts to observe the 

morphology transformation or the change of particle size. 5wt% fresh Pd/C was 

compared with the spent catalysts filtered and collected from the samples with the 

harshest conditions (highest and lowest pH values). Fig 5.1 demonstrates the TEM 

images of these three catalysts. It can be observed that Pd particles were 

well-dispersed on the support of fresh catalyst, while particle agglomeration might 

exist for spent catalysts causing wider distribution of the particle size. This 

phenomenon could be attributed to the contribution from the acidity of HCOOH or 

the basicity of KOH as the nature of the samples. 
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(a)                               (b) 

  
(c) 

Figure 5.1: TEM images of (a) 5wt% fresh Pd/C, (b) 5wt% spent Pd/C (1:20 

BPE:HCOOH), and (C) 5wt% spent Pd/C (1:10:4 BPE:KOH:HCOOH) 

Particle size distribution for all of the samples was also presented in Fig 5.2 as a 

function of frequency. Fresh catalyst had the smallest mean particle size d = 2.73nm, 

while the one collected from KOH-HCOOH mixture was the largest (d = 4.38nm). 

Particle size of the sample obtained from acidic condition was the intermediate one 

(d = 3.28nm). This suggested that basic condition facilitated agglomeration more 

greatly than acidic condition. However, the presence of adsorbates was not able to 

be verified since the morphology was the only parameter can be observed by TEM.  
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Figure 5.2: Particle size of fresh and spent Pd/C plotted as a function of frequency 

(a) Fresh 5wt% Pd/C, (b) Spent 5wt% Pd/C (BPE:HCOOH = 1:20), (c) Spent 5wt% Pd/C 

(BPE:KOH:HCOOH = 1:10:4) 

5.2. BET analysis 

It has been reported that AC could facilitate adsorption of organic products[45] 

or condensates derived from polymerization. Thus, fresh and spent catalysts were 

also analyzed by BET to compare the changes of porous properties after the reactions. 

As given in Table 5.1, SBET for fresh Pd/C was 620m2/g, while it was 530m2/g for 1:20 

(BPE:HCOOH) and 462m2/g for 1:10:4 (BPE:KOH:HCOOH) samples. It was found that 

surface area of the catalyst decreased only by 90m2/g after HCOOH addition, while 

there was a more pronounced reduction of surface area of 158m2/g for KOH addition. 

Apparently, harsh reaction conditions influenced the surface of the catalyst causing a 

decrease on surface area. This might be due to the morphological transformation 

after strong acid or base treatment in the course of reactions. Furthermore, it was 

indicated that BJH pore volumes of the spent catalysts were decreased compared 

with the fresh one. This might be caused by the agglomeration of Pd particles 

reducing the volume of active sites, which was also in line with the result that fresh 

catalyst was the one with the largest porosity. Although there was a small drop of 

adsorption average pore width compared to desorption one, the results calculated by 

BJH method did not change significantly.  
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Table 5.1: Surface area, pore volume and size for fresh and spent Pd/C catalysts 

 

Sample/Surface Properties 

5wt% 

fresh 

Pd/C 

5wt% spent Pd/C  

(1:20 

BPE:HCOOH) 

5wt% spent Pd/C  

(1:10:4 

BPE:KOH:HCOOH) 

BET surface area (m2/g) 620 530 462 

BJH adsorptive cumulative volume 

of 2-50nm pores (cm3/g) 

0.35 0.33 0.3 

BJH desorptive cumulative volume 

of 2-50nm pores (cm3/g) 

0.4 0.37 0.34 

BJH adsorption average pore 

width (nm) 

5.07 4.97 5.02 

BJH desorption average pore 

width (nm) 

5.33 5.27 5.22 

*N2 was the adsorption gas, and the bath temperature was 77.3K 

6. Conclusion and outlook 
Catalytic transfer hydrogenation has been intensively developed to mitigate the 

requirements of gaseous hydrogen and harsh conditions for hydrodeoxygenation. In 

our studies, 100% conversion of BPE was achieved to produce equivalence of PhCH3 

and PhOH with HCOOH and Pd/C at 80°C within one hour. However, UI formation 

caused by the product adsorption on AC increased proportionally with the quantity 

of HCOOH applied. It could be ascribed to the recombination or polymerization of 

the intermediates facilitated by acidic condition. Although the amount of UI was 

gradually reduced in the course of extraction time, this trend did not change 

significantly after three weeks that 30% of UI still remained at 1:20 BPE:HCOOH. Thus, 

the lower the amount of HCOOH, the more stable of the products derived. The 

adsorption effect could even be evidently observed when KOH was applied with 

HCOOH. The milder the reaction condition, the more products could be absorbed. 

Protons present at extremely acidic condition resulted in blocking of active sites, 

while the anionic nature of reaction medium at high pH value led to the repulsion 

between phenolate and negatively charged surface. Thus, the adsorption of PhOH at 

moderate conditions could contribute to the formation of its hydrogenated products 

of up to 25% selectivity for Cyc=O and Cyc-OH at pH 8.5. 

In contrast to Pd/C, Pt/C and Ru/C showed much lower activity towards CTH. 

The conversion of BPE never reached 15% for Pt/C, while it was 25% as the highest 

for Ru/C. Therefore, it can be concluded that Pd/C was the catalyst with the highest 

activity for CTH. This finding was confirmed by HPLC analysis that HCOOH was 

consumed the most in blank reaction. Moreover, CO2 as the only gaseous product 
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formed could rationalize the fact that CTH dictated the reaction pathway for BPE 

conversion.  

Because Pd/C was argued as the most suitable catalyst, DPE and GUA were 

tested with determined HCOOH amount. Nevertheless, they could not be efficiently 

cleaved since their bond types were much more recalcitrant. The major products 

obtained were hydrogenated and semi-hydrogenated moieties from GUA and DPE 

respectively. However, this implied that HCOOH could serve as a promising hydrogen 

source for hydrogenation of aromatics instead of using external molecular hydrogen.  

Different Pd-based catalysts (Pd/H-ZSM5, Pd/SiO2, Pd/TiO2) were synthesized 

and compared with Pd/C. However, they displayed much lower activity that only 20% 

of conversion could be achieved for Pd/SiO2 and Pd/H-ZSM5 in one hour, while it was 

only 5% for Pd/TiO2. Thus, we chose Pd/C with the lowest quantity of HCOOH in 

aqueous phase as the reaction condition for lignin conversion since Pd/C had the 

highest reactivity. However, when this condition was applied for lignin, only trace 

amount of monomeric products like Guaiacyl components and phenolics could be 

detected. This indicated that the reaction condition applied was not enough for 

deoxygenation or even depolymerization. Numbers of factors like the interactions 

among substrate, catalyst support, solvent, and hydrogen donor influencing the 

reaction mechanism ought to be figured out for lignin conversion. 
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