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Chapter 1 

General Introduction 
 

1.1 Transformation of Natural Triglycerides into Biofuels 

To reduce dependence on petroleum and increase related concerns about global 

environmental conservation, transition of feedstock from petroleum to biomass has 

become highly desirable.1 Biomass such as rice straw and vegetable oils can be 

transformed into biofuels or petrochemicals through chemical conversions. 

Compared to fossil fuels, biofuels are a kind of more sustainable and cleaner energy 

carrier; they are naturally carbon neutral and thus substantially cut the CO2 emissions. 

Only trace amounts of S and N exist in biofuels, which could radically resolve those 

environmental problems originated from S- and N- containing pollutants in 

petroleum-derived transportation fuels. Among many renewable resources, 

triglyceride- or fatty acid-containing bioresources, e.g., vegetable oils, microalgae 

oils, animal fats and waste cooking oils, have advantages of high energy density and 

structural similarity to petroleum-based fuels. However, directly using these 

compounds for diesel engines would cause many problems including carbon deposits, 

coking on the injectors and oil ring sticking due to their high viscosity, low volatility, 

and the presence of a large number of unsaturated bonds. As a result, three upgrading 

routes, i.e., catalytic cracking, transesterification and catalytic deoxygenation, have 

been proposed to produce bio-fuels from triglycerides (Scheme 1.1). 

 

 

Scheme 1.1 Main routes for upgrading natural triglycerides. 
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Transesterification is the major commercial process for triglycerides upgrading. 

Products from this process are fatty acid methyl esters (FAMEs), the so-called first 

generation biodiesel fuel (BDF). BDF is mostly popular in Europe because of its strict 

environmental regulations and the highest share of diesel-engine-driven cars in the 

world. Transesterification can be catalyzed by acid catalysts, base catalysts or 

enzymes. Because of the high activity of alkaline catalysts such as sodium and 

potassium hydroxide, they were employed as the first generation catalysts for 

commercial transesterification processes. Unfortunately, a side reaction, i.e., 

saponification of fatty acids, simultaneously occurs in the presence of an alkaline 

catalyst, resulting in additional requirements of neutralization and separation. In this 

sense, solid acid catalysts are developed to tackle this problem. However, acid 

catalysts showed much lower activity, requiring a higher reaction temperature and 

longer reaction time, which would significantly raise the process cost. Consequently, 

development of an efficient acid catalyst is of importance prior to extensive scale-up.  

Catalytic cracking is usually operated at a relatively high temperature, i.e., 350

−550 oC, and under atmospheric pressure. Catalysts used for this process possess a 

strong acid function. To our knowledge, catalytic cracking processes of triglycerides 

date back to the 1920s. Early researches used Al2O3 or MgO as a catalyst to 

decompose the large molecule at high temperatures (400−500 oC). New generation 

catalysts based on amorphous aluminosilicates and zeolites (e.g., HZSM-5, HBEA, 

USY and SAPO-5) have been developed. Owing to their strong acidity and special 

pore structures, the reaction temperature could be lowered, down to 350−450 oC. 

Main products of acid-catalyzed cracking reaction are hydrocarbon gases (C3−C5), 

organic liquid products (OLP, i.e., a mixture of aliphatic and aromatic hydrocarbons) 

and coke. Obviously, OLP are the most desired products for potential fuels and 

petrochemicals. Hierarchically structural materials such as HZSM-5/MCM-41 and 

HZSM-5/SBA-15, which have a composite microporous/mesoporous structure, have 

been employed to decrease the formation of gaseous products and coke, thereby 

enhancing the OLP yield. Although many studies have been done for this process, 

low selectivity of the desired product limits its application to a large-scale process. 
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Hydrotreating of natural triglycerides is receiving increased attention in the 

context of upgrading bio-based feedstocks. Triglycerides can be converted into 

diesel-like hydrocarbons, which are entirely fungible with fossil fuels. In addition, 

the hydrotreating process would require minimal changes in the present 

infrastructure; the equipment used for petroleum refining can be conveniently 

employed for hydrotreating of triglycerides. In hydrotreating of triglycerides, two 

major reaction pathways have been proposed: hydrodeoxygenation (HDO) and 

decarbonylation (DCO).2, 3, 4, 5, 6, 7, 8 Example reactions are displayed in Scheme 1.2. 

For the HDO route, oxygen is removed as water, and the resulting hydrocarbons have 

the same carbon numbers with the corresponding fatty acid bound in the original 

triglyceride. In contrast, DCO refers to a route where the oxygen in the carboxylic 

acid group is removed as CO and H2O, generating hydrocarbons with one carbon 

atom lesser than the corresponding fatty acid chain. A deoxygenation reaction 

proceeds via a DCO route would reduce the liquid product yield by approximately 

5%. In contrast, DCO would be superior to HDO when considering the hydrogen 

consumption.  

 

Scheme 1.2 General reaction pathways in hydrotreating of triglycerides. 

 

Several reviews dealing with the deoxygenation of triglyceride-related 

compounds have been published. Most of them focused on the process such as 

reaction conditions and feedstocks rather than catalysis. However, catalysis is a major 

science behind sustainable energy, and whatever the energy source is, a clean and 

sustainable energy future will involve catalysis.9 In this chapter, recent studies 
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(mainly within 5 years) concerning the fundamental of catalysis for hydrotreating of 

triglycerides and related model compounds (hereafter denotes as TG-related 

compounds) were reviewed. These studies are particularly useful in comparing the 

performance of catalysts, especially in understanding the reaction kinetics and 

mechanism. The chapter will be divided into two main sections based on the reaction 

in hydrotreating of TG-related compounds. In the first part, deoxygenation reactions 

with special attention on research that aimed at understanding deoxygenation 

mechanisms over different types of metal catalysts are reviewed. The nature of 

supported metals and the way of promoting deoxygenation rate are discussed. 

Mechanisms, reaction pathways and structure-function relationships are emphasized. 

The second section will focus on those catalysts that used in the simultaneous 

deoxygenation-isomerization of TG-related compounds to produce green diesel fuels 

with good cold flow properties. The catalytic performance in this tandem reaction is 

strongly dependent on the property of support. Therefore, the nature of supports (i.e., 

acidity and porosity) becomes the main consideration. 
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1.2 Deoxygenation of Triglyceride-Related Compounds over Transition Metal 

Sulfide (TMS) Catalysts 

TMS catalysts belong to the most important industrial catalysts since they have 

been used in hydrotreating processes (i.e., hydrodesulfurization and 

hydrodenitrogenation) for decades. These catalysts typically comprise sulfided 

molybdenum (15-20 wt%) on an gamma-alumina (γ-Al2O3) support with nickel or 

cobalt (3-6 wt%) as a promoter. Other base metals such as tungsten and ruthenium 

have been investigated as well but have not found widespread use commercially. The 

TMS catalysts possesses high heteroatom removal capability in hydrotreating 

processes. It is therefore no surprise that they have been employed for the 

hydrodeoxygenation of renewable feedstocks. To date, the only industrial application 

of triglyceride hydrotreatment relies on the use of supported metal sulfide catalysts. 

Hydrotreating of TG-related compounds over TMS catalysts is usually conducted 

above 300 oC with a high hydrogen pressure (5-10 MPa) in order to achieve a 

complete deoxygenation. Reactions conducted below this temperature or under a 

lower hydrogen pressure would enhance the formation of oxygenates such as fatty 

alcohols and esters. Recently, studies using model compounds provided both insight 

into the mechanism on the molecular level and evidence on how to control the 

deoxygenation pathway. In this section, the deoxygenation mechanism, kinetics and 

relative activity of catalysts are discussed to show the potential benefits and 

detriments of using a sulfided catalyst for the deoxygenation of TG-related 

compounds. 

 

1.2.1 Deoxygenation Kinetics and Reaction Pathways 

The reactivity of TG-related compounds follows the trend: aliphatic alcohols > 

aliphatic aldehydes > alkyl ethers > carboxylic acids > triglycerides.10 In addition, 

evidence from comparing the reactivity of dibenzothiophene and dibenzofuran 

demonstrated that HDO is a slower reaction than HDS.11 Therefore, more efficient 
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catalysts should be designed for HDO processes. The activity of TMS catalysts in 

deoxygenation reactions is generally following the trend: NiMo > CoMo > Mo > Ni. 

Bimetallic catalysts, i.e., NiMo and CoMo, are reported to exhibit higher activity than 

single metal catalysts due to their “synergy effects”; i) “ensemble effect” caused by 

the influence of geometry and ii) “ligand effect” due to the influence of electronic 

interaction.12 Promoters could increase the catalytic activity of the main active metal 

by donating electrons to the metal, and thus weakening the metal-S bond.  However, 

the amount of promoter is a crucial parameter in bimetallic TMS catalysts. Ferdous 

et al. found that excess promoters can accumulate on the desired MoS2 phase and 

make the catalyst inactive.13 

Brimont et al. investigated the deoxygenation of ethyl heptanoate catalyzed by 

three unsupported TMS catalysts, i.e., MoS2, Ni3S2 and Ni-promoted MoS2.10 

Deoxygenation activities of the studied catalysts followed the trend: NiMoS (0.43) > 

MoS2 > NiMoS (0.2) ≈ NiMoS (0.1) >> Ni3S2 (the numbers in the brackets denotes 

the atom ratio of Ni to Mo). Results highlight the promoting effect of Ni on the MoS2 

phase for deoxygenation reaction. “Synergy effect” induced by the formation of 

NiMoS phase can be used to interpret this behavior. This promoting effect could be 

also explained by a density functional theory (DFT) calculation.14 Calculation results 

suggest that the energy barriers for hydrogenation of C=O and C-OH bonds are 

smaller on NiMoS with respect to MoS2. Unlike those Al2O3-supported catalysts, 

however, the addition of a small amount of Ni to the MoS2 phases would reduce the 

deoxygenation activity of unsupported catalysts. This behavior might be related to 

the difference in stacking layer or crystal size between supported and unsupported 

catalysts. In the deoxygenation of fatty acids or esters, total conversion is always 

higher on Ni-promoted catalysts than on Co-promoted catalysts, suggesting that the 

NiMo catalyst is more active for deoxygenation of aliphatic oxygen-containing 

compounds.5, 7, 15, 16, 17, 18, 19 Senol et al. compared the performance of sulfided 

CoMo/Al2O3 and NiMo/Al2O3 catalysts in hydrotreating of methyl heptanoate.20 

Heptane was the major hydrocarbon product on the NiMo/Al2O3 catalyst, while 

heptene became major on CoMo/Al2O3. The NiMo catalyst was thus considered to 
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possess higher hydrogenation activity. A reaction pathway of C−O bond cleavage and 

further hydrogenation of the resulting alkene (direct deoxygenation, DDO) was 

proposed taken into account of this result (Figure 1.1). In contrast, another reaction 

pathway of alcohol hydrodeoxygenation (HDO) was favorable on CoMo/Al2O3. 

These behaviors of CoMo and NiMo catalysts in deoxygenation of TG-related 

compounds are similar to those in the deoxygenation of phenol, in which HDO and 

DDO are involved.21, 22, 23 It should be noted that a large amount of hydrogen is 

required to reach the point of full deoxygenation by either pathway. In this sense, 

NiMo catalysts are more efficient in hydrotreating of TG-related compounds because 

of their high hydrogenation activity. 

 

 

Figure 1.1 Example HDO and DDO reaction pathways of alcohol over TMS catalysts 
(R refers to an aliphatic chain). 

 

On the other hand, using those promoters, i.e., boron or phosphorous, would 

create new Lewis and Brønsted acid sites, increasing the overall acidity of the catalyst. 

In addition, boron can change the structure of molybdenum oxides by enhancing the 

density of octahedral species rather than tetrahedral species. Moreover, these 

promoters can also change the catalyst geometry by increasing the number of stacks. 

Kubicka et al. investigated the effect of acidity on the deoxygenation activity of 

sulfided CoMo catalysts supported on Al-MCM-41 (an ordered mesoporous silica) 

with different Si/Al ratios, and found that the lower Si/Al ratio of the support was, 

the higher deoxygenation acidity would be.18 

Recent studies on hydrotreating of TG-related compounds over TMS catalysts 

show more interest in discussion of the reaction pathways. Although fatty acids bound 
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in a natural triglyceride usually have an even number of carbons in their carbon chains, 

the resulting hydrocarbons from a hydrotreating process have either even or odd 

number of carbons because the deoxygenation reaction could proceed via HDO or 

DCO routes. If it doesn’t take hydrogen consumption into account, HDO is more 

desired because the carbons bound in the fatty acid is preserved and the by-product 

is water only. HDO or DCO selectivity is largely influenced by the active phase, 

support and reaction conditions. Kubicka et al. studied the deoxygenation behaviors 

over sulfided Ni/Al2O3, Mo/Al2O3 and NiMo/Al2O3 catalysts.5 The HDO selectivity 

decreased in the order Mo/Al2O3 > NiMo/Al2O3 > Ni/Al2O3. Especially on the 

Ni/Al2O3 catalyst, only DCO products can be generated. Unsupported catalysts 

showed a similar result. According to DFT calculations, decarbonylation of aldehyde, 

a main intermediate compound in deoxygenation of fatty acids or fatty acid methyl 

esters, occurs via its dehydrogenation into the alkanoyl and/or ketene intermediates 

on the Ni3S2 (111) surface. This pathway is more favorable on Ni3S2 than on MoS2-

based catalysts. Moreover, DCO activity could monotonously increase with 

increasing surface nickel density on NiMoS catalysts. Therefore, it is suggested that 

Ni3S2 species are the active sites in the sulfided NiMo catalyst. Similar to sulfided 

NiMo catalysts, the addition of Co into a MoS2 catalyst would result in a decrease in 

HDO selectivity as well. The reason for this behavior could be attributed to the 

presence of sulfided Co species (i.e., Co9S8). Consequently, different active sites on 

the sulfided catalyst show different deoxygenation behaviors; HDO is favored on the 

MoS2 or Co(/Ni)MoS site, whereas DCO proceeds on the Co9S8 or Ni3S2 site 

(Scheme 1.3). 

 

Scheme 1.3 HDO and DCO active sites in the TMS catalyst. 
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Hydrotreating performance of a catalyst might involve a contribution of the 

support. For example, γ-Al2O3 alone also has considerable activity in deoxygenation 

reactions due to its Lewis acid sites.24 Supports with different pore sizes and surface 

areas exhibit different activity and selectivity. Kubicka et al. compared four CoMo 

catalysts with different supports; one was supported on a commercial γ-Al2O3, two of 

those were supported on ordered mesoporous Al2O3 synthesized by different methods, 

and another one is supported on MCM-41.7 Ordered mesoporous Al2O3-supported 

CoMo catalysts exhibited an HDO/DCO ratio (93:7) than the commercial catalyst 

(80:20). However, the HDO/DCO ratio over the MCM-41-supported catalyst was 

only 66:34. Two factors were considered to influence the reaction pathway: i) the 

type of metal oxide in those supports affects the nature of active phases through the 

metal–support interaction; ii) the pore structure of support affects the dispersion of 

active phases, including the length or the number of stacking layers in MoS2 crystals. 

In addition, the dispersion might also influence the number of Ni3S2 or Co9S8 phase. 

Reaction conditions such as temperature, hydrogen pressure and space velocity 

could also affect the reaction pathway. It was reported that an increase in the reaction 

temperature promoted DCO over HDO at a constant hydrogen pressure.5, 8, 25, 26, 27 

Under an identical reaction temperature, an increase in hydrogen pressure suppressed 

DCO at the expense of HDO.18, 25, 26, 28 An increase in space velocity was unfavorable 

to HDO.5, 26 These findings were also supported by thermodynamic calculations. 41 

On the other hand, different catalysts were found to have different sensitivity to 

reaction conditions. For example, a promotion of DCO pathway by raising the 

reaction temperature was more sensitive over a NiMo catalyst than a CoMo catalsyt.29 

A NiW catalyst showed higher sensitivity to the variation of hydrogen pressure than 

a NiMo or a CoMo catalsyst.2 

 

1.2.2 Deoxygenation Mechanisms 

Reaction mechanisms on TMS catalysts are mainly hydrodeoxygenation (HDO) 

and decarbonylation (DCO). In brief, an HDO route involves initial hydrogenation of 
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the hydroxyl group (−OH) and carbonyl C=O bond of a fatty acid, followed by 

dehydration or hydrogenation of the resulting alcohol to yield a hydrocarbon and 

water. In contrast, a DCO route involves hydrogenation of hydroxyl group and 

hydrogenolysis of C−C bond that adjacent to the carbonyl group (C−C(=O)) to yield 

a hydrocarbon and CO. On the other hand, although CO2 could also be found in 

gaseous products when the reaction is conducted at a higher temperature (above 350 
oC), the formation of CO2 is extremely small compared to that of CO.30, 31 It is possible 

that the generated CO2 from a decarboxylation (DCO2) reaction is converted into CH4 

through the methanation reaction, which is thermodynamically favored under those 

reaction conditions. Brillouet et al. designed an experiment to verify the reactivity of 

CO2, in which CO2 was introduced into the reactor together with a fatty acid. In the 

outlet gas stream of the reactor, the same partial pressure of CO2 was detected, 

indicating that CO2 did not react with H2. Therefore, hydrocarbons with one carbon 

number lesser than the corresponding fatty acid could be only obtained by DCO.  

As discussed above, the support has been considered to significantly affect a 

deoxygenation reaction. Kubickova et al. investigated the effect of support-active 

phase interactions on the catalytic activity and the reaction pathway in the 

deoxygenation of triglycerides. The study demonstrated that the nature of a support, 

i.e., specific surface area, pore size distribution and acidity would largely affect the 

cluster size and the reducibility of the active phase.32 In this sense, the use of an 

unsupported catalyst is a good alternative to investigate the activity of the active 

phase. It is now well accepted that the active site of a TMS catalyst is those 

coordinatively unsaturated sites (CUS) at the edges of molybdenum crystals. These 

sites exhibit Lewis acidity, which can adsorb atoms with unpaired electrons. For a 

TMS catalyst, heteroatoms (e.g., oxygen, sulfur or nitrogen) in the reactant could be 

adsorbed on these vacancies, while molecular hydrogen is activated on saturated edge 

and plane sites to form S-H groups. The synergistic effect makes the deoxygenation 

proceed smoothly.  

Brillouet et al. proposed a mechanism for the deoxygenation of decanoic acid 

over an unsupported MoS2 catalyst (Figure 1.4).10 The first step of the proposed 
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mechanism requires a dissociated adsorption of molecular hydrogen to generate a 

metal hydride (Mo−H) and a sulfhydryl (−SH) group (Figure 1.4b). The formation 

of −SH and Mo−H at the sulfur vacancy is exothermal and requires the minimal 

dissociation energy.33 Decanoic acid could be adsorbed through its carbonyl group 

(C=O) on a sulfur vacancy (Figure 1.4c). The next step could be a protonation of 

decanoic acid due to the acidity of the −SH group (Figure 1.4d). After water 

elimination, the adsorbed carbocation is assumed to be a key intermediate (Figure 

1.4e). This intermediate could undergo either an HDO route or a DCO route to 

generate the corresponding hydrocarbon (Figure 1.5). In the case of a MoS2 catalyst, 

the addition of dissociated hydrogen (Mo−H) to the cationic intermediate leads to a 

scission of Mo−C bond, and other dissociated hydrogen preferentially interacts with 

C and O to form C−H and O−H bonds, respectively. Finally, the alcohol would 

undergo another C−O bond scission to form decane, and the catalyst surface restores 

to its original state. In contrast, C−C bond breaking could occur through a basic attack 

on the hydrogen atom in β-position because the carbon atom carries a positive charge 

of the cationic intermediate over a Ni(Co)-promoted catalyst, and the final production 

should be nonane and CO. The basic site could be a sulfur anion (S2-) species adjacent 

to the sulfur vacancy.34 In addition, Co or Ni could increase the electron density of 

sulfur atoms, which can be a reasonable explanation for the promotion effect of Co 

or Ni on a DCO route. This type of mechanism was also proposed to explain the C-S 

bond scission occurring in the DDS way of dibenzothiophene.35 Zhang et al. proposed 

a similar mechanism to explain the HDO route, while they made a different 

hypothesis for the DCO route.36 In their hypothesis, a fatty acid adsorbed on highly 

nucleophilic HS groups through its C−C bond that adjacent to the C=O group (Figure 

1.6). Subsequently, a scission of the weakened C−C bond occurs, resulting in the 

formation of a hydrocarbon with one carbon number lesser than the original fatty acid. 
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Figure 1.4 Proposed mechanism for the deoxygenation of decanoic acid on an 
unsupported active phase. Adapted from Brillouet et al.10 

 

 

 

Figure 1.5 Description of elementary steps being likely to occur from the cationic 
intermediate adsorbed: hydrogenation of the cationic intermediate adsorbed onto an 
unprompted site (up); elimination step over a promoted site (down). Adapted from 
Brillouet et al.10 

 

Figure 1.6 Main deoxygenation mechanism on CoMoS. Adapted from Zhang et al.36 



13 
 

1.2.3 Catalyst Deactivation 

The deactivation of a TMS catalyst is related to operating conditions, the 

composition of feedstock and impurities. Triglycerides, fatty acids and alkyl esters 

were reported to produce minimal coke as long as care is taken to remove inorganic 

impurities from the feed stream.37, 38 The triglyceride in vegetable oils always 

contains a large number of unsaturated bonds, which could significantly enhance the 

coke formation. In the hydrotreating process, however, a high hydrogen pressure is 

required, which may help to slow down the rate of coke formation.39 Sulfur species 

are continuously removed from the catalyst by reacting with hydrogen to form H2S 

or by binding to the reactant. This problem can be solved by adding some sulfur-

containing compounds such as dimethyl disulfide (DMDS) into the feedstock or by 

adding a small amount of H2S into the stream to maintain sulfur species.17, 40, 41, 42, 43 

Reactant stream could oxidize the catalyst if it is not continuously sulfided. The 

promoter made this oxidation energetically less favorable but could not completely 

prevent it.43 Unlike the deactivation mentioned above, the influence of which can be 

reversed through re-sulfidation, contaminants in crude vegetable oils would result in 

a permanently deactivation.40 Kubicka et al. used several rapeseed oils with different 

upgrading degrees as feedstocks to investigate the deactivation factor for a sulfided 

CoMo/γ-Al2O3 catalyst.42 These rapeseed oils differed in the concentration of alkalis, 

water, free fatty acids and phospholipids. They found that alkalis or phospholipids 

deposited on the active site could be the main reason of catalyst deactivation. In this 

sense, a crude feedstock without any purify process is not suitable for the 

hydrotreating process.   
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1.3 Deoxygenation of Triglyceride-Related Compounds over Supported Noble 

Metal Catalysts 

Catalysts based on noble metals, e.g., Pt, Pd, Ru, Ir and Rh, have been applied 

in various reactions. The most important application could be hydrogenation, 

including selective hydrogenation of oxygen-containing compounds, isomerization, 

cyclization, hydrocracking and dehydrogenation of hydrocarbons. For the 

deoxygenation of TG-related compounds, research attention has been turned to noble 

metal catalysts in response to the deactivation of TMS catalysts during hydrotreating 

processes.  

 

1.3.1 Deoxygenation Kinetics and Reaction Pathways 

Supported noble metal catalysts are attractive because of their high H2 activation 

capacity and less susceptible to deactivation by water. These catalysts exhibit higher 

activity than Co or Ni and possess longer catalyst lifetimes. Early research work that 

used a noble metal for the deoxygenation of fatty acids was conducted in the absence 

of hydrogen (H2-free) or just under a low hydrogen pressure.44, 45, 46, 47, 48, 49, 50 Snare 

et al. screened a number of metals (Pd, Pt, Ru, Ir, Rh, Os, Ni and NiMo) supported 

on carbon or other oxides (SiO2, Al2O3, MgO and Cr2O3).50 The deoxygenation 

pathway over these catalysts are decarboxylation or decarbonylation, yielding 

hydrocarbons with one carbon number less than the original fatty acid. The order of 

deoxygenation activity was Pd > Pt > Ni > Rh > Ir > Ru > Os. Palladium and platinum 

catalysts with active carbon as support exhibited high activity and selectivity toward 

heptadecane in the deoxygenation of stearic acid. Interestingly, the reaction pathways 

over the two catalysts are different; decarboxylation and decarbonylation are 

dominant on Pd/C and Pt/C, respectively. Studies concerning the deoxygenation of 

TG-related compounds over noble metal catalysts in the presence of H2 were fewer 

than that over TMS catalysts. This might be due to the high cost of noble metal, and 

thus it seems difficult for them to be employed in a large-scale application. 

Nevertheless, if a noble catalyst with ultra-low metal containing but high activity and 
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reusability, it can be considered as an efficient catalyst for industrial use. In this 

context, several fundamental research work recently has been conducted for 

supported Pt catalysts. 

Deoxygenation of heptanoic acid was studied over platinum catalysts supported 

on active carbons, which were named Norit carbon and Vulcan carbon, and silicon 

carbide.51 Decarbonylation was the main reaction route under different reaction 

conditions. Under liquid-phase operating conditions, i.e., 300 oC and 3.7 MPa, 

hexenes and CO were the primary products at very low conversions; as conversion 

increased from 1% to 5%, substantial amounts of hexane and CO2 were observed. 

However, the CO2 formation was presumably from a side reaction, water-gas shift 

(WGS) reaction, instead of direct decarboxylation. In addition, the turnover 

frequency (TOF) was independent of Pt loading under this condition. For gas-phase 

operating condition, i.e., 0.1 MPa, a terminal olefin was observed with high 

selectivity (57%). Under higher reaction pressure, the terminal olefin would undergo 

isomerization over Pt particles due to the high reactivity of their double bonds. As 

raised the reduction temperature from 350 to 500 oC, the dispersion of Pt particles 

dropped from 49% to 13%, accompanying with decreasing conversions, indicating 

that the sintering of Pt particles occurred in the pretreatment stage, and thus a high 

reduction temperature (> 400 oC) was not appropriate for Pt catalysts. The Pt particle 

size increased from 1.9 nm to 2.3 nm after the reaction, indicating that the sintering 

during the reaction could be also observed but was not severer. Although catalyst 

regeneration studies were performed over spent catalysts, it was fail to restore the 

catalytic activity. 

The influence of support, platinum source, and reaction temperature on 

decarboxylation of oleic acid was investigated over Pt catalysts supported on zeolites 

and hydrotalcite.52 Decarbonylation selectivity could be enhanced by increasing the 

reaction temperature. Pt/SAPO-34 displayed a high selectivity to heptadecane and 

dodecylbenzene. An initially formed paraffin intermediate could be further 

transformed to branched, cyclic or alkyl aromatic hydrocarbon due to restricted 

transition state of shape-selectivity limitation in the SAPO-34 pore system. The Pt 
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catalyst prepared by using tetraammine platinum nitrate as the precursor had well-

dispersed Pt metal nanoparticles, and thus showed higher deoxygenation activity. 

Metal precursor was proved to have an important role in the structure of final metal 

particle structure and dispersion.53, 54, 55  

A promotion effect based on Nb2O5 has been recently demonstrated.56 Two 

studies reported the high activity and HDO selectivity of Pt and Pd supported on 

Nb2O5 and Nb2O5-SiO2, respectively. Under 0.8 MPa H2 pressure and at 180–250 °C, 

the Pt/Nb2O5 was efficient for hydrodeoxygenation of fatty acids and triglycerides. 

The catalyst gave high yields (88–100%) of linear alkanes with the same carbon 

number as the starting compound. A possible role of Nb2O5 as adsorption sites for 

carbonyl groups was evidenced by infrared (IR) study of acetic acid adsorption. A 

Lewis acid–base interaction between NbOx cation and carbonyl oxygen was observed. 

Similar result can be found in the hydrodeoxygenation of model compounds over 

Pd/Nb2O5-SiO2.57 Stability tests showed that these Nb2O5 supported or added 

catalysts were hard to be deactivated. For Pt/Nb2O5, a much higher turnover number 

(TON) was obtained, which is 60 times higher than previously reported catalysts; for 

Pd/Nb2O5-SiO2, the catalyst was stable during a 150 h time-on-stream test.58 

Deoxygenation of a fatty acid ester was performed over Ru/TiO2 under a mild 

reaction condition of 200–240 oC and 3.0 MPa.59 Although the reaction temperature 

was much lower than those reported in other literatures (300–360 oC), nearly 100% 

selectivity to hydrocarbons heptadecane and octadecane was obtained at complete 

conversion of the fatty acid ester. High activity of Ru/TiO2 compared to other SiO2- 

or Al2O3-supported catalysts could be attributed to a synergistic effect. The 

carboxylic group of a fatty acid ester could adsorb on the surface of TiO2, followed 

by reacting with the dissociated hydrogen that spills from Ru nanoparticles.60, 61, 62 

However, the catalytic activity showed a slight decrease during stability tests due to 

the leaching of Ru species.  

Fewer studies concerning the hydrotreating of natural triglycerides used noble 

metal catalysts. Hydrodeoxygenation of a microalgae oil over 1% Pt/Al2O3, 0.5% 

Rh/Al2O3 and sulfided NiMo/Al2O3 were investigated.58 The highest yield of 
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hydrocarbon was obtained over Pt/Al2O3 at 310 oC. At a lower reaction temperature, 

Pt/Al2O3 showed similar activity to NiMo/Al2O3, indicating that the use of Pt/Al2O3 

can reduce the energy consumption to some degree. Reaction pathway over the 

sulfided NiMo/Al2O3 catalyst was affected by reaction conditions. As the H2/oil ratio 

decreased, the reaction pathway was changed from HDO to DCO over NiMo/Al2O3. 

In contrast, reaction conditions can fairly affect the reaction pathway when Pt/Al2O3 

or Rh/Al2O3 was used as a catalyst. Pt/Al2O3 and Rh/Al2O3, especially Rh/Al2O3, 

were found to be active for CH4 formation, while no detectable amount of CH4 was 

formed over NiMo/Al2O3. Methanation is an undesirable side reaction in 

hydrotreating of TG-related compounds because it would largely increase the 

hydrogen consumption.  

Bimetallic PtRe/HZSM-5 catalysts with different Re loading were developed 

and used in the hydrotreating of Jatropha oil.63 The addition of Re substantially 

enhanced deoxygenation activity of the catalyst. Under a high weight hourly space 

velocity (WHSV =10 h-1), the rhenium-modified Pt/HZSM-5 catalyst (Re/Al = 0.8) 

gave a high yield (67%) of C15-C18 alkanes, while only 2.3% was obtained over the 

monometallic Pt/HZSM-5 catalyst. In addition, the reaction over PtRe catalysts 

mainly proceeded via HDO. The promotion effect of Re could be also applicable for 

other metals such as Ni, Co, Pd and Ru. 

 

1.3.2 Deoxygenation Mechanisms 

Supported noble metal catalysts are well-known hydrotreating catalysts due to 

its high hydrogenation activity. This high activity can be related to its hydrogen 

dissociation ability and hydrogen spillover effect. Detailed structure–function 

analyses correlated to catalyst performance have led to the popular view that the metal 

activates hydrogen while the support and the metal–support interface are involved to 

transfer surface-H species (H*) to the substrate.64 This synergistic effect between 

metal and support is represented in deoxygenation of a fatty acid in Figure 1.7. In the 

deoxygenation of fatty acid, hydrogen is dissociatively adsorbed on the surface of 

metal particles to form active H*, while the oxygen-containing substrate can be 
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adsorbed and activated on either metal sites or the oxygen vacancies. Subsequently, 

the dissociated hydrogen is transferred from metal particles to the adsorbed 

intermediate, leading to the cleavage of C-O bond accompanying with water 

formation. Polar molecular such as those have a carbonyl group are especially 

interactive with the support through the oxygen functionality.65, 66 

 

Figure 1.7 Deoxygenation mechanism over noble metal catalysts. Adapted from 
Mendes et al.67 and Pestman et al.66 

 

1.3.2 Catalyst Deactivation 

Possible reason for deactivation of noble metal catalysts could be poisoning, 

coking and sintering.68 In deoxygenation of bio-oils, coking can be the main 

deactivation pathway because the process is usually conducted at a relatively high 

reaction temperature (> 400 oC). In contrast, coke formation could not be large in 

deoxygenation of TG-related compounds. It was reported that coke formation 

gradually increased with time on stream over a NiMo/Al2O3 catalyst in hydrotreating 

of a microalgae oil, while only a small amount of coke was found in the initial reaction 

time over a Pt/Al2O3 or a Rh/Al2O3 catalyst.69 Noble metal catalysts could inhibit the 

carbon formation through their high hydrogen dissociation capacity, by which coke 

precursors could be readily hydrogenated. 

Compared to coking, sintering of metal particles is a common deactivation 

pathway for noble metal catalysts. Studies evidenced that sintering of noble metal 

could be occurred during reduction at a temperature higher than 400 oC.51 On the 

other hand, water could significantly enhance the sintering rate. It should be noted 
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that even a small amount of water generated during the reduction process should be 

rapidly removed by controlling the hydrogen flow. However, a large amount of water 

could be formed in hydrodeoxygenation reaction, which would strongly affect the 

metal dispersion. Many studies have reported this kind of deactivation for noble 

catalysts.51, 59, 70 Adding another metal species to form alloy or adding metal oxides 

is available to stabilize the noble metal and prevent sintering.56, 57, 63 

In addition, noble metal catalysts are known to be poisoned by sulfur, nitrogen 

and phosphide species. Although monometallic catalysts are sensitive to S and N on 

a ppm level, bimetallic catalysts were reported to have greater tolerance of these 

poisons.64, 71 For example, supported PtPd catalysts were studied for HDS and HDN 

of gas-oils, and the catalyst with a Pd/Pt atomic ratio of 3.7 exhibited high S and N 

tolerance in a feedstock having 300 ppm S and 200 ppm N.71 Although poison is not 

a significant issue in the model compound studies, it represents a pathway for catalyst 

deactivation during hydrotreating of natural triglycerides, especially in the 

microalgae oil, which commonly have a considerable amount of nitrogen species. 

However, few studies investigated the poison of noble metal catalysts in 

hydrotreating of natural triglycerides. It might be that the hydrotreating process for 

natural triglycerides using a noble metal catalyst is still under less consideration to be 

a large scale.  
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1.4 Deoxygenation of Triglyceride-Related Compounds over Supported Nickel 

Catalysts 

Research attention turned to supported nickel catalysts in response to the 

deactivation of TMS catalysts and the high cost of noble metal catalysts. To our 

knowledge, the first effort to investigate deoxygenation of TG-related compounds 

over a supported nickel catalyst was reported at 2006 by Snare et al.50 In the study, 

however, very low catalytic activity was obtained, probably due to the absence of 

hydrogen. The second work concerning supported nickel catalysts was reported by 

Yakovlev et al. after three years (2009), and this could be the first contribution to the 

possibility of using a supported nickel catalyst in the deoxygenation of TG-related 

compounds.72 After 2012, an increasing number of contributions (approximately 15 

reports per year) devoted to nickel-based catalysts were reported. In this section, the 

very recent studies relevant to the deoxygenation of TG-related compounds over 

supported nickel catalysts are summarized. Table 1.1 gives the representative of 

recent literatures in this field including catalyst type, reactant, reaction conditions and 

dominant products. 

 

1.4.1 Deoxygenation Kinetics and Reaction Pathways 

Lercher’s group did systematic studies of supported nickel catalysts. First, they 

investigated the effect of support acidity on the catalytic performance in 

deoxygenation of stearic acid and microalgae oil (Table 1.1, entry 1).73 Two types of 

zeolites, i.e., HZSM-5 and Hbeta, with different Si/Al ratios were used. The 

Ni/HZSM-5 catalyst with the lowest Si/Al ratio gave the highest conversion. 

However, severe cracking was found on this catalyst due to the strong acidity of 

HZSM-5 zeolite. Although the cracking could be reduced by raising the Si/Al ratio 

of the zeolite, the decrease in acidity also caused a considerable decrease in the 

activity; conversion dropped from 100% (Si/Al = 45) to 60% (Si/Al = 200). These 

results suggest that acid sites on the support have deoxygenation activity or create a 

“synergy effect” with Ni particles. In contrast, Hbeta-supported catalysts were not 
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sensitive to acidity. As the number of acid sites decreased from 0.171 to 0.053 

mmol/g, the conversion only changed 2%. In addition, cracking selectivities over 

these catalysts were less than 1%. The author did not explain the reason for the higher 

activity of Hbeta zeolite, but this plausibly due to its larger surface area and pore size.  

In the second work of Lercher’s group (Table 1.1, entry 2), the effect of metal 

loading amout and the nature of support on the deoxygenation activity were 

investigated.74 ZrO2 was used as a support and the nickel loading was varied from 0 

to 15%. The conversion and total hydrocarbon yield increased with increasing nickel 

loading until it reached to 10%. Further increasing the nickel loading can barely 

enhance the activity. Therefore, the nickel loading was fixed to 10%, and various 

metal oxides, i.e., zirconia, titania, ceria, alumina and silica, were employed for 

comparison. TOF of the studied catalysts in stearic acid deoxygenation demonstrated 

that catalyst with a reducible support, i.e., Ni/ZrO2, Ni/TiO2 and Ni/CeO2, exhibited 

much higher activity than the catalyst with an unreducible support, i.e., Ni/SiO2 and 

Ni/Al2O3. The high activity of the catalyst with slightly reducible support could be 

due to the fact that some oxygen vacancies on the support surface participate in the 

deoxygenation reaction. The most active catalyst, i.e., 10%Ni/ZrO2, was finally used 

in the hydrotreating of a microalgae oil. It is remarkable that no considerable 

deactivation could be observed in the catalyst for a time on stream over 70 h, 

indicating its high stability. 
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Table 1.1 Summary of recent results from supported nickel catalyst studies of TG-
related compounds deoxygenation. 

Entryref Catalyst Reactant Reaction conditions 
Conversion

 (%) 

Selectivity (%) 

HDO DCO/DCO2 Cracking

173 10%Ni/HZSM-5(45) 

1.0 g 
Stearic acid 

in  
100 mg 

dodecane 

Reactant weight = 1.0 g 
Catalyst weight = 0.2 g 

T = 260 oC 
P = 40 bar 
Time = 8 h 

stirring = 600 rpm 

100 47.4 9.6 42.7 

10%Ni/HZSM-5(120) 65 75.1 8.8 15.9 

10%Ni/HZSM-5(200) 60 86.4 6.1 7.2 

5%Ni/Hbeta(5) 96 81.5 17.6 0.7 

5%Ni/Hbeta(10) 96 88.8 10.4 0.4 

10%Ni/Hbeta(5) 100 82.7 16.4 0.6 

10%Ni/Hbeta(10) 98 89.8 9.5 0.4 

274 ZrO2 

1.0 g 
Stearic acid 

in  
100 mg 

dodecane 

Reactant weight = 1.0 g 
Catalyst weight = 0.5 g 

T = 260 oC 
P = 4 MPa 
Time = 8 h 

stirring = 600 rpm 

13 − 3.2 − 

3%Ni/ZrO2 96 2.5 51 3.4 

5%Ni/ZrO2 100 2.0 90 1.0 

10%Ni/ZrO2 100 1.5 96 1.2 

15%Ni/ZrO2 100 1.5 96 1.3 

10%Ni/TiO2 98 5 87 0.9 

10%Ni/CeO2 100 0.4 93 2.8 

10%Ni/Al2O3 63 0.7 81 0.9 

10%Ni/SiO2 45 1.5 57 1.3 

375 7%Ni/SiO2 

Methyl 
Palmitate 

Reactant weight = 30 g 
Catalyst weight = 1.0 g 

T = 220 oC 
P = 2 MPa 

H2 flowing rate = 500 
ml/min 

Time = 6 h 

49 6.0 61.0 24.5 

7%Ni/Al2O3 91 16.7 71.7 5.1 

7%Ni/SAPO-11(0.1) 100 42.5 47.6 4.8 

7%Ni/HZSM-5(38) 100 22.5 30.5 42.0 

7%Ni/HY(2.9) 99 10.0 20.2 63.6 

4a76 5%Ni/Hbeta(75)-IM 
1.0 g 

Stearic acid 
in  

100 mg 
dodecane 

Reactant weight = 1.0 g 
Catalyst weight = 0.2 g 

T = 260 oC 
P = 4 MPa 
Time = 2 h 

stirring = 700 rpm 

33 19.4 9.2 4.1 

5%Ni/Hbeta(75)-EX 97 63.5 33.0 3.5 

5%Ni/Hbeta(75)-DP 100 63.3 34.0 3.3 

5%Ni/Hbeta(75)-NP 100 63.4 32.0 3.8 

5b77 
15%Ni/MAC 

0.21 g 
Stearic acid 

in 5 mL 
dodecane 

Reactant weight = 0.21 g 
Catalyst weight = 0.075 g 

T = 260 oC 
P = 0.6 MPa 
Time = 8 h 

stirring = 800 rpm 

30.2 2.3 27.8 0.1 

25%Ni/MAC 77.4 2.7 74.7 − 

35%Ni/MAC 76.5 3.9 67.1 5.5 

678 9%Ni11%Mo/Al2O3 

A mixture 
of methyl 
palmitate 
and ethyl 
caprate 

T = 300 oC 
P = 0.25 MPa 
LHSV = 3 h-1 

90 54.0 31.0 1.5 

13%Ni5%Cu/Al2O3 60 2.8 77.3 1.0 

12.4%Ni4.8%Cu 
2.2%Mo/Al2O3 

63 3.0 91.2 1.5 

11.7%Ni4.5Cu 
3.9%Mo/Al2O3 

78 7.1 83.0 1.5 

11.3%Ni4.3%Cu 
5.6%Mo/Al2O3 

81 9.2 81.0 1.2 

10.1%Ni3.8%Cu 
6.9%Mo/Al2O3 

90 11.5 81.0 1.2 

a Catalysts were prepared by different method: (I) impregnation, (E) ion-exchange/precipitation, (D) deposition-precipitation, (N) grafting 
of as-synthesized Ni nanoparticles. b MAC refers to mesoporous active carbon. 
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By comparing the first work and second work of Lercher’ group, one may 

observe that the zeolite is a promising support for the nickel-based catalyst. Zeolite-

supported catalysts exhibited higher deoxygenation activity compared to other metal 

oxide-supported catalysts. Despite of insufficient evidence, researchers suggested 

that this behavior might be related to a synergistic effect of nickel and acid sites. 

M/SBA-15 and M/Al-SBA-15 (M=Ni, Co) were synthesized and their catalytic 

activity were studied in the hydrotreating of methyl esters to produce hydrocarbons 

in diesel range.79 Bifunctional M/Al-SBA-15 were more active and promoted the 

formation of HDO products. Based on these results, it could be inferred that nickel 

would be more efficient in deoxygenation when loaded on the support with more acid 

sites. On the other hand, compared to unreducible supports, a reducible support is 

more efficient for deoxygenation. A recent report showed that even a metal oxide 

without other active metals loading, i.e., CeO2-ZrO2, are active for the 

deoxygenation.80 Other reducible metal oxides, e.g., MoO3 and Fe2O3,81, 82 also 

showed deoxygenation activity. The reaction is suggested to proceed on oxygen 

vacancies by an inverse Mars–van Krevelen mechanism.83  

After investigating the influences of support and metal loading on the catalyst 

performance of nickel catalyst, the Lercher’s group continued their work of zeolite-

supported nickel catalysts on optimizing the preparation method. They used four 

different methods, namely impregnation (IM), ion exchange/precipitation (EX), 

deposition precipitation (DP) and nanoparticles grafting (NP), to prepare a 

5%Ni/Hbeta catalyst (Table 1.1, entry 4).76 Catalysts prepared by EX, DP and NP 

methods showed much higher activity than the conventional IM method in the 

deoxygenation of stearic acid. The high activity of these catalysts can be explained 

by their higher nickel dispersion and thus smaller nickel particle size. However, the 

catalyst prepared by EX method showed an increase in particle size, i.e., sintering, 

accompanying with a loss of activity during a recycling test. They used the Ostwald 

ripening mechanism84, 85 to explain the rapid sintering of the catalyst prepared by EX 

method, and highlighted the importance of narrowing the size distribution of the 

particles. 
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Many other research groups followed on using nickel-based catalysts for 

hydrotreating of TG-based catalysts. Changing the support would alter the 

performance of nickel catalysts. Zuo et al. studied the 7% Ni catalysts supported on 

various supports (SiO2, γ-Al2O3, SAPO-11, HZSM-5 and HY).75 The silica-supported 

catalyst gave the lowest conversion compared to other catalyst with acid supports, 

indicating that there might be a synergistic effect of metal Ni and acid sites on the 

supports. In addition, Ni/SAPO-11 with moderate acidity showed high yield of C15+ 

alkanes due to its lower cracking activity. After finding the good performance of 

Ni/SAPO-11 catalyst, they synthesized nano-sized SAPO-11 supports with superior 

pore structure.86 Compared to the commercial support, the synthesized support had 

larger surface area and mesopores, which offered sufficient space for better dispersing 

nickel particles. Hydrotreating of palm oil demonstrated that the nano-sized SAPO-

11 supported Ni catalysts showed higher hydrocarbons yield, higher isomerization 

selectivity and excellent stability. These can be due to its appropriate acidity, higher 

Ni dispersity, balanced metal and acid functionalities and fast diffusion for bulky 

reactant and products.  

The method of modifying a microporous zeolite to create new mesoporous 

structure as well as improving its surface area was proved to be efficient for nickel 

dispersing. Zhao’s group further promoted the performance of Ni/Hbeta by using a 

nano-sized hierarchically structured zeolite or encapsulating nickel nanoparticles 

into/onto intra-mesoporous of single-crystalline Hbeta. They did alkaline treatment 

for Hbeta using basic solutions (TPAOH/NaOH or NaCO3), vapor streaming or soft 

template promoted NaOH leaching (CTAB/NaOH).87 The TPAOH/NaOH 

introduction lead to the formation of more homogeneously dispersed inter-mesopores 

of a much smaller crystal size, resulting in higher dispersion of supported nickel 

nanoparticles. The novel catalyst showed a faster rate (19 g/gcat./h) for stearic acid 

hydrotreating, which is nearly four times higher than untreated Ni/Hbeta (5 g/gcat/h), 

and an ultra-high stability in four consecutive recycling tests. For the encapsulating 

method, nickel nanoparticles (d = 5.6 nm) was encapsulated into/onto the uniform 

and inter-connected intra-mesopores (7–8 nm) of single-crystalline Hbeta, achieving 
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highly dispersive nickel nanoparticles.88 The hydrotreating of stearic acid 

demonstrated that the novel catalyst led to a significant high initial rate of 38 g/gcal./h 

at a lower reaction temperature (260 oC). Noted that special rates for sulfided 

NiMo/Al2O3 and Pd/C are reported to 3.9 g/gcal./h and 0.9 g/gcal./h.89, 90 In this sense, 

the Ni/Hbeta catalyst could be considered as an efficient catalysts for upgrading of 

TG-related compounds into green diesel. 

Lercher’ group studied the reaction pathway for transformation of microalgae 

oil and fatty acids over bifunctional Ni/Hbeta catalysts.73, 91 Hydrotreating of 

microalgae oil would yield stearic acid of approximately 70% in 1 h. Taking into 

account the composition of the microalgae oil, in which the percentage of unsaturated 

fatty acids reach to 88.4%, they concluded that hydrogenation of the unsaturated 

bonds in the alkyl chain occurs fast. As shown in Figure 1.8, after hydrogenation of 

the unsaturated triglyceride, hydrolysis of the saturated triglyceride product fatty 

acids (stearic acid) and propane as primary products. The formation of stearic acid 

gradually decreased with an increased alkane (octadecane and heptadecane) 

formation. Then, they selected fatty acids for studies to understand further 

hydrodeoxygenation steps. The subsequent hydrogenation of the carboxylic group of 

fatty acid leads to the corresponding aldehyde, which is considered to be the rate-

determining step. Afterward, two reaction pathways are available to the formation of 

alkanes; decarbonylation of the aldehyde to generate alkane with one carbon number 

less than the fatty acid (DCO pathway) or hydrogenation of the aldehyde to produce 

alcohol. The produced alcohol undergoes sequential acid-catalyzed dehydration and 

metal-catalyzed hydrogenation leading to the final alkane with the same carbon 

number to the fatty acid (HDO pathway). Acid sites in zeolite support promote 

hydroisomerization and hydrocracking of the alkanes. The CO produced from the 

DCO route may further react with H2 to produce methane due to the high methanation 

activity of nickel metal. This result is consistent with Kumar’ work, which develop 

an empirical kinetic model for stearic acid deoxygenation over Ni/γ-Al2O3.92 
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Figure 1.8 Proposed reaction pathway for transformation of microalgae oil to alkanes 
over bifunctional Ni/Hbeta catalysts. Reproduced from Peng et al.73 

 

Different from TMS catalysts, the support in nickel catalysts can substantially 

alter the reaction pathway. To date, supports used in nickel catalysts can be divided 

into two categories: metal oxides and acid materials (e.g., zeolite, Al-SBA-15). For 

the metal oxide-supported nickel catalysts, deoxygenation mainly proceeds via a 

DCO route. The HDO selectivity over Ni/oxides catalysts are in the following order: 

Ni/CeO2 > Ni/Al2O3 > Ni/ZrO2 > Ni/SiO2 > Ni/TiO2.74 However, even if Ni/TiO2 

gives the lowest DCO selectivity among these catalysts, the DCO/HDO ratio of ~18 

is still high. As mentioned above, DCO will result in the decrease of liquid yield due 

to that one mol of CO is generated as by-product and thus reduce the length of carbon 

chain. Researchers used nickel catalysts for deoxygenation of TG-related compounds 

usually appeal the advantage of lower hydrogen consumption by proceeding a 

reaction through the DCO route. However, they did not concern the hydrogen 

consumption of a side reaction, CO methanation, which costs three mol of hydrogen 

to transform one mol of CO. Furthermore, monometallic nickel catalysts showed 
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extremely high activity in this side reaction, and thus all of the CO generated can be 

transformed into CH4 under given reaction conditions.93 Bimetallic catalysts such as 

nickel-copper were proved to prevent the methane formation over wide temperature 

range (280-340 oC).72 

In contrast, the use of zeolite as a support for nickel catalyst can alter the 

predominant reaction pathway from DCO to HDO. A nano-sized SAPO-11 supported 

nickel catalyst can achieve a HDO/DCO ratio around 2.86 Ni/Hbeta gave an ultra-high 

HDO product yield (96%).88 Similarly, a nickel catalyst supported on an aluminum 

modified SBA-15, Al-SBA-15, showed much higher HDO selectivity than that 

supported on the original SBA-15.79 A possible reason is that hydroxyl groups on the 

zeolite could provide the adsorption site for oxygenates, and the adsorption mode of 

these oxygenates might be changed. Nickel supported on an mesoporous active 

carbon also showed high DCO selectivity due to the low acidity of the support (Table 

1.1, entry 5).77 

 

1.4.2 Deoxygenation Mechanisms 

Lercher’s group proposed a deoxygenation mechanism for Ni/ZrO2 (Figure 1.9). 

Based on kinetics studies, the reduction of stearic acid to the octadecanal is the rate 

determining step and proceeds via two routes. One is directly reduced on nickel 

particles and the other is activated by the ZrO2 support. After the former route, the 

produced aldehyde, which is equilibrium with the corresponding alcohol via 

hydrogenation-dehydrogenation, rapidly undergo decarbonylation to produce n-

heptadecane on nickel particles. The latter deoxygenation route demonstrated a 

synergistic effect of nickel particles and the ZrO2 support. The stearic acid adsorbed 

on oxygen vacancies of ZrO2, which can be formed by the reduction, resulting in 

carboxylate species. This kind of adsorption of carboxylic acids on a partially 

reducible metal oxides such as zirconia, titania and ceria was reported in other 

studies.94, 95, 96 The α-hydrogen atoms of the carboxylate can be subsequently 

abstracted to produce a ketene intermediate, followed by being hydrogenated to 

octadecanal on nickel particles. These dual routes create a redundancy in the surface 
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reaction, and therefore accelerate the deoxygenation rate. The presence of ketene 

intermediate was corroborated in their further work by in situ IR spectroscopy. 

 

Figure 1.9 Proposed reaction mechanism for deoxygenation of stearic acid to C17 n-
heptadecane via synergistic catalysis over Ni/ZrO2. Reproduced from Peng et al.74 

 

1.4.3 Catalyst Deactivation 

Nickel particles are known to favor aggregation during the hydrotreating 

reaction. Additional, the amount of metal loading for nickel catalysts are usually high 

due to their lower TOF. This leads to their fast sintering compared to noble metal 

catalysts. On the other hand, nickel is hard to reduce compared to noble metal 

catalysts, and therefore, a relatively higher reduction temperature (>450 oC) is 

required, which cause a severe sintering during reduction stage. Ni/Hbeta 

bifunctional catalysts prepared by conventional impregnation method was reported 

to suffer from sintering during the reduction stage. Much lower initial activity was 

obtained for the catalyst prepared by conventional impregnation compared to other 

preparation methods due to lower nickel dispersion.97 The catalyst prepared by ion 

exchange method showed high initial activity, indicating that the sintering occurs 

during reduction state can be efficiently prevented by using this method; however, a 

dramatical particle size increase accompanied with a loss in activity was found during 

the recycling test. The group using a deposition-precipitation (DP) or a two-step 

synthesis involving preparing a nickel nanoparticles and grafting them into the 
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support to decrease the sintering during reaction. Therefore, it could be concluded 

that the preparation method has a key role in the activity and stability of nickel 

catalysts, and the conventional impregnation method is not suitable for dispersing 

nickel on the support. Further work on improving the Ni/Hbeta catalyst by 

encapsulating nickel particles into mesopores single-crystalline Hbeta demonstrated 

higher stability as well as activity.88 In contrast, Ni/ZrO2 showed high stability (> 70 

h) in hydrotreating of microalgae oil.74 

Carbon deposition is another factor that influence the stability of nickel catalysts. 

Deactivation and regeneration behaviors of Ni/γ-Al2O3 and Co/γ-Al2O3 catalysts in 

the hydrotreating of palm oil were investigated at 300 oC and 5 MPa in a trickle bed 

reactor. After 150 h on stream, the product yield dramatically decreased over the Co 

catalyst (88.6% to ca. 56.6%), whereas a decrease from 92.2 to 76.2% was observed 

on the Ni catalyst. TPO analysis showed that the amount of carbon deposition on the 

Co catalyst was larger than that on the Ni catalyst. Although some sintering was also 

observed, the carbon deposition was considered as the major deactivation reason. 

Regeneration of the catalysts can completely restore the catalytic activity.98 
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1.5 Bifunctional Catalysts for Simultaneous Deoxygenation-Isomerization of 

Triglyceride-Related Compounds 

In previous sections, hydrotreating of TG-related catalysts to produce green 

hydrocarbons using TMS, noble metal and nickel catalysts were reviewed. Complete 

deoxygenation is attainable under suitable reaction conditions, and the obtained liquid 

product has an extremely high cetane number close to 100. Nevertheless, the main 

composition of the liquid product is normal alkanes (n-alkanes) with carbon numbers 

of 15–18. The cold flow properties of these n-alkanes are quite unfavorable due to 

their high freezing points (Figure 1.10), which strictly limits their application for 

“ready-to-use” bio-fuels. Isomerization of n-alkanes to produce branched isomers is 

regarded as a feasible and promising method to improve cold flow property. A two-

steps hydrotreating process, i.e., deoxygenation of triglycerides and isomerization of 

the obtained n-alkanes being conducted separately, has been commercialized by 

Neste Oil. Taking account of the cost and process efficiency, however, producing 

high quality fuels through a single-step process is highly desirable. The one-step 

hydrotreating of TG-related compounds to produce isomerized alkanes (iso-alkanes) 

has been widely studied. These studies suggested that a metal-acid bifunctional 

catalyst could increase the concentration of iso-alkanes in the final product. In this 

section, recent studies on the one-step hydrotreating of TG-related compounds over 

bifunctional catalysts are reviewed.  

 

Figure 1.10 Freezing point of paraffins as a function of the number of carbon atoms. 
Reproduced from Hancsok et al.99 
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Usually, the acid function in a bifunctional catalyst is realized by the zeolite. 

Zeolites can be defined as crystalline microporous aluminosilicates, in which the 

primary building blocks are TO4 (T = Si or Al) tetrahedra.100 In the tetrahedra 

structure, a Si4+ or Al3+ cation locates at the center and oxygen atoms locate at the 

corners (Figure 1.11). Due to the different charge between Si4+ and Al3+, the TO4 

tetrahedra unit can have a negative charge (AlO4) or can be neural (SiO4). Zeolites 

usually show high Brønsted acidity because of the presence of protons that balance 

the negative charges generated from trivalent Al atoms with tetrahedral coordination 

environment.  

 

 

 

Figure 1.11 Primary building blocks and Brønsted acid sites in zeolites. 

 

   

The protonic forms of zeolites as solid acids differ from conventional molecular 

acids since they have a distribution of sites with different acid strength. Theoretically, 

the acid strength of a particular ≡Si–(OH)–Al≡ site depends on the electronegativity 

of the cations, Si4+ or Al3+, present in the second coordination sphere around the 

bridging OH group.101 The consequence of this relationship between Al3+ content and 

the strength of the zeolite is that, as it is experimentally observed, zeolites having 

high Al3+ content exhibit a high density of low strength acid sites, while on the other 

hand dealuminated zeolites have a low density of acid sites, but of higher acid 

strength. Besides the composition, the acidity of the zeolites also depends on their 

structure. It has been found that for similar chemical composition, the strength of acid 
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sites in medium pore size zeolites is higher than that found in large pore size 

zeolites.102, 103 In addition to the chemical composition, the pore dimensions and 

topology defining the crystalline structure is another important feature of zeolites. 

The international Zeolite Association (IZA) recognizes 231 different structures, 

which can be classified depending on the oxygen atoms in the pore mouth or the 

number of dimensions through which a molecule can diffuse in the crystals (Figure 

1.12).  

 

 

 

Figure. 1.12 Dimensions through which a molecule can diffuse in the crystal of 

zeolite. 

 

 

Zeolites can be classified by the pore size as small, medium and large size 

zeolites when the openings of the micropores are constituted by rings of eight, ten or 

twelve oxygen atoms, respectively.104 Shape-selectivity is attributed to the pore size 

and is responsible for the control of the product distribution. There are three kinds of 

shape-selectivity proved by previous experimental results (Figure 1.13): (a) reactant 

selectivity: the pore opening transmits reactants which have a sufficiently narrow 

kinetic diameter and sieves out the bulkier ones; (b) product selectivity: only products 

which are sufficiently slim can leave the zeolite cage reactor and others are further 

catalytically rearranged until they can exit; (c) transition state selectivity: the shape 

of the cage imposes constraints on the steric demand of possible products. This is the 
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case of xylene isomerization, toluene disproportionation or alkylation in ZSM-5 as 

solid acid, processes that are carried out on a very large scale in petrochemistry. In 

this case, the thermodynamic mixture at equilibrium should contain o- and p-xylenes, 

with lesser amounts of the meta isomer. However, when carrying out the reaction 

inside the medium pore zeolite ZSM-5, in which the pore dimension only allows 

diffusion of p-xylene, m- or o-xylene formed in the crossings of the channel system 

cannot diffuse out of the crystals and become entrapped until they rearrange to the p-

xylene that is the only one that can go out of the pores. 

 

 

 

Figure 1.13 Schematic representation of shape-selectivity in the pores of zeolite 
molecular sieves. Reproduced by Roduner et al.105 
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Table 1.2 lists the representative of recent literatures concerning the one-step 

reaction. The first report about this process used a 1% Pd/SAPO-31 catalyst (Table 

1.2, entry 1).70 Although a high iso-/n-alkanes ratio could be obtained at higher 

reaction temperatures and lower WHSV, cracking was also severe under the 

corresponding reaction conditions. The high cracking activity of the catalyst could be 

due to the unbalanced hydrogenation/acid function; if the acid function of support is 

much stronger than the hydrogenation function of metal, the carbenium intermediate 

would undergo cracking rather than skeleton isomerization. Additionally, 

deactivation was followed after several hours’ reaction due to sintering of Pd particles. 

Recently, the same group used a series of 1% Pt/SAPO-31 catalysts prepared at 

different calcination temperatures for hydrotreating of sunflower oil (Table 1.2, entry 

6). Due to the higher hydrogenation function of Pt, extremely high isomerization yield 

(> 70%) was obtained. In a long-term test (45 h on stream), high stability was 

achieved over the catalyst calcined at 450 oC.  

The acidity of support plays a key role in isomerization as well as the one-step 

hydroconversion process. Liu et al. investigated NiMo sulfided catalysts supported 

on various supports.106 The isomerization activity of these catalysts increased in the 

following order: SiO2 > γ-Al2O3 > SiO2-Al2O3 > HY > HZSM-5 (Table 1.2, entry 3). 

This result is consistent with the acidity of these supports that obtained by NH3-TPD. 

The pour points of the liquid products over NiMoS/SiO2-Al2O3, NiMoS/HY and 

NiMoS/HZSM-5 were lower than -15 oC, indicating good cold flow properties of 

these products. However, high cracking selectivity (48.9% and 77.8%) was found 

over NiMoS/HY and NiMoS/HZSM-5. In general, two factors have large influences 

on the pour point of final products; one is the isomer content and the other is the 

carbon number distribution of the liquid product. Although the hydrocarbon with less 

carbon numbers (e.g., C5-C10) has lower pour point, these compounds do not cover 

the boiling range of diesel and have a lower cetane number. Therefore, isomers 

obtained from hydrotreating of vegetable oils with carbon numbers of 10-18, 

preferable 15-18, can be the appropriate component for diesel fuel. 
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Early studies used ZSM-5 as the support because of its high acid function.106, 107 

However, the high cracking activity of these catalysts limits their use in the one-step 

process. Even a diluted ZSM-5/Al2O3 also showed high cracking activity.108 

Therefore, it is concluded that this kind of zeolite is not suitable for this process. 

Research interest was changed to zeolites with a one-dimension and ten-membered 

ring structure. SAPO-11 (-21 and -31) and ZSM-11 (-12 and -22) have this kind of 

pore structures. These materials were reported to have shape-selectivity in 

isomerization of n-alkenes.109 Our research group investigated the effects of acidity 

and structure of the support on the catalytic performance in hydrotreating of methyl 

stearate.27 NiMo/SAPO-11 and NiMo/AlSBA-15 (Si/Al = 10) have similar acidity; 

however, the NiMo/AlSBA-15 catalyst showed higher cracking activity, while 

NiMo/SAPO-11 was more selective to isomerization. Based on this result, it is 

suggested that the pore structure is another important parameter during isomerization 

of long chain molecules. As shown in Figure 1.14, the microspores structure of 

SAPO-11 gives a shape-selectivity that inhibits the multi-branched isomer formation 

inside its pores. In contrast, the SBA-15 with a mesoporous structure favors further 

isomerization of the mono-branched carbenium intermediate to produce a multi-

branched intermediate. It is known that the multi-branched intermediate is more 

Figure 1.14 Isomerization mechanisms for long chain paraffin over NiMo/SAPO-
11 and NiMo/AlSBA-15 catalysts. 
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active to be cracked into small alkanes rather than to be hydrogenated into alkanes. 

Consequently, SAPO-11 is more suitable for long-chain alkane isomerization than 

SBA-15. 

Many studies used SAPO-11 as a support in hydrotreating of vegetable oils. Our 

group used Pt/SAPO-11 catalysts for hydrotreating of Jatropha oil. The effects of 

Si/Al ratio of SAPO-11 and Pt content were investigated. As increased the Si/Al ratio 

(from 0.05 to 0.4) or Pt loading (from 0.6 wt% to 3 wt%), the isomerization selectivity 

increased. Furthermore, the Pt content showed a larger influence. In addition, much 

higher isomerization selectivity was obtained in isomerization of deoxygenated 

hydrocarbons (i.e., n-C15-18 alkanes) compared to the one-step hydrotreating of 

Jatropha oil. Based on these results, it is suggested that Pt metal sites work as the 

active site for both deoxygenation and isomerization, and an insufficient noble metal 

content would cause a lower isomerization activity. Although an increase of the noble 

metal content could render the catalyst more active, the higher cost will prohibit the 

large-scale industrialization of this process.  

Wang et al. used 1% Pt/SAPO-11 and 1% Pt/ZSM-22 for the hydrotreating of 

soybean oil (Table 1.2, entry 4). The SAPO-11 supported catalyst showed higher 

isomerization selectivity, while the ZSM-22 supported catalyst showed higher 

cracking selectivity. Although the high cracking activity for Pt/ZSM-22 can be due 

to its higher acidity, the insufficient hydrogenation function of 1 wt% Pt, which 

causes an unbalanced hydrogenation/acid function, should not be ignored. Nickel-

based catalysts showed higher deoxygenation of TG-related compounds, and 

therefore used as the hydrogenation function for a Ni/SAPO-11 catalyst.86 Although 

this catalyst showed high yield of total isomers (i.e., iso-C5-18 alkanes), high cracking 

selectivity was also obtained due to the high C-C bond cleavage ability of nickel 

particles. 
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1.6 Purpose of This Study 

To obtain “ready-to-use” hydrocarbon biofuels from hydrotreating of vegetable 

oils, both complete deoxygenation and further isomerization of obtained n-alkanes 

are indispensable. Taking into consideration of the cost and efficiency of the process, 

combining deoxygenation and isomerization into a single step is highly desirable. 

While some interesting information has been forwarded from previous studies, 

several issues still remain in this very important research area.  

Firstly, although many research groups put their interest on TMS, nickel and 

noble metal catalysts, these catalysts are still not fully appropriate for simultaneous 

deoxygenation-isomerization of TG-related compounds to produce “ready-to-use” 

fuels. Indeed, TMS catalysts are the only catalysts applied in industrial processes. 

However, the issue of the stability of the catalyst and the product contamination still 

remained, which would destroy the original purpose of producing green biofuels. In 

this sense, the development of a sulfur-free catalyst is environmentally favorable. 

While nickel catalysts have high deoxygenation activity and a good potential for the 

deoxygenation process, there are still many issues remain; for example, lower liquid 

yield due to the reaction proceeding via the DCO route and high hydrogen 

consumption due to further methanation of the generated CO. Additionally, most 

studies using these catalysts were conducted using batch type reactors, which would 

decrease the efficiency in industrial application.  

Secondly, catalysts employed in simultaneous deoxygenation-isomerization 

reaction were simple combinations of a deoxygenation metal and an acid support. 

Although this kind of catalyst can be suitable for n-alkanes isomerization, they are 

not highly active in the simultaneous reaction due to the insufficient hydrogenation 

ability of the monometallic metal. In addition, water formation in the deoxygenation 

reaction would largely influence the stability of the metal phase and cause sintering 

during reaction. Recently, many studies suggested that the addition of a second metal 

to form a bimetallic phase could be an efficient method to improve the catalytic 

activity and stability of the monometallic catalyst. However, the application of 
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bimetallic metal catalysts in hydrotreating of TG-related compounds has been less 

extensively studied.  

Thirdly, deep isomerization would lead to the formation of multi-branched 

alkanes (MuBI), which have good cold flow properties. However, this property 

should not be the only evaluation index for “ready-to-use” diesel fuel because the 

combustion performance is also important and cannot be ignored. Unfortunately, 

MuBI have much lower cetane numbers (<60) compared to mono-branched alkanes 

(MoBI) (>85). Therefore, how to make the isomerization stop in the stage of 

producing MoBI is another issue for this process. 

Finally, although several studies have investigated hydrotreating of TG-related 

compounds, the role of active metal in deoxygenation and the reaction mechanism is 

still unclear. Understanding the fundamental chemistry in catalysis, i.e., the surface 

reaction mechanism and structure-performance relationship, is of high value to help 

designing new catalysts for other highly integrated processes. 

Consequently, the purpose of this study is to develop efficient bifunctional 

catalysts for the simultaneous deoxygenation-isomerization of fatty acid esters to 

produce “ready-to-use” fuels and elucidate the structure-performance relationship of 

the catalyst. In order to understand the fundamental chemistry in catalysis, model 

compounds that are structurally similar to the main component in vegetable oils were 

used in most cases of the study. Three catalytic concepts were applied in this study. 

First, metal oxides were added into a monometallic catalyst to enhance its HDO 

selectivity. In heterogeneous catalysis, adsorption of the substrate and subsequent 

activation are the key steps. In a monometallic catalyst, the metal site functions as 

both hydrogen activation and adsorption sites. Therefore, competing adsorption 

between the substrate and hydrogen would occur, which could reduce the 

hydrogenation efficiency (Figure 1.15, left). Some metal oxides showed Lewis 

acidity which can function as strong adsorption sites for carbonyl groups. Adding this 

kind of metal oxides into the monometallic catalyst, carbonyl groups of a substrate 

could be adsorbed on the metal oxides and hydrogen is dissociated on the other metal 

site (Figure 1.15, right). This synergetic effect between metal and metal oxides was 
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supported to substantially improve the hydrodeoxygenation rate. Second, zeolites 

with one-dimension and ten-membered ring structures were used in this study. In 

previous studies, one-dimension channel was proved to efficiently suppress the 

undesired cracking reaction. A pore mouth with ten-membered ring is on the same 

order of size as the alkane molecule. Therefore, this kind of zeolites have shape-

selectivity to separate various isomers which have different molecular sizes (Figure 

1.16). SAPO-11 and ZSM-22 zeolites were used in most of the cases of this study 

because multi-branched isomers, which have lower cetane numbers, could not be 

generated inside their pore channels. This behavior could be responsible for 

enhancing the formation of mono-branched isomers. Third, a core-shell structural 

zeolite was synthesized for improving the shape-selectivity. Although multi-branched 

isomers could not be generated inside the pore channel of SAPO-11 or ZSM-22, they 

could be formed by the external acid sites, which have no shape-selectivity. Therefore, 

silica with no acidity was coated onto the surface of the zeolite to passivate the 

external acid site and further inhibit the formation of multi-branched isomers. 

 

 

Figure 1.15 Surface reaction mechanism for hydrogenation of an oxygen-containing 
substrate. 
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Figure 1.16 Reactant shape-selectivity for isomerization of octadecane over SAPO-
11 zeolite. 

 

 

Figure 1.17 Deoxygenation of methyl palmitate and selective isomerization of in situ 
generated n-alkanes to produce mono-branched isomers over a bifunctional catalyst 
with silica-coated zeolite as the support.  

 

A research flowchart in this thesis is presented in Figure 1.16. In brief, chapters 

2 and 3 focused on the study of bimetallic metal species, i.e. reduced NiMo and PtSn; 

chapter 4 focus on the silica surface modification of a conventional zeolite – ZSM-

22. Finally, new bifunctional catalysts based on the reduced NiMo and PtSn 

bimetallic metals and ZSM-22@SiO2 were developed for the simultaneous 

deoxygenation-isomerization reaction. Details of the research work are introduced as 

follows. 
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Figure 1.15 Research flowchart for used catalysts in this thesis. 

 

In Chapter 2, hydrotreating of TG-related compounds was conducted over NiMo 

catalysts activated by hydrogen reduction in response to the low stability of sulfided 

catalysts. First, the feasibility of using a reduced commercial NiMo/Al2O3 catalyst 

was confirmed by comparing the catalytic activity and stability with the sulfided 

catalyst in hydrotreating of Jatropha oil. Then, various acid supports with different 

structures and acidities (SiO2-Al2O3, SAPO-11 and AlSBA-15) were used for 

preparing NiMo catalysts, and the screening of these catalysts was conducted in 

hydrotreating of Jatropha oil. Subsequently, further investigation on reduction 

temperature was carried out using the hydrotreating reaction of methyl laurate as a 

model compound. Finally, many characterizations were performed to find out the 

structure-performance relationship and elucidation of the surface reaction mechanism 

of the reduced NiMo catalyst. 

In Chapter 3, research interest was focused on improving the activity Pt/SAPO-

11, which used in simultaneous deoxygenation-isomerization of vegetables in 

previous studies. Although the Pt/SAPO-11 catalyst with a high Pt content (1.5 wt%) 

showed high efficiency in the simultaneous reaction, high cost of the catalyst limited 

its application for industrialization. In this chapter, the promotion effect of second 

metal species, i.e., Pd, Re, Cu and Sn, which exhibited activity in other hydrogenation 
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reactions combined with Pt, was applied for the simultaneous reaction of a model 

compound-methyl palmitate. Then, PtSn was selected for further investigation 

because of its high isomerization activity. The Pt catalyst was lowered to 0.3 wt%, 

and the atomic ratio of Sn/Pt was varied from 1 to 3 to elucidate the active phase in 

the PtSn catalyst and the promotion effect of Sn.  

In Chapter 4, a core@shell structural zeolite was designed to improve the shape-

selectivity of the support, which can reduce the MuBI formation. ZSM-22@SiO2 was 

synthesized by using a facile crystal growth method. The core zeolite, ZSM-22, has 

a one-dimension channel structure and high isomerization selectivity similar to 

SAPO-11. In addition, the aluminosilicate composition of ZSM-22 makes it more 

appropriate for silica coating procedure than SAPO-11. The outer shell - silica is 

expected to cover the acid site on the external surface of the zeolite and promote the 

formation of mono-branched alkanes (MoBI), which have much higher cetane 

number than MuBI (>85 vs <60). A series of ZSM-22@SiO2 zeolites with different 

amounts of shell silica were prepared to investigate the effect of the support acidity, 

including external and total acidity, on the catalytic performance of Pt catalysts (Pt 

loading = 0.6 wt%). Subsequently, two facile methods, changing Si/Al ratio of the 

core ZSM-22 zeolite and adding Sn as a promoter, were considered to improve the 

activity and isomerization selectivity of the silica-coated catalysts. 
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Chapter 2 

Simultaneous Hydrodeoxygenation-Isomerization of Jatropha 
Oil and Methyl Laurate over Reduced NiMo Catalysts 

 

 

Abstract 

 

To develop a sulfide-free catalyst for one-step deoxygenation and isomerization of 

triglyceride-related compounds to produce hydrocarbon fuels with good cold flow 

properties, NiMo (nickel and molybdenum) catalysts were prepared by using various 

acid supports, i.e., SiO2-Al2O3, SAPO-11 or AlSBA-15, and activated by hydrogen 

reduction. Time-on-stream experiment (over 130 h) for hydrotreating of Jatropha oil 

showed that the NiMo catalyst reduced at 400 oC had extremely high stability. High 

deoxygenation degree could be obtained at a relatively high reaction temperature 

compared to the sulfided catalyst. Isomerization activity was largely affected by the 

acidity of the support. The SAPO-11 support had moderate acidity and exhibited the 

highest isomerization selectivity, on which the formation of branched alkanes with 

lower melting point could be enhanced. Further investigation on the reduction 

temperature of NiMo/SAPO-11 was performed using the hydrotreating of methyl 

laurate as a model compound. The reduction temperature had a significant influence 

on the percentage of different Mo species in the catalyst. Experimental results 

disclosed that Mo species with different valences possessed distinct catalytic 

functions. The hydrotreating reaction was also conducted over Ni/SAPO-11 and 

Mo/SAPO-11 to confirmed different active phases in the NiMo/SAPO-11 catalyst. 

Reaction results demonstrated a synergistic effect based on nickel metal and Mo4+ 

species.   
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2.1 Introduction 

Vegetable oils contain a considerable amount of oxygenates such as 

triglycerides and free fatty acids. To convert these compounds into hydrocarbons that 

have identical properties to fossil-derived transportation fuels, complete removal of 

oxygen atoms by hydrotreating is required. The commercial hydrotreating catalyst is 

based on γ-Al2O3 supported molybdenum sulfides, which are promoted with lesser 

amounts of cobalt or nickel.1, 2 In order to maintain the sulfided active phase, an 

external sulfur source such as dimethyl disulfide should be co-fed with the feedstock.3 

However, a large amount of sulfur species would remain in the final products, 

resulting in a contamination.3, 4 In fact, there is only a trace amount of sulfur (< 10 

ppm) in vegetable oils, and therefore, clean energy can be easily obtained without the 

hydrodesulfurization process compared to the energy derived from petroleum. In this 

sense, there is an apparent need to develop a non-sulfide catalyst for hydrotreating of 

vegetable oils. Supported noble metal catalysts, i.e., Pd/SAPO-31 or Pt/SAPO-11, 

were used as sulfide-free catalysts.5, 6 The acid support used in these catalysts is 

expected to improve isomerization selectivity, and endows the liquid product with 

good cold flow properties.7 However, rapid deactivation and high cost become 

obstacles to their industrial utilization. In an effort to establish a more 

environmentally friendly and economic process for upgrading vegetable oils, 

Lercher’s group developed nickel-based catalysts.8, 9 Although these catalysts have 

obvious advantages compared to previous catalysts, extremely high 

decarboxylation/decarbonylation (DCO) selectivity (> 95 %) was observed, which 

would lower the yield of liquid products. Even worse, the in situ generated CO and 

CO2 could be transformed to methane due to the high methanation activity of the 

nickel phase, which would substantially increase the hydrogen consumption.  

In this chapter, a new catalytic system involving reduced nickel-molybdenum 

oxides (Ni-MoO3-x) as the deoxygenation function and an acid support as the 

isomerization function was designed to achieve the one-step conversion of vegetable 

oils. First, the activity and stability of reduced NiMo/Al2O3 were investigated by a 

time-on-stream experiment for hydrotreating of Jatropha oil. Then, various acid 
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supports, i.e., γ-Al2O3, SiO2-Al2O3, SAPO-11 or AlSBA-15, were used for preparing 

bifunctional catalysts, and the screening of these catalysts was conducted in 

hydrotreating of Jatropha oil. Subsequently, further investigation on the reduction 

temperature of NiMo/SAPO-11 was performed using hydrotreating of methyl laurate 

as a model compound. In addition, the catalyst was characterized using NO pulse 

chemisorption, transmission electron microscope (TEM), H2 temperature-

programmed reduction (H2-TPR), NH3 temperature-programmed desorption (NH3-

TPD) and X-ray photoelectron spectroscopy (XPS). Finally, the correlation between 

Mo species with different valences and the catalytic performance, i.e., deoxygenation 

activity, reaction pathway and isomerization selectivity, was elucidated through 

combining the result of characterization and reaction.  
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2.2 Experimental Section 

2.2.1 Catalyst Preparation 

Al2O3 and SiO2-Al2O3 (Si/Al = 0.12) were supplied by Nippon Ketjen. SAPO-

11 (Si/Al = 0.1 mol/mol) was supplied by Nikki-Universal. Al-incorporated SBA-15 

(Si/Al = 5 mol/mol) was synthesized according to an early report.10 NiMo catalysts 

were prepared by an incipient wetness impregnation method.11 First, the Al2O3, SiO2-

Al2O3, SAPO-11 and AlSBA-15 samples were grounded and sieved to yield 425-850 

µm particles as supports. Subsequently, the support was impregnated with an aqueous 

solution of (NH4)6Mo7O24·4H2O (99.9%, Wako Pure Chem. Ltd.). After drying at 

120 oC for 2 h and calcining at 500 oC for 5 h in air, the molybdenum catalyst was 

impregnated with an aqueous solution of Ni(NO3)2·6H2O (99.9%, Wako Pure Chem. 

Ltd.). After the impregnation, the precursor was dried at 120 oC for 2 h and calcined 

at 450 oC for 16 h. The loading amount of MoO3 and NiO are 20 wt% and 3.5 wt%, 

respectively. Before using, the catalyst was activated by reduction with pure 

hydrogen (50 mL/min) at different temperatures (400−550 oC) for 3 h or by 

sulfidation with a mixture of 5 vol.% H2S in H2 (50 mL/min) at an increased 

temperature of 100 oC, 200 oC and 300 oC for 30 min and finally 400 oC for 3 h. The 

reduced catalyst is denoted as xR-M and the sulfided catalyst is denoted as S-M, 

where x and M refer to reduction temperature and metal species, respectively. 

Monometallic Ni/SAPO-11 and Mo/SAPO-11 catalysts were prepared by the same 

procedure with the NiMo catalyst. 

 

2.2.2 Catalyst Characterization 

Textural properties of the support and catalyst were determined by nitrogen 

physisorption at −196 oC using a Belsorp-mini II automated sorption system. The 

specific surface area, average pore diameter and total pore volume were calculated 

using the Brunauer−Emmett−Teller method at a relative partial pressure of 0.05–

0.3.12 Prior to the measurement, the sample was degassed under vacuum (p < 10-2 kPa) 

at 400 oC for 1 h. 
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H2-TPR measurements were performed using a ChemBET Pulsar TPR/TPD 

instrument (Quantachrome Instruments). First, a measured amount of the calcined 

catalyst (100 mg) was loaded in a U shaped quartz tube, and the sample was pretreated 

in a highly pure He flow at 500 oC for 3 h to remove adsorbed impurities. Then, the 

sample was cooled to 30 oC under helium flow, followed by changing the gas to 5 

vol.% H2/Ar. H2-TPR was performed by linearly increasing the temperature from 30 

to 1000 oC at a heating rate of 5 oC/min. Water generated during the experiment was 

adsorbed by a column which was filled with soda lime. Hydrogen consumption was 

monitored using a thermal conductivity detector (TCD). A calibration curve for 

hydrogen was made for quantification. To obtain information regarding the reduction 

degree at different temperatures, the other H2 reduction experiment was performed 

under a constant temperature (at a heating rate of 20 oC). The amount of hydrogen 

consumption was estimated by using a calibration curve. 

The acidity of the catalyst was measured by NH3-TPD using the same instrument 

as H2-TPR. Typically, a 200 mg sample was pre-reduced in situ in a hydrogen flow 

(15 mL/min) for 3 h, followed by cooling to 30 oC in a helium flow. Ammonia 

adsorption was conducted for 40 min under a 15 mL/min 10 vol.% NH3/He flow. 

Physically adsorbed ammonia was removed under helium flow at 100 °C for 2 h, and 

TPD was performed by linearly increasing the cell temperature from 100 °C to 800 °C 

at a heating rate of 10 °C/min under a 15 mL/min helium flow. The amount of 

desorbed ammonia was calculated by using a calibration curve. 

XPS spectra were acquired using an ESCA-3200 (Shimadzu) spectrometer with 

monochromatic Mg Kα radiation (240 W, 8 kV, E = 1253.6 eV). The spectrometer 

was interfaced to a SUN PC compatible for data collection. The CasaXPS software 

package (Casa Software Ltd., Teignmouth, UK) was used for subsequent data 

analysis. The binding energy (BE) value was referenced to adventitious carbon (C 1s 

at 284.6 eV). A Shirley-type background was subtracted for Mo 3d envelops, and the 

linear-type background was subtracted for Ni 2p envelops. The recorded spectra were 

fitted using Gaussian−Lorentzian curves. After reduction, the sample was prepared 
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in a dry box under an argon flow. A degassing pretreatment was carried out prior to 

analysis. 

NO pulse chemisorption was performed using the same instrument as H2-TPR. 

400 mg catalyst was used for each experiment. After reduction, the sample was 

further heated to 550 oC under a helium flow to remove the adsorbed hydrogen. The 

NO pulse adsorption was performed at 40 oC. He was used as the carrier gas, and 

successive doses of 10% NO/He gas were subsequently introduced using a calibrated 

injection valve (25 μL NO pulse−1). 

TEM observations were performed on a JEOL 2100 microscope (JEOL, Japan), 

working at 200 kV. The sample power after reduction was deposited on a carbon 

coated Cu grid.  

 

2.2.3 Activity Test 

Hydrotreating of Jatropha oil was performed in a high-pressure fixed-bed 

continuous-flow stainless steel reactor with a diameter of 30 mm. Prior to the reaction, 

the catalyst was reduced at 400 °C under a H2 flow for 3 h or sulfided at 100, 200, 

300 oC for 30 min and finally 400 °C for 3 h using a 5 vol% H2S/H2 mixture gas. 

Jatropha oil was introduced into the reactor by a high-pressure liquid pump. The 

reaction was conducted at 375-425 °C, under 3 MPa, with a liquid hourly liquid 

hourly space velocity (LHSV) of 1 h–1, and Gas/Oil ratio of 1000 (ml/ml).  

Hydrotreating of methyl laurate (ML) was performed as a model reaction to 

evaluate deoxygenation and isomerization activity of the catalyst. The reaction was 

performed in another continuous-flow reactor (8 mm in diameter and 40 mm in 

length), which is operated in the down-flow mode. For each activity test, 1.5 g 

calcined catalyst was diluted with quartz and charged into the reactor. The catalyst 

was reduced under a 50 mL/min H2 flow for 3 h. The reaction was conducted at 

various temperatures (275−375 °C), under 3 MPa of hydrogen pressure, with a weight 

hourly space velocity (WHSV) of 5 h–1 and a H2/feed ratio of 800 (ml/ml). The 

catalytic activity was measured after stabilization (from TOS = 5 h). No significant 

deactivation of the catalyst could be observed during the experiment.  
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After the reaction, liquid products were diluted with carbon tetrachloride and 

analyzed using a gas chromatograph (GC-2025, Shimadzu Corp.) equipped with a 

flame ionization detector (FID) and a DB-5HT column (Agilent, 30 m × 0.25 mm i.d., 

0.25 µm). The product identification was performed using a gas chromatograph-mass 

spectrometer (GC-MS-QP5050A, Shimadzu Corp.) equipped with the same capillary 

column. Another gas chromatograph with a thermal conductivity detector (TCD) and 

a Unibeads C column (GL Sciences Inc., 3 m × 3 mm i.d.) was used to measure other 

gaseous products such as CO and CO2. 

The amount of products was quantified using GC standards. The conversion of 

the feedstock, deoxygenation degree and selectivity were calculated by the following 

equations. 

Conversion (%) = (1 − 
nFeed

nFeed0
 ) × 100     

HDO (%) = (1 − 
	∑Product

∑Feedstock
 ) × 100     

Selectivity (%) = 
ni	×	ai

∑	ni	× ai
 × 100     

where nFeed0 is the number of molecules of triglycerides or methyl laurate in the 

feedstock, nFeed0 is the number of molecules of triglycerides or methyl laurate in the 

product, ∑Feedstock is the molar amount of total oxygen in the feedstock, ∑Product is the 

molar amount of total oxygen in the products, ni is the mole number of product i, and 

ai is the carbon atom number of product i. 

The turnover frequency was determined using the following equation. 

TOF= − 
F/W

M
 × ln(1 − X) 

where X is the conversion (%), F is the reactant molar flow (mol/s), W is the catalyst 

weight (g) and M is number of the active sites measured by NO pulse chemisorption. 
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2.3 Results and Discussion 

2.3.1 Catalyst Characterization 

The metal loading determined by XRF and textural properties derived from 

nitrogen adsorption-desorption isotherms are listed in Table 2.1. Metal loadings of 

the catalyst were similar to the target values, indicating that metals were successfully 

loaded on the support. After reduction, although there is a little increase in the BET 

surface area, no considerable change could be observed among the catalysts reduced 

at different temperatures. 

 

Table 2.1 Chemical analysis and textural properties of various catalysts. 

Catalyst 

Chemical 
Composition 

Textural properties 

NiO MoO3 SBET
a Vtotal

b
  

(cm3/g) 
davg

c 
(wt%) (wt%) (m2/g) (nm) 

NiMo/Al2O3 3.3 19.3 219 0.62 11.2 
NiMo/SiO2-Al2O3 3.4 18.6 215 0.69 12.8 
NiMo/AlSBA-15 3.5 18.1 424 0.67 6.3 

Ni/SAPO-11 3.5 - 126 0.22 7.0 
Mo/SAPO-11 - 19.5 94 0.19 7.9 

NiMo/SAPO-11 3.3 18.3 52 0.12 9.6 
400R-NiMo - - 75 0.12 6.3 
450R-NiMo - - 74 0.12 6.3 
500R-NiMo - - 76 0.13 6.5 
550R-NiMo - - 79 0.13 6.6 

a Specific surface area. b Total pore volume. c Average pore size. 
 

H2-TPR patterns for the Ni/SAPO-11, Mo/SAPO-11 and NiMo/SAPO-11 

catalysts are compared in Figure 2.1. The reduction peaks appeared in two regions; 

one started at 400 oC and ended at 720 oC, and the other was observed at a higher 

temperature. For Ni/SAPO-11, the lower temperature reduction peak was due to the 

reduction of bulk nickel oxide species with less interaction with SAPO-11, and the 

higher one was attributed to the dispersed nickel. In addition, the reduction peak at 

temperatures higher than 900 oC may correspond to the reduction of nickel aluminate 

(NiAl2O4).13 For MoO3/SAPO-11, the maximum hydrogen consumption was 
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observed at 652 oC, which was assigned to the reduction of Mo6+ in octahedral 

coordination to Mo5+ and Mo4+. Another reduction peak at temperatures higher than 

900 oC corresponded to the further reduction of Mo4+, forming lower molybdenum 

oxidation state such as Mo2+ or zerovalent molybdenum species. For NiMo/SAPO-

11, the TPR profile exhibited two reduction peaks in region I, i.e., one at 612 oC and 

another shoulder peak at 551 oC. The latter peak was attributed to the reduction of 

MoO3, and the former peak was due to the reduction of nickel oxide and a portion of 

the molybdenum oxide. Interestingly, the reduction peak of NiMo/SAPO-11 in region 

I shifted to a lower temperature side compared to that of Mo/SAPO-11. This result 

can be explained by the hydrogen spillover from nickel to molybdenum, which 

promoted the reduction rate of molybdenum oxide.14 
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Figure 2.1 H2-TPR profiles of (a) Ni/SAPO-11, (b) Mo/SAPO-11 and (c) 
NiMo/SAPO-11. 
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Table 2.2 Hydrogen consumption during H2-TPR. 

Reduction temperature 
H2 consumption (mmol/g) 

NiMo/SAPO-11 Mo/SAPO-11 Ni/SAPO-11 
Hydrogen consumption calculated from H2-TPR. 
Region I 0.15 0.10 0.05 
Region II 0.11 0.09 0.03 
Region I + II 0.26 0.19 0.08 
Hydrogen consumption estimated at different reduction temperatures. 
400 oC 0.05 0.02 0.01 
450 oC 0.15 0.03 0.02 
500 oC 0.17 0.06 0.03 
550 oC 0.18 0.10 0.04 
600 oC 0.18 0.10 0.04 
 

The amount of hydrogen consumption are listed in Table 2.2. For region I, the 

aggregate hydrogen consumption of Ni/SAPO-11 and MoO3/SAPO-11 was 

consistent with that of NiMo/SAPO-11, indicating that nearly all of the NiO species 

in NiMo/SAPO-11 were reduced to nickel metal in this region. For region II, the 

hydrogen consumption of Mo/SAPO-11 was similar to that of NiMo/SAPO-11, 

suggesting that the reduction degree was not improved by nickel addition. 

To further investigate the reduction degree of the catalyst, hydrogen reduction 

profiles were recorded at a constant temperature (Figure 2.2). It should be noted that 

in every case the final temperature had been reached prior to the appearance of the 

hydrogen consumption peak due to the high heating rate (20 oC/min). The reduction 

degree derived from different temperatures is listed in Table 2.2. For NiMo/SAPO-

11, a nearly threefold increase was observed when the reduction temperature 

increased from 400 to 450 oC. However, only a slight increase was observed above 

450 oC. In contrast, the reduction degree of Ni/SAPO-11 and Mo/SAPO-11 exhibited 

tendency to continuous increase with an increasing reduction temperature. 

The acidity of supports and catalysts determined by NH3-TPD is showed in 

Figure 2.3. Al2O3 sample emerged three distinct NH3 desorption peaks at around 230, 

360 and 470 oC. Compared to Al2O3, SAPO-11 and SiO2-Al2O3 showed only two 

distinct peak at around 260 and 350 oC. For AlSBA-15, the profile was broad and 
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showed the biggest area among the four supports. On an areal basis, the amount of 

total acid sites followed the order: AlSBA-15 > SAPO-11 > SiO2-Al2O3 > Al2O3. 
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Figure 2.2. H2 reduction profiles of (A) Mo/SAPO-11, (B) Ni/SAPO-11 and (C) 
NiMo/SAPO-11. The reduction temperature was constant at (a) 400 oC, (b) 450 oC 
and (c) 500 oC and (d) 550 oC. 
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Figure 2.3 NH3-TPD profiles of (A) supports and (B) catalysts: (a) AlSBA-15, (b) 
SAPO-11, (c) SiO2-Al2O3, (d) Al2O3, (e) oxidized NiMo/SAPO-11, (f) 400R-NiMo, 
(g) 450R-NiMo, (h) 500R-NiMo and (i) 550R-NiMo. 
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Table 2.3 Acidity of the support and catalysts determined by NH3-TPD. 

Sample 
Weak Medium Strong  Total 

acidity 
(μmol/g)T/°C 

Acidity
T/°C

Acidity
T/°C

Acidity 
 

(μmol/g) (μmol/g) (μmol/g) 
SAPO-11 265 160 370 269 -  426 
Oxidized 266 207 361 324 -  531 

400R-NiMo 261 123 322 151 416 194  468 
450R-NiMo 262 144 341 194 436 101  440 
500R-NiMo 258 148 345 204 472 47  399 
550R-NiMo 262 121 361 232 -  353 

 

For the reduced NiMo/SAPO-11 catalyst, all of the profiles exhibited two 

similar desorption peaks centered at approximately 260 oC and 350 oC, which 

respectively correspond to weak and medium acid sites primarily originate from 

SAPO-11. In addition, another peak emerged at ca. 550 oC was observed in the 

catalyst reduced at 400, 450 or 500 oC. However, this peak was not observed for the 

support, oxidized catalyst or catalyst reduced at 550 oC. This result indicates that new 

acid sites were generated after reduction at 400 – 500 oC. To compare the number of 

acid sites, the NH3 desorption peak was divided into two or three regions, and the 

acidity of each individual region is listed in Table 2.3. The number of total acid sites 

substantially increased after impregnating the NiMo metals. However, it decreased 

gradually as the reduction temperature increased. The number of new acid sites 

observed at the desorption temperatures higher than 400 oC also decreased as the 

reduction temperature increased. Suarez and co-workers studied the acid properties 

of Mo/Al2O3 reduced to different extents by infrared spectroscopy of adsorbed 

pyridine.15 Two interesting conclusions provide evidence to explain the variation in 

our NH3-TPD results. First, the IR spectroscopy showed the presence of Brønsted 

acid sites on the oxidized catalyst but not on the alumina. Second, the Brønsted acid 

sites increased at low extents of reduction and decreased to zero with further 

reduction. In contrast, the Lewis acidity passed through a maximum as a function of 

the reduction degree but was not eliminated with reduction. In this study, the increase 

in the number of acid sites after impregnation may be related to both of the Brønsted 

and Lewis acid sites that were generated by molybdenum oxide, and the decrease in 
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these sites was due to the gradual elimination of Brønsted acid sites. The new acid 

sites generated after reduction may correspond to hydroxide groups bond to Mo5+ 

species. 

XPS study was conducted to determine the oxidation states of the metal after 

different reduction processes. Figure 2.4 shows the Mo 3d curve-fitted spectra for 

the reduced NiMo/SAPO-11 catalysts. Three sets of Mo 3d doublets were observed: 

Mo6+, Mo5+ and Mo4+. Yamada studied the distribution of molybdenum oxidation 

states in reduced Mo/γ-Al2O3 and found that Mo3+ was obtained after 500 oC 

reduction.16 However, other results indicate that no valence lower than +4 was 

obtained at the same reduction temperature.17, 18 Based on these results, the reduction 

degree of molybdenum is strongly dependent on the preparation method and acidity 

of the support. Therefore, the interaction between the metal and support would change 

the reduction difficulty. In this sense, Brønsted acid sites in SAPO-11 caused more 

difficulties for the reduction of supported molybdenum oxide. The binding energies 

(BE) and relative abundance of each Mo oxidation state are listed in Table 2.4. The 

BE value for the Mo6+ was obtained from the XPS spectra of oxide catalyst (Mo 3d5/2, 

232.9 eV; Mo 3d3/2, 236.0 eV). A good agreement with the BE values is observed in 

other literatures.16, 17, 18, 19, 20 The XPS parameters for Mo5+ and Mo4+ were a result of 

the curve fitting procedure. For the 500R-NiMo and 550R-NiMo catalysts, the BE of 

Mo5+ and Mo4+ shifted to lower values compared to 400R-NiMo and 450R-NiMo, 

suggesting that a higher reduction degree was obtained and more coordinately 

unsaturated sites (CUS) were generated. The relative concentration of each Mo 

oxidation state was calculated by dividing the Mo 3d area for a given oxidation state 

by the total area of the Mo 3d envelope. The concentration of Mo5+ or Mo4+ species 

exhibited a significant change in the different catalysts. The percentage of Mo4+ 

exhibited a steady increase from 27.6% to 51.4% with increasing reduction 

temperature, whereas that of Mo5+ dropped from an initial high value of 43.5 % to 

20.0 %. These result indicates that a higher temperature favors the formation of a 

lower valence of Mo4+ rather than Mo5+. Many studies investigated the reduction 

kinetics of supported MoO3, and the results indicated that different valences of 
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molybdenum oxides showed quite different distributions in the initial state of 

reduction, but they could remain the same after a certain time period (approximately 

3-5 h).21, 22 In this study, a sufficient time of 3 h was maintained for each reduction 

process. Therefore, the final oxidation state was reached in each case, and the 

reduction degree only depends on the reduction temperature. On the other hand, the 

Mo6+ showed a constant concentration in the different catalysts. These Mo6+ species 

strongly interacted with the support and required a higher energy for reduction. 
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Figure 2.4 XPS spectra of the Mo 3d region for NiMo/SAPO-11 reduced at different 
temperatures. 
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Table 2.4 Binding energy and distribution of molybdenum species with different 
valences of the reduced catalysts. 

Sample 
Binding energya (eV) Concentrationb (%) 

Mo6+ Mo5+ Mo4+ Mo6+ Mo5+ Mo4+ 
400R-NiMo 232.9 231.4 229.5 28.9 43.5 27.6 
450R-NiMo 232.9 231.3 229.5 28.1 34.4 37.5 
500R-NiMo 232.9 231.1 229.1 28.6 30.1 41.3 
550R-NiMo 232.9 231.1 229.1 28.6 20.0 51.4 

a The value of binding energy referred to Mo 3d5/2. The difference between the binding 
energy value of 3d5/2 and 3d3/2 was keep constant (3.1 eV) for all oxidation states.b 
Concentration of different valences of molybdenum species was obtained from the areal 
percentage. 
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Figure 2.5 Ni 2p envelops for the oxidized and reduced NiMo/SAPO-11 catalysts. 
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The XPS spectra for Ni 2p are shown in Figure 2.5. For oxidized NiMo/SAPO-

11, the peak at 858.3 eV was due to NiO. After reduction, the value of the binding 

energy shifted to lower side (854.8 eV), and only zerovalent nickel was observed in 

each case, indicating that the nickel oxide on the surface of NiMo/SAPO-11 was 

completely reduced even when the temperature was relatively low (400 oC), which 

correlates well with the H2-TPR results. 

TEM images of the reduced NiMo/SAPO-11 catalysts are displayed in Figure 

2.6. The average size of 400R-NiMo was approximately 9 nm. The increase in the 

reduction temperature only resulted in a slight migration of the metal particles, and 

the average particle size of the 550R-NiMo was estimated to be approximately 10 nm. 

Based on these results, it can be concluded that the reduction temperature cannot 

significantly influence the particle size of metal. 

NO is frequently used for quantifying the active site in hydrotreating catalysts. 

It is widely accepted that NO was adsorbed on the anion vacancy as dinitrosyl 

species.23, 24, 25, 26 The NO uptake for the reduced catalysts is listed in Table 2.7. The 

adsorption amount of NO for the reduced NiMo/SAPO-11 catalyst gradually 

increased with increasing reduction temperature. Based on the TEM result, the 

average particle size for these catalysts was similar, indicating that the metal 

dispersion cannot be changed considerably by the reduction at different temperatures. 

Therefore, the reason for the variation in NO adsorption amount may be the increase 

in the CUS sites. In addition, the monometallic Mo/SAPO-11 catalyst possessed 

lower NO adsorption capacity, while the Ni/SAPO-11 catalyst exhibited much higher 

NO adsorption amount than the other catalysts. 
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Figure 2.6 TEM images of the NiMo/SAPO-11 catalyst reduced at different 
temperatures. 
 

2.3.2 Hydrotreating of Jatropha Oil over Reduced NiMo Catalysts 

The stability of reduced NiMo catalyst was evaluated by a long-term reaction. 

Sulfided hydrotreating catalysts had low stability due to gradual sulfur leaching 

during the reaction. A recent study showed that a sulfided catalyst started deactivation 

at the time on stream of 120 h, and a partial transformation of the metal phase from 

sulfides to oxides was considered as the main reason.2 To evaluate the stability of the 

reduced NiMo catalyst, a long-term experiment of hydrotreating of Jatropha oil was 

conducted over NiMo/Al2O3. The conversion of Jatropha oil and the selectivity of C5-
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C18 hydrocarbons and C18+ fraction were shown in Figure 2.7. During the reaction, 

the conversion of 100 % kept constant, and the selectivity exhibited no considerable 

change as well.  

For a sulfided catalyst, the metal sulfide phase could be partially reduced by 

hydrogen and formed a vacancy. The heteroatom in a substrate would adsorb on the 

vacancy and be activated by dissociated hydrogen. In the case of deoxygenation, the 

vacancy would be filled with oxygen atoms. It is well known that the sulfide 

molybdenum has a hexagonal crystal structure, which would make the recovery of 

the oxidized vacancy by hydrogen reduction become difficult. For a reduced catalyst, 

the reduction of oxidized metal phases could be much easier due to its distinct crystal 

structure. In addition, the hydrotreating reaction over the reduced catalyst was 

conducted at 375 oC, which is much higher than that for the sulfided catalyst (300 oC), 

because under this temperature deoxygenation could not efficiently occur. Another 

reason for the high stability of the reduced catalysts would be the reaction conduction, 

which would be more favorable to reduce the oxidized vacancy. 
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Figure 2.7 Conversion of Jatropha oil and selectivity of different fractions as a 
function of time on stream over reduced NiMo/Al2O3 catalyst. Reaction conditions: 
T = 375 oC, P = 3 MPa, LHSV = 1 h-1 and H2/oil = 1000. 
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The conversion of triglyceride, product yield and selectivity in hydrotreating of 

Jatropha oil are summarized in Table 2.5. For all studied catalysts, the conversion of 

Jatropha oil reached 98.2-100%, indicating that the reduced NiMo catalyst also has 

high deoxygenation activity. The liquid product is limpid and slightly green after 

hydrotreating at the reaction temperature higher than 375 oC. However, little yellow 

liquid with relatively higher viscosity was observed at a lower reaction temperature 

such as 350 oC, indicating that some oxygenates or unreacted triglycerides remained. 

In contrast, the liquid product obtained from hydrotreating over the sulfided NiMo 

catalyst looks clear even at 300 oC. These results suggest that the reduced catalyst 

showed lower deoxygenation activity than the sulfided catalyst at a lower reaction 

temperature. On the other hand, high yield (78.1–83.8 wt%) of liquid hydrocarbon 

products was achieved for all catalysts. The yield of liquid hydrocarbon products 

decreased in the following order: NiMo/Al2O3 > NiMo/SiO2-Al2O3 > NiMo/SAPO-

11 > NiMo/Al-SBA-15. This could be due to the fact that the use of a catalyst with 

higher acidity would increase the cracking selectivity, and therefore, a larger amount 

of C1-4 and C5-10 products were generated, thereby reducing the C11-18 selectivity. 

 

Table 2.5 Hydrotreating of Jatropha oil over various catalysts. 

Catalyst A B C D E 
Conversion 100 100 98.2 100 100 

Yields based on feedstock, mass % 
Liquid 83.8 82.1 81.2 78.1 83.7 

Gas C1-4 6.5 8.1 9.4 11.7 4.3 

 
CO 0.3 0.1 - - 0.2 
CO2 0.5 0.5 0.9 0.7 1.1 

Water 9.1 8.3 7.0 6.6 8.8 
Selectivity of liquid hydrocarbon fraction, C% 

C5-10 6.1 15.7 25.1 37.3 6.6 
C11-18 85.7 74.6 58.1 59.6 85.0 
C18+ 8.3 9.7 16.9 3.2 8.4 

iso-/n-alkanes 0.1  0.9 3.3 4.2 0.1 
C15+17/C16+18 0.3 0.8  1.0 1.0  0.8 
A. NiMo/Al2O3, B. NiMo/SiO2-Al2O3, C. NiMo/SAPO-11, D. NiMo/AlSBA-15, E. sulfided 
NiMo/Al2O3. Reaction conditions: T = 375 oC, P = 3 MPa, LHSV = 1 h-1, H2/Oil = 1000 (ml/ml).
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Figure 2.8 shows the change of iso-C15-18 selectivity over three reduced catalysts 

as a function of reaction temperature. The selectivity decreased in the order of 

NiMo/SAPO-11 > NiMo/AlSBA-15 and NiMo/SiO2-Al2O3. This result is consistent 

with the acidity of the support (Figure 2.3). NiMo/SAPO-11 and NiMo/Al-SBA-15 

showed much higher isomerization activity than NiMo/SiO2-Al2O3 due to their higher 

Brønsted acidity, which has been considered to be the active site in alkane 

isomerization.27 Although NiMo/AlSBA-15 had much higher acidity than 

NiMo/SAPO-11, the isomerization activity was lower. It is well known that in alkane 

isomerization, the metallic and acid function should be well balanced.28 If the acid 

function is stronger than the metallic function, the intermediate carbenium ion, which 

generated from dehydrogenation of normal alkane, would undergo cracking through 

β-scission and transfer into lighter hydrocarbons (C1-C15) rather than undergo 

isomerization. Based on the above result and discussion, SAPO-11 can be considered 

as the best support among the studied supports. 
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Figure 2.8 Selectivity of iso-C15-18 over various catalysts. Reaction conditions: T = 
375 oC, P = 3 MPa, LHSV = 1 h-1 and H2/oil = 1000.  
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2.3.3 Effect of Reduction Temperature on NiMo/SAPO-11 in Hydrotreating of 

Methyl Laurate 

In last section, the possibility of using a reduced NiMo catalyst for hydrotreating 

of a vegetable oil was demonstrated. Higher isomerization activity and better stability 

of reduced catalysts were observed compared to the sulfided catalyst. However, the 

reduced catalyst showed much lower deoxygenation activity at lower reaction 

temperatures. In general, sulfidation is preferred at a lower temperature, while 

reduction is preferred at higher temperature. Therefore, the lower deoxygenation 

activity of the reduced catalyst could be due to the insufficient reduction, which 

would result in the decrease of active sites. In this section, the focus is switched to 

the effect of reduction temperature on the catalyst performance. The NiMo/SAPO-11 

catalyst showed the highest isomerization activity and relatively lower cracking 

activity in hydrotreating of Jatropha oil. Therefore, SAPO-11 is considered as a 

suitable acid support for the simultaneous deoxygenation-isomerization reaction. 

Methyl laurate, which is structurally similar to the triglyceride in vegetable oils, 

was used as a model compound to test the catalyst performance. A typical 

chromatogram of the liquid products (diluted with carbon tetrachloride) displaying 

peaks of solvent, unreacted reactant and products of HDO of ML is shown in Figure 

2.9. The HDO of ML resulted in the formation of two types of liquid products, i.e., 

oxygenates and hydrocarbons. The main hydrocarbons were dodecane and undecane. 

In addition, hydrocarbons with a carbon number less than 10 were observed at a 

higher temperature (375 oC), and are considered to be the cracking products. Some 

oxygenates, i.e., dodecanol, dodecanal, laurate acid and lauryl laurate, were observed 

as intermediate products at low temperatures, and these compounds were further 

transformed into hydrocarbons with the increasing reaction temperature. Moreover, 

a small amount of methanol was also detected, and the amount of methanol decreased 

as the reaction temperature increased. In each case, water formation was observed in 

addition to the other liquid organic products. These results were consistent with other 

literatures that used triglyceride, fatty acid or fatty acid methyl ester as the feedstock.8, 

29, 30, 31 CH4 and CO were observed as the main gaseous products. In addition, a small 
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amount of CO2 was observed at the reaction temperature higher than 325 oC. 

Interestingly, a small amount of dimethyl ether was detected and the amount was 

decreased as the temperature increased, indicating that dimethyl ether was formed by 

the reaction of the intermolecular dehydration of two methanol molecules, which was 

favored at lower temperatures. 

 

 

Figure 2.9 Typical chromatogram of liquid products from hydrotreating of methyl 
laurate over 550R-NiMo. Reaction conditions: WHSV = 5 h-1, P = 3 MPa and 
H2/Feed = 800 (ml/ml).  

 

The hydrotreating of ML is a complex process involving several reactions, i.e., 

hydrogenation/hydrolysis of ester, deoxygenation of intermediate oxygenates and 

isomerization/cracking/hydrogenation of the resulting hydrocarbons. Possible 

reaction network is presented in Scheme 2.1. First, methyl laurate is transformed into 

laurate acid via hydrogenation or hydrolysis, yielding methane or methanol, 

respectively. Secondly, the deoxygenation of laurate acid proceeds via two pathways: 

hydrodeoxygenation (HDO), which results in the formation of hydrocarbons with the 

same carbon number as the fatty acid (C12 hydrocarbons), and hydrodecarbonylation/ 



74 
 

decarboxylation (DCO), which results in hydrocarbons with one carbon atom less 

than the fatty acid (C11 hydrocarbons). There is a large amount of lauryl laurate was 

formed at lower reaction temperatures. The formation of lauryl laurate can be due to 

the esterification of laurate acid and dodecanol. Due to the easy transformation 

between dodecanol and dodecanal as well as esterification, laurate acid, dodecanol 

and dodecanal were considered to be the key intermediates in the deoxygenation step. 

Finally, the deoxygenated hydrocarbons, i.e., dodecene and undecene, were further 

transformed into isomers and light hydrocarbons (C5-C11) via isomerization and 

cracking, or hydrogenated to saturated alkanes. 

 

Scheme 2.1 Possible reaction network for hydrotreating of methyl laurate. 

 

Hydrotreating of ML over the NiMo/SAPO-11 catalyst reduced at different 

temperatures were conducted under the following reaction conditions: T = 275–375 
oC, WHSV = 5 h-1, P = 3 MPa, and H2/Feed = 800 ml/ml to investigate the effects of 

reduction temperature. Figure 2.10 shows the effect of the reduction temperature on 

the catalyst activity. The catalyst reduced at 400 oC exhibited the lowest activity, and 

the ML conversion over this catalyst was much lower than that over the sulfided 

catalyst (Table 2.6) at reaction temperatures of 275–350 oC. When the reduction 

temperature increased to 450 oC, the activity increased dramatically and was higher 

than that of the sulfided one. However, above 450 oC, only a slight increase in the 

conversion was observed. In addition, the conversion was close to 100% at a higher 

reaction temperature (375 oC). 
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Figure 2.10 Effect of reduction temperature on the conversion of methyl laurate over 
NiMo/SAPO-11 catalyst reduced at different temperatures. 

Table 2.6 Hydrotreating of methyl laurate over S-NiMo. 

 
Reaction temperature (oC) 

275 300 325 350 375 
Conversion (%) 32.3 55.2 82.7 99.8 100 
Selectivity to various products (C %) 
CO/CO2 0.5 1.4 4.7 6.4 7.8 
CH4 1.7 2.8 5.2 7.5 7.7 
C2-10 0.4 0.5 0.7 2.6 8.7 
Methanol/ 
Dimethyl ether 

0.9 0.4 0.1 0.0 0.0 

iso-C11 0.0 0.3 1.9 2.5 3.3 
C11= 3.3 7.6 15.3 0.0 0.0 
n-C11 9.3 22.6 24.1 43.4 41.2 
iso-C12 0.1 0.6 2.4 12.9 13.9 
C12= 2.1 5.0 10.1 0.0 0.0 
n-C12 5.0 14.7 19.0 22.0 14.9 
C12+ 1.9 3.3 1.8 2.7 2.5 
dodecanol/ 
dodecanal 

6.4 2.1 0.9 0.0 0.0 

Laurate acid 27.4 17.6 10.8 0.0 0.0 
Lauryl laurate 41.0 21.2 3.0 0.0 0.0 

Reaction conditions: P = 3 MPa, WHSV = 5 h-1, H2/Oil = 800 (ml/ml). 
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Figure 2.11 Effect of reduction temperature on the liquid product distribution (□ C5-

10 hydrocarbons,    C11 hydrocarbons, ■ C12 hydrocarbons,    Oxygenates, ■ C12+) and 
isomers selectivity at (a) 275 oC, (b) 325 oC and (c) 375 oC. The black circle represents 
the isomer selectivity and can be read on the right axis. Reaction conditions: WHSV 
= 5 h-1, P = 3 MPa and H2/oil = 800 (ml/ml). 

 

In Figure 2.11, the liquid product distribution and isomerization selectivity over 

reduced catalysts are compared. At a lower reaction temperature (275 oC), the main 

products over the four catalysts were oxygenates, especially lauryl laurate. Other 

oxygenates such as dodecanol, dodecanal and laurate acid were observed in trace 

amounts. At 325 oC, C11 and C12 hydrocarbons were observed as the main products 

over the catalyst reduced at higher temperatures (450-550 oC). However, oxygenates 

were also observed in large quantities over the catalysts reduced at 400 oC. This result 

is consistent with the ML conversion, in which catalyst reduced at 400 oC showed the 

lowest activity. At a higher reaction temperature (375 oC), oxygenates were barely 

observed in each case. For the C11 and C12 hydrocarbons, the formation of C11 was 

favored at a higher reaction temperature. On the other hand, the isomers selectivity 

(iso-C11 and iso-C12) increased with increasing reaction temperature. Interestingly, 
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the isomers selectivity remained constant among the different catalysts at a reaction 

temperature of 325 oC, but this selectivity was altered at 375 oC. It is noted that in the 

HDO of ML, deoxygenation and isomerization were consecutive reactions because 

no isomerized oxygenates were observed in the products. Therefore, the 

deoxygenation degree has a large influence on the isomerization, that is, the 

deoxygenation is a prerequisite for subsequent isomerization. In this sense, the 

isomerization selectivity at 275 oC and 325 oC was influence by the deoxygenation. 

The formation of the C5-C10 hydrocarbons as well as the gaseous cracking products 

(C2-C4, not shown) was lower than 5% in every each case even though the reaction 

temperature increased to 375 oC. 

To investigate the effect of the reduction temperature on the isomerization 

selectivity, the ratio of isomerized to normal paraffins is shown in Figure 2.12. The 

isomerization selectivity increased with increasing reaction temperature, but it 

decreased with increasing reduction temperature. At lower reaction temperatures, i.e., 

275 and 300 oC, only trace amounts of the isomers (< 2%) were generated, resulting 

in a ratio close to zero. When the reaction temperature was higher than 325 oC, 400R-

NiMo exhibited a much higher activity for isomerization than that of other catalysts. 

These results are consistent with the acidity of the catalyst (Figure 2.3 and Table 

2.3). In isomerization, the skeleton isomerization and cracking are competitive 

reactions, and the ratio of them is strongly dependent on the acidity of support. SAPO-

11 with moderate acidity was suitable as a support for long chain paraffin 

isomerization. In addition, the addition of another small amount of strong acid sites 

can promote the isomerization as well. Therefore, the new acid sites generated after 

reduction contribute to isomerization, and the decrease in these sites can inhibit the 

isomerization activity of the catalyst. 
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Figure 2.12 Effect of reduction temperature on the isomerization activity of reduced 
NiMo/SAPO-11 catalysts. 

 

The change in the C11/C12 ratio that illustrate the deoxygenation pathways (HDO 

or DCO) are presented in Figure 2.13. For the different reduction temperatures, the 

ratio decreased in the following order: 400R-NiMo >> 450R-NiMo > 500R-NiMo > 

550R-NiMo. For 500R-Ni and 400R-NiMo, the high C11/C12 ratio suggests that DCO 

is the main pathway, and the oxygen atoms are nearly all removed in the form of CO 

or CO2. However, HDO was favorable over the catalyst reduced at a higher 

temperature (450-550 oC), with the formation of H2O. On the other hand, the ratio 

over catalysts with different active metals decreased in the order of 500R-Ni > 500R-

NiMo > 500R-Mo. For 550R-Mo, in particular, C11 hydrocarbons were not detected 

below a reaction temperature of 350 oC, indicating that this catalyst has a high HDO 

selectivity. Furthermore, the ratio increased with increasing reaction temperature, 

indicating that an elevated reaction temperature favors the DCO reaction. For 500R-

Ni the ratio increased after the first decrease with the increasing reaction temperature. 

In fact, an extremely high DCO/HDO ratio (DCO selectivity > 90%) was obtained 

over catalysts with nickel supported on typical metal oxides, e.g., ZrO2, Al2O3, SiO2 

or CeO2.8 However, HDO can be promoted by supported zeolite (Hβ, HZSM-5) 

catalysts and strong acidity. The reason for this result is not clear, but appears to be 
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due to the presence of acid sites in the zeolite, on which the C=O bond can be 

adsorbed, and thus inhibit decarbonylation. Therefore, the low acid strength in 

SAPO-11 does not provide sufficient energy for C=O bond adsorption. 
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Figure 2.13 Evolutions in the ratio of C11 to C12 hydrocarbons as a function of 
reaction temperature. 

 

2.3.4 Catalyst Structure-Performance Relationship 

Based on the XPS and H2-TPR analyses, nickel oxides were completely reduced 

to nickel metal in the NiMo/SAPO-11 catalyst under the studied reduction 

temperature (400-550 oC). In contrast, only a portion of the nickel oxide in the 

Ni/SAPO-11 catalyst was reduced. For Ni/SAPO-11, the difficulty in reduction may 

be attributed to the high dispersion of the nickel species caused by the strong 

interaction between nickel and the surface –OH groups of SAPO-11. For 

NiMo/SAPO-11, two possible effects may lead to a lower dispersion of nickel species. 

(i) A large amount of MoO3 loading (20 wt%) caused the subsequent loading of nickel 

being on the top of MoO3. Therefore, the interaction between nickel and MoO3 was 
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much lower than that of SAPO-11, and caused nickel oxide to be more easily reduced; 

(ii) After MoO3 loading, the surface area of SAPO-11 was dramatically reduced (from 

167 to 94 m2/g). Therefore, the remaining surface area of SAPO-11 for nickel loading 

was much lower than that in pure SAPO-11. This would cause an agglomeration of 

nickel particles. The agglomerated nickel species are more easily reduced than the 

highly dispersed ones.  

In sulfided molybdenum-based catalysts, the coordinatively unsaturated site 

located at the edges of molybdenum crystals, which exhibit Lewis acidity and can 

adsorb atoms with unpaired electrons, is considered to be the active site. Nickel or 

cobalt just play a promoter role and does not have high activity in these catalysts. 

However, the active site changes in the NiMo catalyst after a reduction pretreatment. 

It has been reported that nickel is an active metal for deoxygenation.8, 13, 32 In this 

study, 500R-Ni exhibited much higher activity than 550R-Mo. Therefore, in contrast 

to the sulfided NiMo catalyst, in which NiMoS is the active site, the metallic nickel 

is considered to be more active than the partially reduced molybdenum species in the 

reduced NiMo/SAPO-11 catalyst. 

The oxidation state of molybdenum substantially changes in NiMo/SAPO-11 

catalysts reduced at different temperatures. A lower reduction temperature, i.e., 400 
oC, favored the formation of Mo5+ species. When the reduction temperature increased, 

Mo5+ was continuously transformed to Mo4+. Massoth proposed a mechanism using 

two Mo6+ species to explain the reduction process.33 After forming Mo5+, 

dehydroxylation leads to reduction of two isolated Mo5+ to an intermediate Mo5+ pair. 

Interestingly, further hydrogenation of this Mo5+ pair can lead to a Mo6+ and Mo4+ 

species, and a site containing a vacancy is generated. These results can help explain 

why the amount of Mo6+ did not change much with increasing reduction temperature.  

Figure 2.14 displays the relationships between the concentration of Mo5+ and 

isomerization selectivity (375 oC) as well as the amount of acid sites. Both parameters 

shown on the Y axis varies linearly with the Mo5+ species. In general, isomerization 

occurs over bifunctional catalysts containing a metallic function for 

hydrogenation/dehydrogenation and an acid function for skeletal isomerization. 
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NiMo catalysts with different reduction degree have different amount of Mo5+ species. 

The Mo5+ species, which possess –OH groups, exhibit Brønsted acidity and catalyze 

the isomerization reaction. Similarly, the Mo5+ species are active in other acid-

catalyzed reactions such as metathesis and ethylene polymerization.17, 21, 34, 35 
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Figure 2.14 Correlation between Mo5+ species and isomerization selectivity as well 
as the amount of acid sites. 

 

 

The main intermediate oxygenate, lauryl laurate, can only be generated by the 

esterification of laurate acid and dodecanol. Therefore, laurate acid is considered to 

be the key intermediate compound in ML deoxygenation. Laurate acid is used as the 

initial reactant for explaining the surface reaction mechanism. The result of the 

activity test indicates that C–C bond cleavage, which results in DCO, was the 

primarily deoxygenation pathway over 400R-NiMo, 500R-Ni and S-NiMo catalysts, 

whereas C=O bond hydrogenation, which leads to HDO, is promoted by 500R-Mo 

and 450(500/550)R-NiMo catalysts. The C=O hydrogenation and decarbonylation 
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are competitive reactions, which are severely affected by the nature of the catalyst 

surface. Deoxygenation mechanisms over reduced Ni/SAPO-11, Mo/SAPO-11 and 

NiMo/SAPO-11 (referring to the catalyst that reduced at a temperature higher than 

450 oC) are presented in Schemes 2.2-2.4. 

 

 

Table 2.7 Transformation of methyl laurate over various catalysts at 275 and 300 oC. 

  
500R-Ni 550R-Mo 

400R-
NiMo 

450R-
NiMo 

500R-
NiMo 

 550R-NiMo 

275f 300f 275f 300f 275f 300f 275f 300f 275f 300f  275f 300f 
Conv. a  
(%) 

19.2 74.1 30.8 49.5 15.0 27.3 46.8 69.9 46.2 68.4  50.78 75.72

NO ad. b 
(µmol/g) 

462 197 171 225 230  275 

TOF c   
(10-3/g) 

0.64 4.06 2.59 4.81 1.32 2.59 3.89 7.42 3.74 6.96  3.58 7.15 

DCO d 
(mol %) 

19.9 24.1 0.5 0.9 3.0 5.6 2.4 4.7 2.3 5.0  2.6 6.4 

HDO d 
(mol %) 

6.4 68.1 17.6 41.3 5.1 10.4 13.1 36.2 13.6 44.0  18.1 65.1 

DCO 
/HDOe 

3.11 0.35 0.03 0.02 0.59 0.54 0.18 0.13 0.17 0.11  0.14 0.10 
a Conversion of methyl laurate. 
b NO adsorption was measured by NO pulse chemisorption at 40 oC. 
c Turnover frequency, defined as reacted methyl laurate molecules per active site per second. 
d DCO and HDO represented the selectivity to C11 and C12 hydrocarbons, respectively. 
e Molar ratio between DCO and HDO. 
f Reaction temperature (oC). 
Reaction conditions: WHSV = 5 h-1, P = 3 MPa, H2/reactant = 800. 
 
 
 

For Ni/SAPO-11, the decarbonylation is favorable on bare nickel sites (Scheme 

2.2). (a) First, hydrogen is dissociated, yielding two hydrogen atoms adsorbed on the 

nickel surface. Hydrogenation results in the transformation of a carboxylic acid to an 

aldehyde. (b) Meanwhile, one hydrogen atom is dehydrogenated from the carboxylic 

acid to the surface of the nickel, forming an adsorbed C–C bond on two adjacent 

nickel atoms. (c) Subsequently, the cleavage of the C–C bond occurs, and a 

hydrocarbon with one carbon number less than the carboxylic acid is generated. In 

this study, although higher DCO selectivity was observed over the 500R-Ni catalyst, 
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the ratio of C11 to C12 was less than 1, indicating that more C12 hydrocarbons were 

generated compared to C11. As mentioned above, the nickel supported on metal 

oxides, such as Al2O3, can achieve an extremely high DCO selectivity. Indeed, the 

adsorption of the C–C bond requires adjacent nickel atoms, and this kind of nickel 

site is not abundant on the surface of the Ni/SAPO-11 catalyst due to the high 

dispersion. Another reason for the lower ratio over Ni/SAPO-11 is that SAPO-11 

contains a large amount of phosphorus, and the Ni2P species can lead to the 

adsorption being replaced by other forms.36, 37 

 

 

Scheme 2.2 Surface reaction model of C-C bond cleavage for the decarbonylation of 
lauric acid over the 500R-Ni catalyst. 

 

For Mo/SAPO-11, the main deoxygenation pathway is hydrodeoxygenation 

(Scheme 2.3). (a) The reduction of MoO3 can generate MoO2, which has an oxygen 

vacancy. The –C=O and –OH bonds can be adsorbed on two adjacent Mo4+ species. 

(b) Hydrogenation of these bonds breaks the –OH bond, resulting in the formation of 

the adsorbed alcohol. (c) C12 hydrocarbons are generated by subsequently 

hydrogenating the –OH bond. The extremely high selectivity toward C12 

hydrocarbons (C11/C12 was close to zero) at a lower reaction temperature (< 350 oC) 

suggests that the deoxygenation can only occur in this way. On the other hand, the 

deoxygenation activity of 550R-Mo was much lower than the NiMo/SAPO-11 

catalyst reduced at 450-550 oC (Table 5). Because the dissociated hydrogen is more 

difficult to generate on the molybdenum oxides than on the metal nickel. 
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Scheme 2.3 Surface reaction model of C=O hydrogenation for the 
hydrodeoxygenation of lauric acid over the 550R-Mo catalyst. 

 

For NiMo/SAPO-11, hydrodeoxygenation is the main deoxygenation pathway, 

and deoxygenation activity is promoted by nickel compared to MoO3/SAPO-11. The 

ratio of C11 to C12 was similar over 450(500/550)R-NiMo, while 400R-NiMo showed 

higher decarbonylation selectivity than other three reduced NiMo/SAPO-11 catalysts. 

This result indicates that the deoxygenation mechanism is different for 400R-NiMo 

and 450(500/550)R-NiMo. In 400R-NiMo, the amount of Mo4+ (27.6%) was low, and 

thus the number of adsorption sites for the C=O group was in low supply, which 

results in little hydrodeoxygenation over this catalyst. Therefore, metal nickel 

catalyzed decarbonylation became the dominant pathway. In contrast, the 

NiMo/SAPO-11 catalyst reduced above 450 oC exhibited a similarly high C11/C12 

ratio compared to the reduced MoO3/SAPO-11, indicating that the deoxygenation 

mechanism was similar over these catalysts (Scheme 2.4). (a) First, the –OH group 

of the carboxylic acid is hydrogenated on the Ni or Mo4+ sites, resulting in the 

formation of an intermediate aldehyde. (b) Then the C=O bond in the aldehyde is 

adsorbed on Mo4+. The partially reduced molybdenum species, i.e., Mo4+, can be 

considered as Lewis acid site, and thus the carbonyl group can be easily adsorbed on 

an electron acceptor rather than on the nickel site. (c) Hydrogenation of the C=O bond 

by the dissociated hydrogen generated from the adjacent nickel sites occurs, resulting 

in the formation of C12 hydrocarbons and adsorbed –OH group on Mo4+. (d) Finally, 

hydrogenation of the adsorbed –OH groups can transform the molybdenum species 
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into the initial form. In short, the co-presence of metallic Ni species and partially 

reduced MoO2 may be responsible for the high HDO selectivity and deoxygenation 

activity. 

 

 

 

Scheme 2.4 Surface reaction model of C=O hydrogenation for the 
hydrodeoxygenation of lauric acid over the 450(500/550)R-NiMo catalyst. 
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2.4 Conclusions 

High stability of a traditional NiMo/Al2O3 catalyst was achieved by changing 

the activation method from sulfidation to hydrogen reduction. The reduced catalyst 

showed similar activity to the sulfided catalyst in hydrotreating of Jatropha oil at a 

relatively high reaction temperature (375 oC). Reduced NiMo bimetal was loaded 

onto acid supports, i.e., SiO2-Al2O3, SAPO-11, and Al-SBA-15, to prepare 

bifunctional catalysts. These catalysts were highly active in isomerization due to their 

Brønsted acidity. NiMo/SAPO-11 gave the highest isomerization but relatively lower 

cracking selectivity, and therefore, it was considered to be a suitable bifunctional 

catalyst for simultaneous deoxygenation-isomerization. Further investigation of the 

effect of the reduction temperature on NiMo/SAPO-11 was conducted in 

hydrotreating of a model compound ‒ methyl laurate. At all reduction temperatures 

(400‒550 oC), nickel oxides were completely reduced to nickel metal, whereas the 

molybdenum oxides were reduced to lower valent molybdenum species (Mo4+ and 

Mo5+). Elevated reduction temperature decreased the concentration of Mo5+ species 

as well as the catalyst acidity, resulting in lower isomerization activity. In contrast, 

deoxygenation activity increased with increasing reduction temperature due to the 

increased concentration of Mo4+ species, which are considered to be adsorption sites 

for oxygen in the substrate. For the reaction pathway, Ni/SAPO-11 and NiMo/SAPO-

11 reduced at 400 oC favored decarbonylation due to the strong C-C bond cleavage 

capacity of the nickel phase, whereas hydrodeoxygenation, i.e., C=O bond 

hydrogenation, was favored over Mo/SAPO-11 and NiMo/SAPO-11 reduced at 

higher temperatures (> 450 oC). These behaviors could be related to a synergistic 

effect between Ni metal and Mo4+ species. Therefore, it is important to control the 

concentration of different valances of molybdenum species. In this study, 

NiMo/SAPO-11 reduced at 450 oC possessed a good balance between its 

deoxygenation activity and isomerization selectivity. 
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Chapter 3 

Enhanced Activity of PtSn/SAPO-11 for Simultaneous 
Hydrodeoxygenation-Isomerization of Methyl Palmitate 

 

 

Abstract 

 

PtX (X = Pd, Re, Cu or Sn) bimetallic catalysts supported on SAPO-11, i.e., 

PtX/SAPO-11 (Pt = 0.6 wt%, Pt/X = 1:1), were prepared using a co-impregnation 

method for simultaneous deoxygenation-isomerization of TG-related compounds. 

The PtSn catalyst showed the highest activity in hydrotreating of methyl stearate. The 

Pt loading was reduced to 0.3 wt% for further investigation of the effect of Sn/Pt 

atomic ratio (changed from 1 to 3). All PtSn catalysts exhibited high isomerization 

activity and hydrodeoxygenation (HDO) selectivity, and were superior to the 

monometallic Pt/SAPO-11 catalyst. In addition, The PtSn/SAPO-11 catalyst was 

more efficient for C=O bond hydrogenation, affording higher selectivity to C16 

hydrocarbons. Experimental results disclosed that the Sn species with different 

valence possessed distinct catalytic functions. Both Sn oxides and alloyed Sn species 

could catalyzed the reaction. The highest performance in the simultaneous 

deoxygenation-isomerization of methyl palmitate was observed over the catalyst with 

a Sn/Pt ratio of 2; for this catalyst, the isomerization yield obtained at 375 oC was 4 

times higher than the monometallic Pt catalyst. Characterization results indicate that 

a portion of Sn interacted with Pt, forming Pt-Sn alloys; other Sn species were formed 

in the form of tin oxides, likely SnO2-x (0 < x <2), and were mainly present on the 

periphery of Pt nanoparticles. The SnO2-x species is crucial to improve the 

hydrodeoxygenation (HDO) pathway; however, excessive addition of tin would 

block Pt and PtSn active sites, resulting in a decrease in the catalytic activity. The 

presence of Pt-Sn alloys is the most remarkable reason for its high isomerization 

activity.  
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3.1 Introduction 

Due to limited fossil fuels and environmental issues, the development of new 

transformation processes for converting biomass into fuels or value added chemicals 

has become a real necessity.1 Vegetable oils, which can be converted into 

transportation fuels or value added chemicals via a hydrotreating process, are 

considered as a potential substitute.2 Total deoxygenation of the vegetable oil can 

yield long-chain n-alkanes (C11-22) with boiling points in the range of diesel or jet 

fuels.3 In order to improve the cold flow property of deoxygenated hydrocarbons, a 

subsequent isomerization process is usually conducted for converting n-alkanes into 

iso-alkanes.4 

The deoxygenation of vegetable oils and related compounds has been widely 

studied and performed efficiently using the conventional hydrotreating catalyst such 

as sulfided Ni(/Co)Mo/Al2O3.5, 6, 7, 8 It is necessary to add a sulfur-containing 

compound into the feedstock in order to maintain the active phases on the sulfided 

catalyst. However, this would cause a contamination of the final product.9, 10 

Supported Ni, Pt and Pd catalysts also exhibit high deoxygenation activity. Lercher's 

group reported a new route for converting microalgae oils into alkanes using ZrO2- 

or Hbeta zeolite-supported Ni catalysts.11, 12, 13 Although these Ni-based catalysts 

have obvious advantages compared to the sulfided catalyst, sintering would occur 

easily in the pre-reduction stage and also during the reaction. In addition, Ni-

catalyzed deoxygenation favored the decarbonylation pathway, resulting in C-C bond 

cleavage, and thus the liquid yield would be reduced. The addition of reducible metal 

oxides into the nickel catalyst has been reported to be efficient for promoting the 

hydrodeoxygenation pathway.14 On the other hand, Shimizu et al. demonstrated a 

synergistic effect between Pt and Nb2O5 that substantially promoted both the 

deoxygenation rate and the hydrodeoxygenation selectivity.15 

Isomerization is a side reaction in hydrotreating of vegetable oils. The 

isomerization of a n-alkane can be promoted by using an acidic support such as 

amorphous SiO2-Al2O3, zeolite and aluminum doped mesoporous silica.16 Recently, 

converting vegetable oils into iso-alkanes through a single process, i.e., combining 
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deoxygenation and isomerization, was reported by using metal-zeolite catalysts. 

Kikhtyanin et al. reported the first one-step process for the hydroconversion of 

sunflower oil over a Pd/SAPO-31 catalyst; however, the catalyst was rapidly 

deactivated.17 Zhang et al. designed a bifunctional catalyst with 7 wt% Ni as the metal 

site and a modified SAPO-11 zeolite as the acid site, achieving a high total 

isomerization yield (i.e., isomerized C5-18 hydrocarbons) of approximately 65% (T = 

280 oC, P = 4 MPa, LHSV = 2 h-1); however, the formation of C4-15 hydrocarbons 

would reduce the burning quality of fuel oil.18 Tian et al. investigated the effect of 

acid or alkali treatment on SAPO-11 and ZSM-22 in soybean oil hydrotreatment.  A 

1 wt% Pt/SAPO-11 catalyst showed high isomerization activity, yielding 

approximately 63% iso-C15-18 hydrocarbons (T = 357 oC, P = 4 MPa, LHSV = 1 h-1).19 

On the other hand, we studied the effects of Pt amount and the Si/Al ratio of SAPO-

11 on the hydroconversion of Jatropha oil. The isomerization activity was 

substantially dependent on the Pt amount rather than the acidity of the support.20 

Moreover, the isomerization rate of deoxygenated products that obtained from 

hydrotreated Jatropha oil (i.e., normal C15-18 paraffins) was much higher than that of 

the natural Jatropha oil under the same reaction conditions.21 Consequently, the metal 

site works as the active site for both deoxygenation and isomerization, and the 

insufficient noble metal content would cause a lower isomerization activity in the 

tandem hydrodeoxygenation-isomerization of vegetable oils. Although an increase of 

the noble metal content could render the catalyst more active, the higher cost will 

prohibit the large-scale industrialization of this process. For these reasons, it is of 

great importance to improve the metal function via increasing its efficiency. 

Bimetallic catalysts have attracted immense interest in heterogeneous catalysis. 

Synergistic effects between the two metals provide unique properties that are 

different from their monometallic counterparts, resulting in improved activity, 

selectivity and/or stability.22 Murata designed a Pt-Re bimetallic catalyst for the 

vegetable oil hydrotreatment.23, 24 Substantially higher activity was observed from a 

1 wt% Pt−20 wt% Re/HZSM-5 catalyst compared to the monometallic Pt catalyst. 

PtSn catalysts were reported to be active for the formation of olefins in the hydrogen-
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free deoxygenation of ester and fatty acid.25, 26 However, the influence of Sn on the 

Pt particles was not clear. On the other hand, alloying platinum with tin has attracted 

much attention in the isomerization or dehydrogenation of paraffins. However, 

detailed investigations of the Sn added Pt catalyst for the deoxygenation of vegetable 

oils have not been performed. 

In this chapter, bimetallic Pt-based catalysts were designed for simultaneous 

deoxygenation-isomerization. First, Pd, Re, Cu or Sn was added into a monometallic 

Pt/SAPO-11 catalyst (Pt = 0.6 wt%) to enhance its performance. The PtSn/SAPO-11 

catalyst, which showed the highest activity in hydrotreating of methyl stearate, was 

then selected for further investigation. PtSn catalysts with a lower Pt loading of 0.3 

wt% and various Sn/Pt ratios (1 ‒ 3) were prepared for hydrotreating of methyl 

palmitate. Finally, characterizations, e.g., High-resolution transmission electron 

microscopy (HRTEM), X-ray Photoelectron Spectroscopy (XPS) and Fourier 

transform infrared spectroscopy (FT-IR) studies of adsorbed CO or pyridine, were 

performed to elucidate the active phase in PtSn/SAPO-11 and the structure-

performance relationship. In addition, in situ FT-IR study ‒ adosorption of propionic 

acid and propionaldehyde were performed to understand the surface reaction 

mechanism. 
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3.2 Experimental Section  

3.2.1 Catalyst Preparation 

PtX/SAPO-11 (X = Pd, Re, Cu or Sn) bimetallic catalysts were prepared by a 

co-impregnation method. Prior to impregnation, SAPO-11 pellets (Nikki-Universal, 

Japan; Si/Al = 0.1 mol/mol) were ground and sieved to yield 425-850 µm particles. 

Then, an aqueous solution of H2PtCl6·6H2O (Sigma-Aldrich, 98.5%) and the other 

metal precursor was prepared and added into a calculated amount of SAPO-11 

particles. PdCl2 (Sigma-Aldrich, 99%), NH4ReO4 (Sigma-Aldrich, 99%), Cu(NO3)2 

(Sigma-Aldrich, 99%) and SnCl2 (Sigma-Aldrich, 98%) were used as metal 

precursors for PtPd, PtRe, PtCu and PtSn, respectively. In the case of PtPd catalyst, 

a trace amount of HCl was added to the solution to dissolve the metal precursor. These 

catalysts were calcined in air at 450 oC for 10 h after drying at 120 oC for 4 h. The 

loading amount of Pt was 0.6 wt% and the X/Pt atomic ratio was 1. PtSn catalysts 

with various Sn/Pt atomic ratios were prepared by the similar method. The Pt loading 

was lowered to 0.3 wt% and the Sn/Pt atomic ratio was varied in the range of Sn/Pt 

= 1-3 (atomic ratio). For comparison, monometallic Pt/SAPO-11 was also prepared. 

Monometallic Pt/SAPO-11 and bifunctional PtX/SAPO-11 catalysts are denoted 

PtXx, respectively, where x refers to the atomic ratio of X to Pt. 

 

3.2.2 Catalyst Characterization 

Surface area and pore volume of calcined catalysts were measured by the 

nitrogen physisorption at −196 oC using a Belsorp-mini II automated sorption system. 

Brunauer−Emmett−Teller and t-plot methods were used to determine the specific 

surface area and the pore volume, respectively. Prior to each measurement, the 

sample was degassed under vacuum (p < 10-2 kPa) at 350 oC for 2 h. 

To determine the amount of active sites on the catalyst, pulse CO chemisorption 

was performed on a ChemBET Pulsar TPR/TPD instrument (Quantachrome 

Instruments). Prior to adsorption, a measured amount of the calcined catalyst (400 

mg) was reduced in situ under H2 flow at 400 oC for 3 h, and then pretreated in a 
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highly pure helium flow at the same temperature for 2 h to remove the adsorbed 

hydrogen, followed by cooling to 40 oC. After the baseline being stable, successive 

doses of 10 % CO/He gas were introduced by a calibrated injection valve (100 μL 

CO pulse−1). 

The FT-IR spectra of CO adsorption were recorded on an IRPrestige-21 

instrument (Shimadzu), by adding 64 scans for the sample at a resolution of 4 cm-1. 

The catalyst powder was pressed into a self-supporting wafer (10 mg/cm−2, diameter 

= 10 mm), which was inserted into a measurement cell with CaF2 windows. The cell 

was purged by H2 flow (30 mL/min) at room temperature for 0.5 h, followed by 

raising the cell temperature to 400 oC at a rate of 20 oC/min. After a 3 h reduction, the 

sample was degassed under evacuation (pressure < 10-5 Torr) at the same temperature 

for 2 h. Subsequently, the cell was cooled to 40 oC with He, and an IR spectrum was 

collected as a background spectrum. CO adsorption (50 Torr) was performed at 40 
oC for 0.5 h, followed by evacuation at the same temperature for 20 min to remove 

gaseous and weakly adsorbed CO species. Another IR spectrum were then obtained 

in the absorbance mode and are shown after subtraction of the background spectrum 

to make the adsorbate peaks more clear. Pyridine adsorption was performed under 

the procedure similar to CO adsorption. For pyridine adsorption, a calculated amount 

of pyridine (4 Torr) was introduced to the cell by a vacuum pump and the adsorption 

was conducted for 30 min at 100 oC. Prior to recording IR spectra, the sample was 

degassed at each temperature for 20 min. FT-IR spectra of adsorpted propionic acid 

and propionaldehyde were obtained by using the same instrument as used for other 

IR measurements. After reduced in situ at 400 oC, the sample was cooled to 50 oC in 

an H2 flow, and the background spectrum was recorded under evacuation. 

Subsequently, propionic acid (~10 Torr) or propionaldehyde (~100 Torr) was injected 

into the sample cell, and the adsorption was conducted for 30 min. Then, weakly 

adsorbed molecules were removed by evacuation. IR spectra were recorded at 50 oC, 

100 oC, 200 oC and 300 oC.  

The amount of acid sites was measured by NH3-TPD using the same instrument 

as CO adsorption. Typically, a 200 mg sample was reduced by a pure H2 gas (15 
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cm3/min) at 400 oC for 3 h, followed by cooling to 30 oC in a He flow. The ammonia 

adsorption was conducted for 40 min under a 15 cm3 min-1 10 vol.% NH3/He flow. 

The physically adsorbed ammonia was removed under helium flow at 100 oC for 2 h, 

and the TPD was measured by linearly increasing the cell temperature from 100 to 

800 oC at a heating rate of 10 oC/min. Similarly, the amount of desorbed ammonia 

was monitored using a thermal conductivity detector (TCD) and quantified by pulse 

calibration. 

XPS spectra were acquired using an ESCA-3200 (Shimadzu) spectrometer with 

monochromatic Mg Kα radiation (240 W, 8 kV, E = 1253.6 eV). The binding energy 

(BE) value was referenced to the adventitious carbon (C 1s at 284.6 eV). The sample 

was prepared in a dry box under argon flow. A degassing pretreatment was performed 

prior to analysis. 

HRTEM and HAADF-STEM measurements were performed on a JEM-2200FS 

(JEOL) electron microscope operating at 200 kV. The sample powder was pretreated 

ex situ in H2 flow at 400 oC for 3 h, and deposited on copper grids without carbon 

film coating. 

 

3.2.3 Activity Test 

Hydrotreating of model compounds, i.e., methyl stearate and methyl palmitate, 

was performed in a stainless steel fixed-bed continuous-flow reactor (i.d. 8 mm, 

length 40 mm) operated in the down-flow mode. The calcined catalyst (1.5g) was 

diluted with quartz and charged into the isothermal region of the reactor. Prior to each 

test, the catalyst was reduced at 400 oC under a 100 mL/min H2 flow for 3 h at 

atmospheric pressure. After reduction, methyl palmitate was continuously pumped 

into the reactor. Because the melting point of the reactant was higher than room 

temperature, the piping and pump were heated using ribbon heaters. The reaction was 

conducted under 3 MPa hydrogen pressure, with a weight hourly space velocity 

(WHSV) of 5 h–1, a H2/Feedstock ratio of 800 (ml/ml) and at a temperature range of 

300−375 °C. The catalytic activity was measured after 4 h stabilization. After the 

reaction at 375 oC, the temperature was returned to 300 oC, and the catalytic test was 
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repeated to confirm the deactivation. There was no considerable change in the catalyst 

activity, thus the deactivation of the catalyst can be ignored.  

After the reaction, liquid products were diluted with carbon tetrachloride, and 

analyzed with a gas chromatograph (GC-2025, Shimadzu) equipped with a flame 

ionization detector (FID) and a DB-5HT column (Agilent, 30 m × 0.25 mm i.d., 0.25 

µm). Product identification was performed on a gas chromatograph-mass 

spectrometer (GC-MS-QP5050A, Shimadzu) equipped with the same capillary 

column. Other gas chromatographs 1) with a thermal conductivity detector (TCD) 

and a Unibeads C column (GL Sciences, 3 m × 3 mm i.d.) and 2) with a FID and a 

DB-1 column (Agilent, 60 m × 0.25 mm i.d., 0.25 µm) were used to analyze the 

gaseous product.  

The amount of the product was quantified using GC standards. The conversion 

was defined as the moles of the reactant converted to other products (intermediate 

oxygenates and hydrocarbons) and the selectivity was based on a carbon percentage. 

The conversion and selectivity were calculated using the following equations: 

Conversion (%) = (the number of molecules of the converted reactant) / (the number 

of molecules of the starting reactant) × 100.  

Selectivity (%) = (carbon atoms in product i) / (carbon atoms in the product) × 100. 
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3.3 Results and Discussion 

3.3.1 Screening of PtX/SAPO-11 Catalysts for Hydrotreating of Methyl Stearate 

The catalytic performance of bifunctional PtX/SAPO-11 catalysts was evaluated 

by hydrotreating of a model compound – methyl stearate (MS). MS conversion, the 

selectivity of isomerization and cracking were presented in Figure 3.1. It is obvious 

that the PtSn catalysts showed extremely high activity and isomerization selectivity 

compared to other catalysts. Apart from the PtSn catalyst, other bimetallic catalysts 

gave lower MS conversions than the monometallic Pt catalyst. In addition, the PtPd 

catalyst showed higher isomerization activity that the Pt catalyst. For cracking, there 

was no considerable difference between Pt, PtRe, PtPd and PtCu. In contrast, PtSn 

showed higher cracking activity than other catalysts. This might be related to its 

higher deoxygenation activity, on which the formation of hydrocarbons was enhanced. 
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Figure 3.1 Catalytic performance of various bimetallic PtX/SAPO-11 catalysts in 
hydrotreating of methyl stearate. Reaction conditions: T = 350 oC, P = 3 MPa, WHSV 
= 5 h-1 and H2/reactant = 800 (ml/ml). 
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3.3.2 Effect of Sn/Pt Ratio on the Activity of PtSn/SAPO-11 

The PtSn/SAPO-11 catalyst was chosen for further investigation to understand 

the promotion effect of tin. To lower the cost, Pt loading amount was reduced to 0.3 

wt%. Hydrotreating of another model compound – methyl palmitate (MP) was 

conducted over PtSn catalysts with various Sn/Pt atomic ratios. Table 3.1 lists the 

hydrogenation products generated at 300 oC and 375 oC. It is obvious that oxygenates, 

e.g., palmitic acid and palmityl palmitate, are the primary liquid products at a lower 

reaction temperature. The formation of hydrocarbon products increased with 

increasing reaction temperature. CO, CO2 and CH4 were generated as gaseous 

products. It is worth noting that water formation can be observed in every case, 

although it was not shown in the table.  

Possible reaction pathways for MP hydrogenation are proposed based on these 

products. As shown in Scheme 3.1, MP hydrogenation was a complex reaction that 

involved several elementary reactions. MP hydrogenation generates palmitic acid as 

a key intermediate oxygenate. The palmitic acid is then transformed to aldehyde by 

hydrogenation of the –OH group. Subsequently, deoxygenation of the palmitic 

aldehyde occurs via two competitive reaction pathways: hydrogenation of a C=O 

group in the aldehyde (HDO) to yield a C16 hydrocarbon versus hydrogenolysis of a 

C−C bond adjacent to the C=O group (DCO) to yield a C15 hydrocarbon. Furthermore, 

these deoxygenated products would undergo isomerization and cracking, yielding 

isomerized C15,16 hydrocarbons and C1-14 hydrocarbons, respectively. In addition, a 

large amount of palmityl palmitate was observed at a lower reaction temperature, 

indicating that the esterification of palmitic acid and hexadecanol occurred rapidly. 

Generally, the esterification of a fatty acid and an alcohol is an acid-catalyzed reaction. 

In this study, Lewis acid sites on the SAPO-11 zeolite can promote this reaction. The 

formation of the ester decreased with increasing reaction temperature due to the fact 

that higher reaction temperatures give rise to enhancing the reverse reaction (from the 

ester to acid and alcohol). 

  



100 
 

 
 



101 
 

 

Scheme 3.1 Possible pathways for the hydrotreating of methyl palmitate. Compounds 
in brackets refer to by-products. 

 

As shown in Table 3.1, tin addition leads to some variations in the 

hydrogenation property of Pt/SAPO-11. Figure 3.2 shows the evolution of MP 

conversion as a function of Sn/Pt ratio at different reaction temperatures. The Pt 

catalyst gave a higher MP conversion than the PtSn catalyst except PtSn2. For PtSn 

catalysts, the conversion increased gradually with an increasing Sn/Pt ratio until the 

ratio reached 2; after that, it dropped rapidly. On the other hand, the isomerization 

activity of Pt/SAPO-11 was significantly improved by the tin addition. The PtSn2 

catalyst exhibited the highest isomerization activity, on which the total isomer yield 

was approximately 4 times higher than the Pt catalyst at 375 oC. Pt/SAPO-11 catalyst 

with a 0.6 wt% Pt loading was also tested, and the isomer yield of PtSn2 (50.0%) was 

even two times higher than that of the 0.6 wt% Pt/SAPO-11 (21.4%). These results 

indicate that the isomerization activity of a Pt catalyst can be substantially improved 

by tin modification. 
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Figure 3.2 Conversion of methyl palmitate over the Pt and PtSn catalysts. Legend: 
(●) 300 oC, (○) 325 oC, (▼) 350 oC, (ᇞ) 375 oC. Reaction conditions: T = 300 – 375 
oC, P = 3 MPa, WHSV = 5 h-1 and H2/reactant = 800 (ml/ml). 

HDO and DCO are competing reactions during the deoxygenation of MP. The 

dominant reaction pathway can be illustrated by the comparison of the formation of 

C15 and C16 hydrocarbons (Figure 3.3). For the Pt catalyst, the main deoxygenated 

products were C15 hydrocarbons, indicating that DCO was the main reaction pathway. 

In contrast, the main deoxygenated products over the PtSn catalysts were C16 

hydrocarbons, indicating that HDO became dominant. These results suggest that the 

reaction mechanism is different for the Pt and PtSn catalysts, and the DCO reaction 

can be inhibited by the tin addition. For the PtSn1 catalyst, however, the DCO route 

became dominant when the reaction temperature was raised to 350 oC. It should be 

noted that DCO is more thermodynamically advantageous than HDO at a high 

temperature, and the increase of the reaction temperature can also increase the 

DCO/HDO ratio. Therefore, the change in the reaction pathway from HDO to DCO 

over PtSn1 at a higher reaction temperature is attributed to the insufficient amount of 

tin. DCO involves a cleavage of the C-C bond that adjacent to the carbonyl group 

(C=O), producing a hydrocarbon with one carbon number less than the corresponding 

fatty acid. It is noted that liquid yield will be reduced by 5–6% if the reaction proceeds 

via the DCO pathway.27 In this sense, the Sn/Pt ratio should be higher than 1.5 for 

inhibiting the undesired DCO reaction. 
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Figure 3.3 Effect of the Sn/Pt ratio on the formation of (■) C15 and (■) C16 
hydrocarbons at different reaction temperatures. Reaction conditions: P = 3 MPa, 
WHSV = 5 h-1 and H2/reactant = 800 (ml/ml). 

 

3.3.3 Catalyst Characterization 

Multiple characterizations were employed to investigate the variations of the 

Pt/SAPO-11 catalyst after tin modification. The nitrogen physisorption measurement, 

as shown in Table 3.2, showed that the specific surface area and the pore volume of 

the catalysts were reduced after metal loading. This could be due to the blocking or 

filling of SAPO-11 micropores when the metal species were introduced. The amounts 

of platinum and tin were roughly identical to the calculated values. 

  



104 
 

Table 3.2 Physical and chemical characteristics of the Pt and PtSn catalysts. 

Sample 
Pt a  

(wt%) 
Sn 

a
  

(wt%) 
SBET 

b
 

(m2·g-1)
Vp 

c
 

(cm3·g-1)
CO uptake d 
(µmol·g-1) 

Pt particle 
size (nm)e

SAPO-11 - - 175 0.25 - - 
Pt 0.33 - 113 0.22 6.48 8.0 

PtSn1 0.26 0.18 99 0.21 2.69 5.4 
PtSn1.5 0.32 0.29 86 0.15 2.11 - 
PtSn2 0.34 0.37 76 0.16 1.62 4.4 

PtSn2.5 0.29 0.49 74 0.12 0.93 - 
PtSn3 0.31 0.58 68 0.11 0.52 4.1 

a Chemical composition determined by XRF. 
b

 Specific surface area calculated by the BET method. 
c Pore volume calculated by the t-plot method. 
d Amount of adsorbed CO measured by pulse chemisorption at 40 oC. 
e Determined by HAADF-STEM. 

 

The adsorption of carbon monoxide followed by infrared spectroscopy has often 

been used to qualitatively evaluate the electronic properties of supported metal 

particles. Differences in the electronic state of the metal, e.g., the electron transfer 

from one metal to the other metal in an alloy phase, can be reflected in the variation 

of the vibrational characteristics of the metal-CO bond.28 Figure 3.4 shows the FT-

IR spectra of CO adsorbed at 40 oC on the Pt/SAPO-11 and PtSn/SAPO-11 catalysts 

after in situ reduction in H2 at 400 oC. All of the studied samples showed the IR band 

in the range of 2050-2080 cm-1. The bands in this range are attributed to linearly 

adsorbed CO and are assigned to CO interacting with a less dense close-packed 

arrangement of Pt atoms.29 Compared to the Pt catalyst, the band in PtSn1.5 and PtSn 

2 catalysts shifted by approximately 10 cm-1 to a lower wavenumber. This 

phenomenon can be associated with the electronic effect of the Pt-Sn interaction, 

indicating that a certain amount of Pt-Sn alloys was generated in these two catalysts.30 

In addition, pulse CO chemisorption was used to measure the exposed Pt atoms. As 

shown in Table 3.2, the amount of adsorbed CO decreased significantly with 

increasing tin loading. This result indicates that the amount of exposed Pt atoms is 

reduced by surface coverage of tin. 

 



105 
 

2150 2100 2050 2000 1950 1900 1850 1800

PtSn3

PtSn2.5

PtSn2

PtSn1.5

PtSn1

2063 cm-1

2065 cm-1  

A
b

so
rb

an
ce

 (
a.

 u
.)

Wavenumber (cm-1)

2074 cm-1

Pt

0.05

 

Figure 3.4 FT-IR spectrum of CO adsorption at 40 oC on the Pt/SAPO-11 and 
PtSn/SAPO-11 catalysts. 
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Figure 3.5 XPS results of Sn 3d spectra for the reduced PtSn/SAPO-11 catalysts. 
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XPS provides information about the chemical state of surface atoms. Although 

the Pt-Sn system has been widely studied, the tin valence in a PtSn catalyst has been 

disputed, because several factors, such as the acidity of a support, the preparation 

method or even the amount of platinum loading, could influence the valence of tin. 

Figure 3.5 shows the Sn 3d region of the XPS spectrum for PtSn catalysts. For all 

PtSn catalysts, only one pair of peaks located at 487.1 eV (Sn 3d5/2) and 495.5 eV (Sn 

3d3/2) is detected. These peaks are assigned to the oxidized Sn species.  

NH3-TPD was used to compare the acidity of the Pt and PtSn catalysts. As 

shown in Figure 3.6, different catalysts displayed similar distributions of acid sites, 

i.e., weak acid sites centered at around 265 oC, and medium and strong acid sites 

located at approximately 390 oC. According to the NH3 desorption profile for SAPO-

11, these two peaks primarily are originated from the SAPO-11 support, indicating 

that the introduction of metal species cannot significantly affect the distribution of 

the acid site. In addition, the number of the acid site is calculated by a calibration 

curve, and the result is listed in Table 3.3. As the tin loading increased, the total 

acidity exhibited a slightly increasing tendency.  
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Figure 3.6 NH3-TPD profiles of the support and reduced catalysts. 
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Table 3.3 Acidity of the support and reduced catalysts. 

Sample 
Ratio of Lewis to Brønsted acid sites Total acidity b  

(μmol NH3/g) 150 oC a 250 oC a 350 oC a 
SAPO-11 2.7 0.8 0.6 496 

Pt 2.6 0.8 0.6 603 
PtSn1 12.0 0.7 0.4 632 
PtSn2 16.9 0.6 0.3 661 
PtSn3 79.8 0.8 0.5 692 

a Evacuation temperature in the pyridine adsorption experiment. 
b Total amount of acid sites determined by NH3-TPD. 
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Figure 3.7 FT-IR spectra of pyridine adsorption on the (a) SAPO-11 (b) Pt, (c) PtSn1, 
(d) PtSn2 and (e) PtSn3 catalysts after evacuation at (A)150 oC, (B) 250 oC and (C) 
350 oC. 

 

To identify the type of acidity, FT-IR investigations were conducted using 

pyridine as a base probe molecule. The pyridine-FTIR spectra for SAPO-11, Pt and 

PtSn catalysts are shown in Figure 3.7, and the concentration ratio of Lewis to 

Brønsted acid sites (L/B) at different evacuation temperatures are listed in Table 3.3. 

As evidenced by the IR band due to coordinated pyridine at 1455 cm-1 and ionized 

pyridine at 1545 cm-1, the SAPO-11 support and the studied catalysts possessed both 

Lewis and Brønsted acidity.31 The introduction of Pt onto SAPO-11 did not change 
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the L/B ratio. In contrast, the concentration of weak Lewis acid sites (i.e., after 

evacuation at 150 oC) as well as the L/B ratio significantly increased after tin addition. 

Many studies have found that the reducible metal oxides, e.g., Fe2O3, ReO2, MoO3 

and SnO2, can be easily reduced to their lower valences, but it is difficult to reduce 

these metal oxides to metal.32, 33, 34, 35, 36 In this study, the PtSn catalysts were 

prereduced at a high temperature (i.e., 400 oC); thus, a portion of the SnO2 can be 

transformed into partially reduced SnO2-x species. These ionic Sn species (Snδ+) can 

exhibit Lewis acidity. On the other hand, there was no considerable change in the L/B 

ratio for the sample evacuated at higher temperatures (i.e., 250 oC and 350 oC), 

indicating that the new Lewis acid sites exhibited weak acidity. In conclusion, acid 

sites on these PtSn/SAPO-11 catalysts consist of two parts; one is from the SAPO-11 

support and exhibits both Lewis and Brønsted acidity, and the other is from the 

partially reduced SnO2-x species and exhibits weak Lewis acidity. 

TEM studies of the Pt, PtSn1, PtSn2 and PtSn3 catalysts were performed to 

investigate the effect of Sn addition on the Pt particle size and potential formation of 

Pt-Sn alloys. Figure 3.8 shows the HAADF-STEM images and the statistic 

distributions of the Pt particle size. The PtSn catalysts exhibited smaller particle sizes 

(4.09−5.39 nm) compared to the Pt catalyst (7.95 nm). This result indicates that higher 

Pt dispersion can be obtained by Sn addition. Additionally, the average Pt particle 

size also decreased with increasing tin loading. These results can be explained by the 

"ensemble size effect", that is, Pt particles are isolated into smaller ensembles by Sn 

dilution.37 
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Figure 3.8 HAADF-STEM images and particle size distribution of the Pt and PtSn 
catalysts. 

 

High-resolution TEM was further used to verify the formation of Pt-Sn alloy. 

Figure 3.9 shows the HRTEM image with the digital diffraction patterns (DDPs) 

corresponding to the nanoparticles in these samples. In the Pt catalyst, the calculated 

lattice distance from the DDPs is 2.27 Å, which matches well with the expected d-

spacing of the Pt(111) plane.38 In contrast, for the PtSn1, PtSn2 and PtSn3 catalysts, 

the DDPs of the particles showed some larger lattice spacings that could not be 

assigned to any orientation of the metallic Pt, but could be indexed to orientations of 

Pt-Sn alloy phases.39, 40, 41, 42 These results provide evidence indicating the formation 

of Pt-Sn alloys in the PtSn catalyst. For the PtSn3 catalyst, however, only some Sn 

surface-enriched PtSn particles such as the particle whose lattice distance was 3.13 

Å, and a SnO2(110) surface (d = 3.37 Å) were observed.43, 44 
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Figure 3.9 HRTEM images recorded on Pt and PtSn catalysts, together with their 
digital diffraction patterns. 

 

In order to obtain information about adsorbed species on Pt and PtSn catalysts, 

FT-IR spectra of propionic acid adsorption was conducted for Pt/SiO2 and PtSn2/SiO2 

catalysts (Figure 3.10). It is noted that the reactant can be also adsorbed on the 

support, especially on an acid support. Therefore, a relatively inert support (i.e., SiO2) 

was used for inhibiting the support effect. Major features in the IR spectra for the two 

catalysts were similar. The spectra showed negative peaks at around 3750 cm-1, which 

are attributed to Si−OH groups. They appeared negative because the hydroxyl groups 

are consumed by interaction with the propionic acid. Both spectra showed three bands 

at 2990-2890 cm-1. These bands can be attributed to the stretching frequencies of the 

aliphatic C−H bonds in CH3, CH2 and CH groups. The intensity of the band that 

centered at 1749 cm-1, which can be attributed to molecular propionic acid adsorbing 

on the support, are very strong and dominant even at a high temperature. The band 

appeared at the range of 1470-1360 cm-1, which can be attributed to symmetric 

vs(COO) and anti-symmetric va(COO), also showed strong intensity at a lower 

temperature for both catalysts. This feature is due to propionate species adsorbing on 
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the active metal surface, indicating that initial adsorption modes for Pt and PtSn2 

catalysts are similar. As the temperature increased, some bands appeared below 1400 

cm-1. These bands are due to C−H bending and scissoring in some reaction 

intermediates. 

The main differences between the spectra for Pt and PtSn catalysts are 

considered to be the band at 2038 cm-1, which is attributed to the linear adsorbed CO 

on the metal surface, and the band at ~1663 cm-1, which can be attributed to the C=O 

stretching of propanoyl species. The band of CO only appeared in the spectra of Pt 

catalyst, indicating that the decarbonylation reaction occurred on the Pt catalyst. This 

behavior is consistent with the result of catalytic test. In addition, the formation of 

propanoyl species, especially in the spectrum that was recorded after 15 min reaction, 

give strong evidence that the aldehyde intermediate can be adsorbed on the PtSn 

catalyst through bonding with its C=O bond. In contrast, there was no peak 

corresponding to the propanoyl species in the spectrum of the Pt catalyst. 

To further investigate the adsorption behavior over Pt and PtSn catalysts, an 

intermediate compound – propionaldehyde was used for the adsorption experiment. 

FT-IR spectra for Pt/SiO2 and PtSn/SiO2 after propionaldehyde adsorption were 

displayed in Figure 3.11. Similar to the adsorption of propionic acid, the stretching 

vibration band of CO at 2053 cm-1 was obvious in the spectra of Pt/SiO2, while the 

C=O stretching of propanoyl species at 1467 cm-1 could be only observed in the 

spectra of PtSn/SiO2. In addition, the intensity of bands at 2851-2981 cm-1, which are 

attributed to the stretching frequencies of aliphatic C−H bonds, was much stronger in 

the spectra of Pt/SiO2 than in those of the PtSn/SiO2. Evidently, propionaldehyde 

adsorbed on the Pt catalyst through its C-C bond, whereas the bonding of C=O group 

of propionaldehyde on other surface species was the main adsorption mode for the 

PtSn catalyst.  
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Figure 3.10 FT-IR spectra of propionic acid adsorption on Pt/SiO2 and PtSn2/SiO2 
catalysts. IR spectra were recorded after evacuating at (a) 50 oC, (b) 100 oC, (c) 200 
oC, (d) 300 oC, and (e) after waiting for 15 min at 300 oC followed by evacuation.  
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Figure 3.11 FT-IR spectra of propionaldehyde adsorption on Pt/SiO2 and PtSn2/SiO2 
catalysts. IR spectra were recorded after evacuating at (a) 50 oC, (b) 100 oC, (c) 200 
oC and (d) 300 oC.  
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3.3.4 Catalyst Structure-Performance Relationship 

According to the characterization results of pyridine-FTIR and XPS, it is 

obvious that Lewis acidity increased after tin addition due to the presence of partially 

reduced tin oxides. In addition, Pt-Sn alloy phase was found in some of the PtSn 

catalysts from the HRTEM observation. Based on the results of characterization and 

catalytic test, we proposed a representation of the catalyst structure as shown in 

Scheme 3.2. (i) Before tin addition, the Pt particle is larger, but the dissociated 

hydrogen is abundant on its surface. (ii) When the tin content is low (i.e., Sn/Pt = 1), 

Pt particles are more highly dispersed on the support. Most of the Sn on the support 

is in an oxidation state, while a small amount of Sn is alloyed with Pt. Note that it is 

difficult to dissociate hydrogen by the Sn species. Therefore, the amount of the 

dissociated hydrogen decreases with increasing amount of added Sn. (iii) The 

structure of PtSn2 catalyst is similar to PtSn1. As tin content increases, the number 

of mixed species (i.e., SnOx-Pt) increase. Additionally, PtSn alloys also form on the 

surface of Pt particles. Therefore, the number of the adsorption site for oxygenates 

would largely increase, whereas the amount of dissociated hydrogen would reduce 

due to the partial coverage of the Pt surface. (iv) After increasing the relative Sn 

amount to Sn/Pt = 3, there would be a rather complete covering of the Pt particles by 

tin oxides. Additionally, the amount of Pt-Sn alloy also decreases.  

 

 

Scheme 3.2 Proposed structure of the Pt and PtSn catalysts. 

 



115 
 

Table 3.4 Kinetic parameters for hydrotreating of methyl palmitate. 

Catalyst 
Deoxygenation  

rate (µmol gcat
-1 s-1)a

TOFC=O 

(10 s-1)b 
TOFC-C  
(10 s-1)c 

300 oC 375 oC 300 oC 375 oC 300 oC 375 oC 
Pt 1.78 10.80 0.15 1.05 0.64 4.89 

PtSn1 0.50 9.83 0.40 0.78 0.03 10.80 
PtSn1.5 0.70 10.52 0.72 11.92 0.02 2.79 
PtSn2 1.24 13.57 1.91 32.21 0.02 2.56 

PtSn2.5 0.28 4.96 1.67 33.15 0.02 2.52 
PtSn3 0.27 4.74 0.90 32.95 0.27 1.77 

a Defined as formation rate of the hydrocarbon products. b, c Calculated with (rate constant 
of C16 or C15 formation)/(CO adsorption), in which the rate constant is pseudo-first-order). 
Reaction conditions: P = 3 MPa, WHSV = 5 h-1 and H2/Oil = 800 (ml/ml). 

 

The PtSn catalysts gave lower MP conversion than the Pt catalyst except PtSn2 

(Table 3.1). MP can be transformed into palmitic acid via hydrogenolysis and 

hydrolysis. The Pt catalyst showed the highest CO adsorption capacity (Table 3.2). 

The higher MP conversion on the Pt catalyst could be due to the larger amount of 

dissociated hydrogen existed on the Pt surface. This behavior accelerates the 

hydrogenolysis reaction. However, tin addition would reduce the dissociated 

hydrogen, and thus suppress the hydrolysis reaction. On the other hand, the 

incorporation of tin enhances the total acidity of the catalyst, as observed from the 

NH3-TPD result. In addition, L/B ratio increased with increasing tin loading due to 

the generation of partially reduced tin oxides, as shown in the FTIR spectra of 

pyridine. Based on these results, it could be concluded that the number of Lewis acid 

site increased after tin addition. This fact causes a promotion of the hydrolysis 

reaction. Although this reaction cannot occur at the entrance of reactor, it can occur 

after the water formation. Consequently, the addition of tin can enhance the 

hydrogenolysis reaction and suppress the hydrolysis reaction. The PtSn2 catalyst had 

the best balance of the hydrogenolysis and hydrolysis, and thus exhibited the highest 

activity. 

Table 3.4 lists the deoxygenation activity, including the total deoxygenation rate, 

and turnover frequency of C=O bond hydrogenation (TOFC=O) as well as C-C bond 

hydrogenolysis (TOFC=C) over the Pt, PtSn1, PtSn2 and PtSn3 catalysts. TOFC=O was 
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substantially larger than TOFC-C for most PtSn catalysts, whereas TOFC-C of the Pt 

catalyst showed a larger value than its TOFC=O. This result indicates that the C=O 

bond hydrogenation prevails over the PtSn catalyst, while the C-C bond cleavage is 

favored over the Pt catalyst. Based on the above results and discussion, we proposed 

a surface reaction model to explain the deoxygenation of a reaction intermediate, i.e., 

fatty acid, over Pt and PtSn catalysts (Scheme 3.3). 

FT-IR of propionic acid adsorption showed that a fatty acid could be adsorbed 

on the Pt surface through its two oxygen atoms in a chelating bidentate mode (a1). 

Almost no CO2 was found in the gaseous product, indicating that decarboxylation 

reaction is hard to occur. Then hydrogenolysis of one of the oxygen atom in the 

carboxyl species proceeded to generate an aldehyde. Strong adsorption of the C-C 

bond on a Pt(111) surface has been reported.45, 46 DFT calculations showed that fatty 

acids, esters or unsaturated aldehydes can be stably adsorbed on Pt(111) by their C-

C bonds. Additionally, decarbonylation of aldehydes or alcohols was reported to 

proceed by the formation of an acetyl intermediate on the metal surface.47, 48, 49 In this 

sense, it is possible that the generated aldehyde was first desorbed from the Pt surface, 

followed by adsorbing through the C−C bond that adjacent to the carbonyl group (a2). 

Finally, hydrogenolysis of the C-C bond occurred to generate CO and the 

hydrocarbon with one carbon number less than the fatty acid (a3). 

For the PtSn catalyst, fatty acids are first bound on the Pt surface, similar to the 

Pt catalyst, in a chelating bidentate mode (b1). The second step could be also the 

hydrogenolysis of the adsorbed species, giving aldehyde intermediate. Different to 

the Pt catalyst, the partially reduced tin oxides, which showed Lewis acidity, tend to 

adsorb the O atom in the carbonyl group as a [−C=O···Snδ+] complex because the 

oxygen is nucleophilic in this bond (b2). A nearby Pt particle provides the dissociated 

hydrogen, and activates the C=O group to generate a C16 alcohol. Finally, the C16 

alcohol undergoes dehydration to generate a C16 hydrocarbon. The remaining –OH 

group over SnO2-x species is hydrogenated by H2 to give H2O. This synergistic effect, 

involving a hydrogenation metal (e.g., Ni, Pt and Ru) combining with partially 

reduced metal oxides (e.g., MoOx, FeOx, SnOx and NbOx) has been recently 
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demonstrated for the selective hydrogenation of fatty acids, organic acids and 

unsaturated aldehydes.32, 50, 51, 52 On the other hand, there is an exception to the PtSn1 

catalyst, on which TOFC=O was much lower than TOFC-C at a higher reaction 

temperature (i.e., 375 oC). As mentioned above, this behavior can be attributed to the 

insufficient amount of tin. The TOFC-C of PtSn1 (10.80) is higher than that of Pt (4.89) 

at 375 oC. The particle size of the PtSn1 catalyst (4.4 nm) is much smaller than that 

of the Pt catalyst (8.0 nm). Therefore, the higher TOFC-C of the PtSn1 catalyst could 

be due to its higher Pt dispersion. 

Theoretical calculations demonstrated that an alloy can change the adsorption 

energy and adsorption geometry.53 Additionally, several studies showed that the 

decarbonylation can be suppressed by using an alloy, e.g., PtFe, PdZn or PdIr, which 

contains a Group 10 metal and a more oxophilic metal.32, 54, 55 In this study, Pt-Sn 

alloys were detected by HRTEM and CO-FTIR characterizations. Therefore, the 

higher HDO selectivity over PtSn catalysts can be also attributed to the presence of 

Pt-Sn alloy. Unfortunately, it is difficult to distinguish which effect, the Snδ+ or Pt-Sn 

alloys, would better facilitate the HDO pathway.  

 

 

Scheme 3.3 Surface reaction model for palmitic acid hydrogenation over the Pt and 
PtSn catalysts. 
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On the other hand, the total deoxygenation rate obtained at 300 oC decreased in 

the order of Pt (1.78 µmol s-1) > PtSn2 (1.24 µmol s-1) > PtSn1 (0.50 µmol s-1) > 

PtSn3 (0.27 µmol s-1). At a higher reaction temperature (375 oC), however, the 

deoxygenation rate of PtSn2 (13.6 µmol s-1) became higher than Pt (10.8 µmol s-1). 

In addition, PtSn1 (9.8 µmol s-1) also showed a similar rate to Pt. These results 

indicate that the activation energy is lowered by tin addition. 

Alkane isomerization has been realized by bifunctional catalysis, in which the 

metal functions as a dehydrogenation–hydrogenation site and the acid support 

functions as a protonation provider. In addition, the balance of metal function and 

acid function is also important. An exorbitant ratio of acid/metal function would 

result in undesired cracking, which occurs simultaneously and competitively with 

skeleton isomerization. We chose SAPO-11 as the acid function because it has a 

moderate acidity that favors skeleton isomerization rather than cracking. In the 

PtSn/SAPO-11 catalyst, Brønsted acid sites on SAPO-11 support can act as the 

protonation provider, while the Pt-Sn alloy undertakes the dehydrogenation and 

hydrogenation. 

Deoxygenation and isomerization are sequential reactions in MP 

hydrogenation.10 Therefore, isomerization selectivity is strongly dependent on 

deoxygenation activity. Thus, we compared the isomerization activity by using the 

percentage of isomers in total hydrocarbon products in order to inhibit the influence 

of the deoxygenation. Figure 3.12 presents the percentages of normal alkanes (n-

C15,16) and isomers (iso-C15,16) in total hydrocarbon products. PtSn1, PtSn1.5 and 

PtSn2 exhibited higher isomer percentages than the Pt catalyst. In contrast, PtSn 

catalysts with higher Sn/Pt ratios, i.e., PtSn2.5 and PtSn3, showed lower activity. 

Generally, isomerization can be promoted by increasing the Brønsted acidity. 

However, the number of Brønsted acid sites in the PtSn catalyst did not increase after 

tin addition, as can be observed from the pyridine and NH3 adsorption. Therefore, 

there should be other reasons for the higher activity of PtSn catalyst. A large number 

of PtSn alloys can be found in PtSn1 and PtSn2, as characterized by HRTEM. In 

contrast, only some Sn surface-enriched PtSn particles or SnO2 surface were observed 
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in the PtSn3 catalyst. Therefore, it can be reasonably inferred that the Pt-Sn alloy 

participates the isomerization reaction. In previous studies, the Pt-Sn alloy is known 

to be one of the most efficient materials for the alkane dehydrogenation.56, 57 The high 

isomerization activity and excellent cracking suppression capacity are likely due to 

so-called geometric and electronic factors.58, 59, 60 In addition, the PtSn catalyst was 

reported to be more active to produce olefins in the deoxygenation of ester and fatty 

acid in the absence of hydrogen.25, 26 It is known that olefin is more reactive than n-

alkane in isomerization. As shown in Scheme 3.3, the Pt-Sn alloy can improve the 

isomerization activity by increasing the formation of unsaturated bonds. 
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Figure 3.12 Effect of the Sn addition on the isomerization activity of the catalysts. 
Reaction conditions: T = 375 oC, P = 3 MPa and H2/reactant = 800 (ml/ml). 
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3.4 Conclusions 

Bifunctional Pt-based catalysts with SAPO-11 as the support were designed to 

catalyze the simultaneous deoxygenation-isomerization of TG-related compounds. 

Among various bimetallic PtX (X = Pd, Re, Cu and Sn) catalysts, the PtSn catalyst 

showed the highest activity in hydrotreating of methyl stearate. Further investigation 

of the PtSn catalyst was conducted by changing the Sn/Pt atomic ratio in 

hydrotreating of methyl palmitate. PtSn/SAPO-11 showed higher isomerization 

activity and HDO selectivity than the monometallic Pt/SAPO-11 catalyst. 

Characterization results disclosed that different Sn species, i.e., PtSn alloys and 

partially reduced tin oxides – SnO2-x, were formed in PtSn catalysts, and it is 

important to control tin surface density to obtain a well-balanced Pt-SnO2-x function 

and Pt-Sn alloys. The number of Lewis acid sites increased after tin addition, which 

could be originated from partially reduced SnO2-x species. These Lewis acid sites 

could change the adsorption mode and enhance the HDO selectivity. The Sn/Pt ratio 

should be higher than 1 to give sufficient Lewis acid sites. However, excessive tin 

addition would block Pt and PtSn phases, leading to a decrease in the deoxygenation 

activity. Based on the results of in situ FT-IR study of the adsorption of propionic 

acid and propionaldehyde, surface reaction mechanisms for Pt and PtSn catalysts 

were proposed. Pt-Sn alloys are present in the PtSn1, PtSn1.5 and PtSn2 catalysts, 

while only some Sn surface-enriched PtSn particles and SnO2 were observed in the 

PtSn2.5 and PtSn3 catalysts. The higher isomerization activity of PtSn1, PtSn1.5 and 

PtSn2 is related to the presence of Pt-Sn alloys, which could enhance the formation 

of unsaturated hydrocarbons and improve further isomerization. 
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Chapter 4 

Selective Formation of Mono-Branched Isomers in Hydrotreating 

of Methyl Palmitate Using Bifunctional Catalysts Supported on 

Core-shell Structural Zeolite 

 

 

Abstract 

 

To obtain high quality diesel fuels with high combustion properties from hydrotreating 

of vegetable oils, inhibiting the formation of multi-branched isomers (MuBI) is highly 

desirable. In this chapter, a core@shell structural ZSM-22@SiO2 zeolite was designed 

to passivate the external acid site and promote the formation of mono-branched isomers 

(MoBI), which have much higher cetane number than MuBI (>85 vs <60). A series of 

ZSM-22@SiO2 zeolites with different amounts of shell silica were synthesized through 

a facile crystal growth method. The external acid site could be covered by using the 

proposed method. The synthesized zeolites were used as the support for bifunctional Pt 

catalysts in hydrodeoxygenation of a model compound – methyl palmitate. The MoBI 

percentage in total isomers reached to 95% at 300 oC in the case of Pt/Z-120@20Si, 

Pt/Z-120@50Si and Pt/Z-120@100Si, which showed superior performance than the 

uncoated catalyst (71%). However, deoxygenation activity and isomerization selectivity 

decreased with increasing amount of shell silica. Fourier transform infrared 

spectroscopy of CO adsorption (CO-FTIR) combining with transmission electron 

microscope (TEM) demonstrated that Pt particles favored the formation of Pt(100) 

rather than Pt(111) in silica-coated catalysts, which could be the most likely reason for 

the decrease of the deoxygenation activity. Catalytic performance could be enhanced by 

reducing the SiO2/Al2O3 ratio of core ZSM-22 or by using PtSn as the active metal site. 

A novel catalyst, PtSn/Z-60@20Si (Pt = 0.3 wt%, Sn/Pt = 2, SiO2/Al2O3 = 60, silica 

coating amount = 20%), gave an iso-C15,16 yield of 53% with MoBI percentage of 83% 

under the condition of T = 350 oC and WHSV = 5 h-1.  
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4.1 Introduction 

Due to environmental concerns and petroleum exhaustion, refinement of renewable 

bioresources has become a promising way to produce transportation fuels.1 

Triglycerides have been considered as an important renewable feedstock for the 

production of middle-distillate fuels because of the suitable carbon numbers in their fatty 

acid side chains (i.e., C16 and C18 fatty acids).2, 3, 4 Hydrodeoxygenation is an efficient 

approach for upgrading triglycerides into transportation fuels, which can remove 

oxygen-containing functional groups and produce green hydrocarbons identical to diesel 

fuel. Supported metal catalysts such as NiMoS/Al2O3,5, 6 Pt/C,7 Pd/Nb2O5/SiO2
8 and 

Ni/ZrO2
9 possess high deoxygenation activity. However, these catalysts are inclined to 

produce normal alkanes (n-alkanes), which have melting points higher than 20 oC, 

leading to poor cold-flow properties that limit their use for the so-called “ready-to-use” 

fuels.  

Hydroisomerization of n-alkanes into isomerized alkanes (iso-alkanes) is an 

efficient approach to reduce the melting point and improve their cold flow properties.10, 

11 A two-steps hydrotreating process, i.e., deoxygenation of triglycerides and 

isomerization of the obtained n-alkanes being conducted separately, has been 

commercialized by Neste Oil. Several studies used acid supports, e.g., complex metal 

oxides,12, 13 zeolites,14, 15 and Al doped mesoporous materials,16, 17 to improve the 

isomerization activity of a catalyst. Taking into account of the cost and process 

efficiency, however, combining deoxygenation and isomerization into single-step is 

highly desirable. Recently, many studies focused on simultaneous deoxygenation-

isomerization of triglycerides or related model compounds by using a metal-acid 

bifunctional catalyst. Pt, Pd or Ni was used as a metal site while the zeolite such as 

SAPO-11 or ZSM-22 was used as an acid site. Although supported Ni catalysts showed 

higher activity in deoxygenation, severe cracking was found over Ni-based catalysts.18, 

19 In contrast, Pt/zeolite catalysts exhibited higher potential in the simultaneous reaction. 

Conversion of vegetable oils into iso-alkanes was reported with the yield of 60‒80% by 

using Pt/SAPO-11, Pt/SAPO-31 or Pt/ZSM-22.20, 21, 22, 23 
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Apart from cold flow properties, combustion property is another important factor 

for transportation fuels. Branched alkanes can be divided into two categories, i.e., mono-

branched isomers (MoBI) and multi-branched isomers (MuBI). Although MuBI have 

relatively lower melting points, their exceptionally low cetane number would reduce the 

ignition quality of fuels.24 It has been reported that a zeolite with 1-dimensional 10-

membered ring channels, e.g., ZSM-22 (TON)25 and SAPO-11 (AEL)26 can achieve 

high selectivity to MoBI due to their shape-selectivity.27 Nevertheless, MuBI can be also 

generated by acid sites on the external surface of the zeolite. In addition, the formation 

rate of MuBI usually increases with increasing reaction temperature.28, 29 Unfortunately, 

simultaneous deoxygenation-isomerization of vegetable oils need to be conducted at 

higher temperature (300-375 oC) compared to isomerization of n-alkanes (200-260 oC). 

As a result, the formation of MuBI would become much higher even though those 

zeolites (i.e., SAPO-11 and ZSM-22) were used as supports. Therefore, it is of 

importance to design a new catalyst to passivate the external acid site, and thus inhibiting 

the formation of MuBI. 

 Composite materials with a core@shell structure have recently attracted extensive 

research attention in many areas, especially catalysis.30 Passivating the external acid site 

by coating an inactive shell is an attractive and efficient approach to enhance the shape-

selectivity of a zeolite. MFI-type zeolite has been widely used in the catalysis of 

disproportionation of toluene and methylation of toluene with methanol to yield para-

xylene. The silica coating of the parent zeolite can substantially improve the shape-

selectivity of zeolite, resulting in a high para-xylene selectivity.31, 32 On the other hand, 

Okamoto synthesized a TON-type zeolite with core@shell structure using fluoride ion 

as a mineralizing agent, and used the material for tetradecane isomerization.33 Cracking 

reaction could be substantially inhibited and the isomerization selectivity increased by 

approximately 20%. 

In this chapter, a bifunctional catalyst composed of Pt nanoparticles supported on 

a silica-coated TON-type zeolite, i.e., Pt/ZSM-22@SiO2, was designed for the 

simultaneous deoxygenation-isomerization of methyl palmitate. First, a series of ZSM-

22@SiO2 zeolites with different amounts of shell silica were synthesized and used as 
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supports for Pt catalysts in hydrotreating of methyl palmitate. The effect of acidity, 

including total acidity and external acidity, on deoxygenation activity of the catalyst was 

discussed. Then, two methods, i.e., changing Si/Al ratio of the core ZSM-22 and adding 

Sn as a promoter, were applied to improve the activity and isomerization selectivity of 

the silica-coated catalyst.  
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4.2 Experimental Section 

4.2.1 Materials 

All chemicals were obtained from commercial suppliers and used as received: 

Ludox® HS-40 colloidal silica (Sigma-Aldrich, containing 40% silica), 

Al2(SO4)3·18H2O (Wako Pure Chemical Industries, 51.0-57.5% Al2(SO4)3 basis), 1,6-

diaminohexane (Tokyo Chemical Industry Co., ≥99.0% GC assay), ethanol (Wako Pure 

Chemical Industries, ≥99.5%), KOH (Wako Pure Chemical Industries, ≥85%), HNO3 

(Wako Pure Chemical Industries, 60~61%), NH4NO3 (Wako Pure Chemical Industries, 

≥98.0%), H2PtCl6·6H2O (Sigma-Aldrich, ≥98.5 %) and methyl palmitate (Sigma-

Aldrich, ≥97% GC assay). Distilled water was used in all cases. 

 

4.2.2 Synthesis of ZSM-22 and ZSM-22@SiO2 

ZSM-22 zeolite was synthesized by a hydrothermal method.29 A typical synthesis 

procedure is descripted as follows: KOH and Al2(SO4)3·18H2O were dissolved in water 

and stirred to generate a clear solution. Afterward, 1,6-diaminohexane (DAH) and 

colloidal silica were added. The solution was stirred for 1 h at room temperature, 

followed by heating in an autoclave at 150 oC for 60 h with stirring at 500 rpm. The 

precursor suspension had a mole composition of Si : Al : K2O : DAH : H2O = 60 : 1 : 

17.5 : 35 : 8360. The as-synthesized KZSM-22 was washed and filtered before being 

dried at 120 oC for 6 h and calcined at 550 oC for 12 h in air. 

The KZSM-22 was converted into NH4-form by ion exchange using a 0.5 M 

NH4NO3 aqueous solution (50 ml solution per gram zeolite). The reflux procedure was 

conducted at 70 oC for 3 h, which was repeated for 3 times in order to achieve a high 

exchange degree. Afterward, the sample was filtered, dried and converted into H-form 

by calcining at 450 oC for 10 h in air. 

Silica coating for ZSM-22 was performed by crystal overgrowth to obtain a core-

shell structure.34 In a typical synthesis, water, colloidal silica, ethanol and 1,6-

diaminohexane were mixed and stirred for 1 h at room temperature. Afterward, the H-
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form ZSM-22 sample was added into the precursor suspension and stirred for another 1 

h. The resulting mixture had a mole composition of Si (shell) : Si′ (core) : Ethanol : 

DAH : H2O = 1 : x : 4 : 0.3 : 70 (x = 1, 2, 5 and 10). In all cases, a small amount of nitric 

acid was added to keep the synthesis solution in a close-to-neutral state. The mixture 

was heated in an autoclave at 150 oC for 60 h with stirring at 500 rpm. Afterward, solid 

products were recovered by filtration, washed with water, dried at 120 oC for 6 h and 

calcined at 550 oC for 12 h in air. The obtained sample was denoted as Z-y@zSi, where 

y and z refer to the bulk SiO2/Al2O3 ratio and the percentage of shell silica. 

 

4.2.3 Catalyst Preparation 

Platinum catalysts were prepared by an incipient wetness impregnation method. 

The synthesized zeolite sample was compressed into solid disks under a pressure of 60 

MPa, which were subsequently grounded into 425-850 µm particles. An aqueous 

solution of H2PtCl6·6H2O was prepared was added into the particle. The loading amount 

of Pt of 0.6 wt%. After the impregnation, the catalyst was dried at 120 oC for 2 h and 

calcined at 450 oC for 10 h. The method of preparing NiMo and PtSn catalysts were 

similar to previous chapters. 

 

4.2.4 Catalyst Characterization 

Nitrogen physisorption was performed at −196 oC with an automated gas sorption 

system – Belsorp-mini II. Prior to measurement, the sample was degassed under vacuum 

at 350 oC for 2 h. Micropore surface area, pore volume, pore diameter and external 

surface area were determined by the t-plot method. 

X-ray powder diffraction (XRD) patterns were measured on an X-ray 

diffractometer (RAD-IIC; Rigaku Corp.) with Cu-Kα radiation (40 kV and 30 mA). 

Diffraction data were collected by a continuous scan mode at a scanning speed of 1o (2 

theta) min-1. 
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SEM images were recorded on a JSM-6500 (JEOL) microscope operated at an 

accelerating voltage of 13 kV. The sample was dispersed in ethanol, followed by 

depositing the suspension solution on the sample holder. EDS analysis was performed 

on a TM3000 (Hitachi) microscope equipped with a Quantax70 (Bruker nano GmbH) 

detector. The sample was fixed to the sample holder with conductive adhesive carbon 

tape. 

Transmission Electron Microscope (TEM) images were recorded on a JEM-

2200FS (JEOL) transmission microscope operated at 200 kV. The sample powders were 

pre-reduced ex situ in H2 flow at 400 oC for 3 h, and deposited on a copper grid. 

Statistical analysis of particle size was performed by measuring approximately 150 

particles per sample.  

Temperature programmed desorption of ammonia (NH3-TPD) measurement was 

performed on a ChemBET Pulsar TPR/TPD instrument (Quantachrome Instruments).20 

The sample was purged by heating to 550 oC with He for 2 h, followed by cooling to 50 
oC. Afterward, NH3 was introduced, and the adsorption experiment was performed for 

40 min. Physically adsorbed NH3 was removed by flushing with He at 100 oC for 2 h. 

The TPD measurement was performed by linearly increasing the cell temperature from 

100 to 800 oC at a heating rate of 10 oC min-1 under a 15 mL min-1 He flow. The amount 

of desorbed ammonia was monitored using a thermal conductivity detector (TCD) and 

quantified by pulse calibration. 

Fourier transform infrared spectroscopy (FT-IR) of pyridine adsorption were 

recorded on an IRPrestige-21 instrument (Shimadzu) by adding 64 scans for the sample 

at a resolution of 4 cm-1.35 The sample powders were pressed into self-supporting wafers 

(d = 10 mm). Before adsorption, the sample was degassed under evacuation (pressure < 

10-5 Torr) at 500 oC for 3 h. The pyridine adsorption was carried out under 4 Torr 

pyridine pressure for 30 min at 100 oC. Prior to recording the IR spectra, the sample was 

evacuated at 150 oC for 20 min. The procedure for 2,6-lutidine adsorption was similar 

to the pyridine adsorption. 

The FT-IR study of CO adsorption was performed on the same instrument with the 

pyridine adsorption. The sample was purged with H2 flow (30 mL/min) for 0.5 h, 
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followed by raising the cell temperature to 400 oC and kept for 3 h. After reduction, the 

sample was degassed under evacuation at the same temperature for 1 h. The CO 

adsorption (50 Torr) was performed at 25 oC for 0.5 h, followed by evacuation at the 

same temperature for 20 min. 

 

4.2.5 Activity Test  

Hydrotreating of methyl palmitate (MP) was performed in a stainless steel fixed-

bed continuous-flow reactor (i.d. 8 mm, length 40 mm) operated in the down-flow 

mode.36 In a typical experiment, the catalyst diluted with quartz was charged into the 

reactor and prereduced in situ with a flow of pure H2 (100 cm3/min) at 400 oC for 3 h. 

The reaction was conducted under 3 MPa hydrogen pressure, with a weight hourly space 

velocity (WHSV) of 5‒40 h–1, a H2/Feedstock ratio of 800 (ml/ml), and at a temperature 

range of 300−360 °C. The effect of external mass transfer resistance in the catalyst bed 

was negligible under the given condition because a further increase of the space velocity 

had no impact on the reaction rate. After achieving a steady state (TOS = 5 h), the liquid 

product was analyzed by a gas chromatograph (GC-2025, Shimadzu) equipped with a 

flame ionization detector (FID) and a DB-5HT capillary column (Agilent Technology, 

30 m × 0.25 mm). The product identification was performed using a gas chromatograph 

equipped with a mass spectrometer (GCMS-QP5050A, Shimadzu) and the same DB-

5HT capillary column. The gaseous product was analyzed by another two gas 

chromatographs (TCD and FID).  

Internal standard (i.e., decane) was used for quantification. Conversion and 

selectivity were determined by equations (1) and (2).  

Conversion (%) = ∑mi / (∑mi + mr) × 100               (1) 

Selectivity (%) = mi / ∑mi × 100                         (2) 

where mi is the molar percentage of the product i, mr is the molar percentage of the 

reactant. 
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Reaction rate constant was calculated assuming a first-order reaction with plug-

flow reactor model. Pseudo-first order rate constant, called k (h-1), was calculated using 

the following equation (3). 

k = F / W × ln [100 / (100 − X)]                       (3) 

where X is the molar percentage of deoxygenated products (mol%), F is the molar flow 

of products (mol h-1) and W is the weight of catalyst (g). 
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4.3 Results and Discussion 

4.3.1 Characterization of ZSM-22 and ZSM-22@SiO2 

Figure 4.1 shows XRD patterns of ZSM-22 and ZSM-22@SiO2 with different 

amounts of shell silica. All the samples presented diffraction peaks at 2θ = 8.1, 10.1, 

12.8, 16.5, 19.4, 20.3, 20.4, 24.1, 24.2, 25.7, 35.6, 36.9 and 38.0o, attributed to the typical 

ZSM-22 phase with TON structure. These diffraction peaks exhibit high intensity and 

low background, indicating that the silica coating process could not destroy the crystal 

structure of the zeolite and no considerable amorphous phase was generated after silica 

coating. Compared to the parent ZSM-22, i.e., Z-120@0Si, the intensity of the 

diffraction peak at 2θ = 8.1 o, which is attributed to (100) plane of the zeolite structure, 

had a slightly increase for Z-120@20Si, Z-120@50Si and Z-120@100Si. This result 

indicates that the shell silica is not amorphous and has the same TON-type crystal. 
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Figure 4.1 XRD patterns of ZSM-22 and ZSM-22@SiO2 samples: (a) Z-120@0Si, (b) 
Z-120@10Si, (c) Z-120@20Si, (d) Z-120@50Si, (e) Z-120@100Si and (f) typical TON-
type zeolite. 
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Nitrogen adsorption-desorption isotherms are shown in Figure 4.2. All the samples 

displayed steep uptakes in a low-pressure region (p/p0 < 0.1), indicating a microporous 

structure of the material. The parent ZSM-22 showed a larger nitrogen adsorption in a 

high-pressure region, i.e., p/p0 > 0.9, which can be attributed to the macropore adsorption. 

This behavior could be due to some holes generated by the aggregation of primary 

particles, but these holes could be eliminated by redispersion of crystals during the silica 

coating process. Textural parameters derived from the nitrogen physisorption are listed 

in Table 4.1. The micropore surface area and pore volume gradually decreased with 

increasing amount of shell silica. The external surface area also had a slight decrease 

after silica coating due to some coverage of the crystal surface. In contrast, the micropore 

diameter had no considerable change and maintained at 0.57 nm.  

Bulk SiO2/Al2O3 ratio of synthesized zeolites were determined by EDS analysis. 

Modified samples showed lower experimental values than their target values, indicating 

that a portion of colloidal silica in the synthesis solution was not coated on the parent 

zeolite. 

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

 a    b     c      d      e

V
 (

m
l-

S
T

P
/g

)

P / P
0  

Figure 4.2 N2 adsorption-desorption isotherms of ZSM-22 and ZSM-22@SiO2 samples: 
(a) Z-120@0Si, (b) Z-120@10Si, (c) Z-120@20Si, (d) Z-120@50Si and (e) Z-
120@100Si. 
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Table 4.1 The physicochemical properties of ZSM-22 and ZSM-22@SiO2 samples. 

Sample 
Smicro

a  
(m2/g) 

Vmicro b 
(cm3/g)

dp
c  

(nm)
Sext

d  
(m2/g)

Si/Ale 
Experimental  

value 
Target 
value 

Z-120@0Si 326 0.089 0.57 36 113 120 
Z-120@10Si 324 0.087 0.57 35 124 132 
Z-120@20Si 315 0.085 0.57 26 135 144 
Z-120@50Si 313 0.083 0.57 26 163 180 
Z-120@100Si 312 0.082 0.57 26 183 240 

a, b, c, d Micropore surface areas, micropore volumes, micropore diameters, external surface 
areas calculated by the t-plot method. e Bulk SiO2/Al2O3 ratio measured by EDS. 
 

SEM images of Z-120@0Si and Z-120@100Si are shown in Figure 4.3. Both of 

the two samples presented typical agglomerate of needle-shaped ZSM-22 crystals. The 

average crystal size of the parent ZSM-22 was approximately 0.87 × 0.23 µm. After 

silica coating, there was a slight but not obvious increase in the crystal size; the average 

width of the crystal increased to 0.29 µm. Therefore, a thin sheet-like silica grew on the 

surface of the parent zeolite.  

 

Figure 4.3 SEM images of (a, c) Z-120@0Si and (b, d) Z-120@100Si at low- and high-
magnification. 
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X-ray emission mappings of Al Kα and Si Kα for Z-120@100Si are shown in 

Figure 4.4. It is obvious that the Si mapped crystal was wider than the Al mapped one. 

This result is consistent with that obtained from XRD, which revealed that the shell 

silica was coated on the (100) plane of the parent zeolite.  

 

 

 

Figure 4.4 Elemental mappings (Al and Si) of the Z-120@100Si sample. 

  



138 
 

FT-IR spectroscopy for the catalyst after chemisorption of an alkaline molecule has 

been widely used in determining the acidity of a porous material. Choosing an alkaline 

molecule that has a larger molecule size than the pore mouth of the zeolite can 

expediently determine the external acid site. The kinetic diameter of 2,6-lutidine is 0.67 

nm,37 while the pore mouth of ZSM-22 is 0.57 nm. Therefore, 2,6-lutidine could be used 

to probe the external acidity of ZSM-22. FT-IR spectra of 2,6-lutidine adsorption are 

shown in Figure 4.5. Bands at 1630-1650 cm-1 are attributed to the adsorption of 2,6-

lutidine on external Brønsted acid sites.38 Compared to the parent ZSM-22, silica coated 

samples displayed much lower intensity of those bands; especially for Z-120@100Si, 

which has almost no external acid site. This result is in good agreement with the element 

mapping, providing evidence that silica was successfully coated onto the surface of the 

parent zeolite and covered the external acid site. Although the adsorption of 2,6-lutidine 

for the sample have the same amount of coated silica but lower SiO2/Al2O3 ratios, Z-

90@20Si and Z-60@20Si, was slightly larger than Z-120@20Si, their external acid sites 

were much less than the parent zeolite (Z-120@0Si). 
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Figure 4.5 FT-IR spectra of 2,6-lutidine adsorption on various samples. 
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NH3-TPD was performed to determine the amount of acid sites on the samples. 

From TPD profiles (Figure 4.6), it can be found that all the samples showed two desorption 

peaks; one was at around 300 oC and the other was at around 550‒600 oC, corresponding to 

medium and strong acid sites, respectively. The center and intensity of the desorption peaks are 

different from each other. The amount of acid sites calculated by the calibration curve is listed 

in Table 4.2. As the amount of shell silica increased, the amount of acid sites decreased, 

and the center also shifted to lower temperatures. The amount of medium acid sites 

decreased from 327 to 139 µmol/g for Z-120@0Si and Z-120@100Si, respectively, 

whereas that of strong acid sites decreased from 231 to 20 µmol/g. The decrease of 

strong acid sites (91%) is larger than that of medium acid sites (57%). However, it is 

hard to believe that there are so many external acid sites that were passivated by silica 

coating. This significant reduction in the number of acid sites might be related to two 

reasons: one is that a portion of acid sites inside the pore of the zeolite are covered by 

silica as well; the other is that silica was deposited on the edge of pore mouth and 

narrowed the pore mouth. Noted that the silica source used in this study contains 

amorphous silica of nominal 12 nm particle size. Therefore, silica cannot enter into 

ZSM-22 channels during the synthesis process because the pore mouth was much 

smaller (0.57 nm). Consequently, the decrease in the acidity could be due to the silica 

deposition on the pore mouth. The N2 physisorption result showed that the pore diameter 

had no change after silica coating. The contradiction between NH3 and N2 adsorption 

could be due to their different molecular diameters. N2 can enter into the pore channel 

even if the pore mouth was partially blocked by silica deposition; in contrast, NH3 has 

a larger molecular size and it cannot enter into those pores which was partially blocked 

by silica deposition. On the other hand, as the SiO2/Al2O3 ratio decreased from 120 to 

60, the amount of total acid sites increased from 446 to 724 μmol/g. In addition, there 

was no distinct difference in center of strong acid sites among the three catalysts that 

have different SiO2/Al2O3 ratio, but new acid sites could be observed at around 200-250 
oC for Z-90@20Si and Z-60@20Si. 

FT-IR study for synthesized samples after pyridine adsorption was performed to determine 

the type of the acid site. Although the kinetic diameter of pyridine (5.9 Å) is a little larger than 

the pore mouth of ZSM-22 (5.7 Å), literatures suggested that the fluctuation in the pore mouth 
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due to thermal vibrations or flexibility of the lattice can make the pore size change by ~0.5 Å.39 

In this sense, pyridine molecules can enter into the pore channels of ZSM-22. As shown in 

Figure 4.7, a sharp strong feature is present at 1545 cm-1, while almost no peak is present 

at approximately 1450 cm-1, indicating that the predominant type of the acid sites in the 

sample exhibits only Brønsted acidity.  
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Figure 4.6 NH3-TPD profiles of various samples. 
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Table 4.2 Acidic properties of ZSM-22 samples determined by NH3-TPD. 

Sample 

Amount of Acid sites (µmol NH3/g)  

 

Ratio 

Medium acid sites
 (< 400 oC) 

Strong acid sites
 (> 400 oC) 

Total
Medium/ 
Stronga 

Surface/
Totalb 

Z-120@0Si 327 (304 oC) 231 (570 oC) 558  1.42 0.24 

Z-120@10Si 299 (304 oC) 211 (570 oC) 510  1.42 0.15 

Z-120@20Si 264 (301 oC) 182 (556 oC) 446  1.45 0.06 

Z-120@50Si 244 (295 oC) 96 (552 oC) 340  2.54 0.03 

Z-
120@100Si 

139 (286 oC) 20 (546 oC) 159  6.95 
0.00 

Z-90@20Si 404 (314 oC) 251 (556 oC) 446  1.61 0.05 

Z-60@20Si 412 (319 oC) 312 (556 oC) 724  1.32 0.09 
a The ratio of medium to strong acid sites calculated by NH3-TPD. 
b The ratio of surface to total acid sites calculated by pyridine and 2,6-lutidine adsorption.  
The temperatures in the brackets are the centers of the desorption peaks. 
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Figure 4.7 FT-IR spectra of pyridine adsorption after evacuation at 150 oC. (a). Z-
120@0Si, (b) Z-120@10Si, (c) Z-120@20Si, (d) Z-120@50Si, (e) Z-120@100Si, (f) Z-
60@20Si and (g) Z-90@20Si.  
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4.3.2 Effect of Silica Coating Amount and SiO2/Al2O3 Ratio on the Catalytic 

Performance 

The synthesized samples were loaded with 0.6 wt% platinum as a deoxygenation 

function, and the performance of prepared catalysts were evaluated by hydrotreating of 

MP. Hydrotreating of MP is a complex reaction that includes many elementary reactions. 

Fatty acid methyl ester was first transformed to some oxygenate intermediates, e.g., fatty 

acid, fatty aldehyde or fatty alcohol. These intermediates were than deoxygenated to 

linear alkanes. Finally, linear alkanes were further isomerized to branched alkanes 

(Scheme 4.1).  

 

Scheme 4.1 Possible reaction pathways of hydrodeoxygenation of methyl palmitate. 

 

 

Table 4.3 Catalytic activity and product selectivity in hydrotreating of methyl palmitate. 

Catalyst 
Conversion  

(%) 

Selectivity (C%) MoBIb 
(%) CO CH4 C2-14 n-C15,16 iso-C15,16 Oxygenatesa 

Pt/ZSM-22 20.2 0.8 0.9 2.7 18.2 8.2 69.3 71.1 

Pt/Z@10Si 18.2 0.9 0.9 2.2 16.6 7.1 72.3 85.2 

Pt/Z@20Si 16.9 1.1 0.7 3.0 15.9 5.9 73.3 95.1 

Pt/Z@50Si 14.2 0.9 0.9 2.6 14.8 5.5 75.4 99.5 

Pt/Z@100Si 10.1 1.0 1.0 3.0 13.3 3.0 78.6 94.7 
a Oxygenates: hexadecanoic acid, 1-hexadecanol and 1-hexadecanal; percentage of MoBI in 
total isomers. Reaction conditions: T = 300 oC, WHSV = 10 h-1, PH2 = 3 MPa, H2/reactant = 
800 (ml/ml). 
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Table 4.3 lists MP conversion, product selectivity and MoBI percentage over the 

catalysts with different amounts of shell silica. Noted that a relatively higher weight 

hourly space velocity (WHSV) was used for the catalytic test in order to maintain the 

reaction at kinetic control. The MP conversion and isomerization selectivity decreased 

with increasing amount of shell silica. Combining with the result of NH3-TPD, it could 

be reasonably inferred that a catalyst with more acid sites possess higher deoxygenation 

and isomerization activity. According to the isomerization mechanism on a bifunctional 

catalyst, the Brønsted acid site on the support plays a key role in the methyl group 

migration and cracking of carbenium ion.11 Therefore, the decrease in the Brønsted acid 

site can result in the decreased isomerization and cracking selectivity. As the amount of 

shell silica changed from 0 to 20%, the MoBI percentage increased substantially with 

increasing shell silica amount until it reached to 20%. The Pt/Z-120@20Si, Pt/Z-

120@50Si and Pt/Z-120@100Si gave high MoBI percentage of approximated 95%, 

indicating that the silica-coated catalysts showed higher shape-selectivity, and 

isomerization of MoBI into MuBI over the external acid site can be successfully 

inhibited through silica coating. 

Figure 4.8 presents the effect of reaction temperature on the catalytic performance 

of Pt catalysts in hydrotreating of MP. MP conversion, isomerization and cracking 

selectivity increased with increasing reaction temperature. At the highest reaction 

temperature, i.e., 360 oC, the cracking selectivity was lowered by silica coating; it 

largely decreased with increasing amount of shell silica. On the other hand, MoBI 

percentage showed a decreased tendency; for the Pt/ZSM-22@SiO2 catalyst with silica 

coating amount higher than 20%, the MoBI percentage dropped from 95% to 

approximately 75%. These results indicate that the MoBI formation would be reduced 

with the improved isomerization selectivity. Hydrotreating of MP was also conducted 

under different space velocities to investigate the behavior of MoBI formation. As 

shown in Table 4.4, MoBI percentages were constant at around 75%, which was not 

sensitive to either MP conversion or isomerization selectivity. This result indicates that 

the MoBI formation could not be dependent on the isomerization degree, and its 
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decrease in the case of raising the reaction temperature was not due to the increased 

isomerization selectivity. 
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Figure 4.8 Effect of reaction temperature on the catalytic performance. (a) MP 
conversion; (b) isomerization selectivity; (c) cracking selectivity; (d) MoBI percentage 
in total isomers. Reaction conditions: T = 300 – 360 oC, P = 3 MPa, WHSV = 10 h-1 and 
H2/reactant = 800 (ml/ml). 

 

Table 4.4 Hydrotreating of methyl palmitate over Pt/Z@20Si at different WHSVs.  

WHSV 
(h-1) 

Conversion
(%) 

Selectivity (%) MoBI 
(%) CO CH4 C2-14 n-C15,16 iso-C15,16 Oxygenates 

5 93.1 5.9 2.4 7.5 18.6 30.9 34.7 74.9 

10 44.6 3.6 1.3 5.3 16.5 21.2 52.1 75.3 

20 27.6 2.5 0.6 5.1 11.6 19.2 61 76.3 

30 21.0 1.8 0.6 4.6 10.3 17.3 65.4 74.1 

40 16.9 1.6 0.5 4.4 9.5 16.9 67.1 76.8 
 Reaction conditions: T = 360 oC, PH2 = 3 MPa and H2/reactant = 800 (ml/ml). 
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Martens systematically studied the isomerization of long-chain n-alkanes on 

Pt/HZSM-22 catalyst and proposed “pore mouth” and “key-lock” mechanisms for 

explaining the isomerization behavior over the ZSM-22 zeolite.25, 40 The pore mouth of 

ZSM-22 zeolite is 0.55 × 0.45 nm, and the kinetic diameters of normal, mono-branched 

and multi-branched alkanes are approximately 0.43–0.49, 0.50–0.62 and 0.7 nm, 

respectively.41 The diameter of MoBI is similar to the pore mouth of ZSM-22, and 

therefore, the MoBI is somewhat difficult to be formed inside the channel of the ZSM-

22 zeolite. In the “pore mouth” theory, acid sites on the pore mouth favor the formation 

of MoBI. In contrast, two ends of hydrocarbon chain penetrate each into different pore 

mouths, designated as the “key lock” type, favors more central branching of the chain 

and causes the MuBI formation. On the other hand, Corma  investigated the 

isomerization behaviors of n-alkanes over Theta-1 (TON-type) zeolite, which has an 

identical channel structure to ZSM-22, and demonstrated that the an important part of 

MoBI should occur deep inside the pore channels, while MuBI are mainly formed at the 

external surface by further isomerization of MoBI.42 Consequently, it can be concluded 

that the MuBI formation is available under two pathways: carrying out on the acid sites 

that located on two pore mouths of ZSM-22 or on the external acid sites (Scheme 4.2).  

In this study, the external acid site could be eliminated by silica coating. Therefore, 

it can be resonably infered that the portion of MuBI formed on the external acid site can 

be inhibited. However, other MuBI generated via a “key-lock” mode cannot be 

completely suppressed by silica coating. This portion of MuBI formation would increase 

along with the reaction temperature, which probably due to the intense thermal motion 

of molecule under a high temperature. 

It was observed that silica coating could be an efficient approach for improving the 

MoBI formation, but it also reduced the catalytic activity due to the decrease in acid 

sites. Although higher isomerization selectivity can be achieved at a higher reaction 

temperature, the increased temperature would also reduce the MoBI formation. Herein, 

two methods were considered to increase the isomerization activity of the catalyst; one 

was realized by changing the Si/Al ratio of core ZSM-22 to improve its acidity and the 

other was realized by using a more active metal phase for the bifunctional catalyst. 
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Scheme 4.2 Deoxygenation of methyl palmitate and further isomerization of the 
deoxygenated n-alkane into mono-branched iso-alkane over Pt/ZSM-22@SiO2. 
Hexadecane and the corresponding isomers are selected as examples. Kinetic diameters 
of these compounds are obtained from Ref.10 
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Figure 4.9 Effect of SiO2/Al2O3 ratio on the catalytic performance. (a) MP conversion; 
(b) isomerization selectivity; (c) cracking selectivity; (d) MoBI percentage in total 
isomers. Reaction conditions: T = 300 – 360 oC, P = 3 MPa, WHSV = 10 h-1 and 
H2/reactant = 800 (ml/ml). 

 

The catalytic performance of Pt/Z-60@20Si and Pt/Z-90@20Si are showed in 

Figure 4.9. The MP conversion and isomerization selectivity were markedly improved 

by reducing the SiO2/Al2O3 ratio. Pt/Z-60@20Si exhibited the highest isomerization 

activity, which was close to the uncoated Pt/Z-120@0Si catalyst. For the cracking 

selectivity, there was no considerable difference among the four catalysts at 300 and 320 
oC. In contrast, cracking selectivity was higher over the Pt/Z-60@20Si catalyst than over 

another two silica-coated catalysts at higher temperatures (i.e., 340 and 360 oC). On the 

other hand, the MoBI percentages over the three silica-coated catalysts were similar to 

each other, superior to the uncoated catalyst, indicating that the decrease in SiO2/Al2O3 

ratio increases the internal acid site, but it can barely affect the external acid site. 
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4.3.3 Enhanced Activity of Silica-Coated Catalysts by Using Bimetals 

The promotion effect of Sn on a Pt/SAPO-11 catalyst was demonstrated in Chapter 

3. It is obvious that the presence of PtSn alloys can substantially improve isomerization 

selectivity. Thus, PtSn bimetal was applied as the active site for the silica coated zeolite 

in order to further improve the activity of the catalyst. Herein, PtSn/Z-60@20Si (Pt = 

0.3 wt%, Sn/Pt = 2:1) was prepared and used for the hydrodeoxygenation of MP (Table 

4.5). The PtSn catalysts gave a similar MP conversion with the Pt catalyst. However, 

the Pt loading in PtSn catalyst is only half of that in the Pt catalyst. In addition, the yield 

of total isomers over the PtSn catalyst was almost twofold higher than the Pt catalyst. 

Furthermore, the deoxygenation reaction over PtSn catalyst proceeds via the 

hydrodeoxygenation (HDO) route and gives higher C16 selectivity, while that over the 

Pt catalyst proceeds via the decarbonylation (DCO) route and gives higher C15 

selectivity. These results are consistent with those in Chapter 3, in which the 

PtSn/SAPO-11 catalyst exhibited higher HDO and isomerization selectivity superior to 

the Pt/SAPO-11 catalyst, indicating that the promotion effect of Sn is not dependent on 

the support and it could be applied widely in other Pt catalysts. For MoBI percentage, 

there is no considerable difference between the Pt and PtSn catalysts. Based on the above 

results, it can be concluded that the catalytic activity of the silica-coated catalysts could 

be dramatically improved by using PtSn as its active site. 

On the other hand, higher activity of NiMo bimetal has also been demonstrated in 

Chapter 2. The NiMo/SAPO-11 catalyst reduced at 450 oC had the best balance between 

activity and isomerization selectivity. Thus, the NiMo/Z-60@20Si was prepared and 

reduced at 450 oC prior to applying for the hydrodeoxygenation of methyl palmitate 

(Table 4.5). Although the MP conversion of the NiMo catalyst was slightly lower than 

that of the Pt catalyst, the yield of total isomers and the C16 percentage were similar to 

those of the Pt catalyst. However, for the MoBI percentage, the NiMo catalyst showed 

a much lower value than the Pt catalyst. As discussed in Chapter 2, the Mo5+ species 

show Brønsted acidity, and the metal particle size of the catalyst indicates that the NiMo 

particles are loaded on the external surface of the zeolite. In this sense, the Mo5+ species 
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would work as an isomerization active site and catalyzed the further isomerization of 

MoBI into undesired MuBI. 

 

Table 4.5 Catalytic performance of catalysts with different active metals in 
hydrodeoxygenation of methyl palmitate. 

  Pt/Z-60@20Si PtSn/Z-60@20Si NiMo/Z-60@20Si 

  325 oC 350 oC 325 oC 350 oC 325 oC 350 oC 

Conversion (%) 77.7  98.1  76.5 99.1 76.3 93.0 

Carbon distribution of liquid products (C%). 

C1-14 8.3 11.6 5.1 7.3 4.4 8.3 

C15 15.2 38.2 1.5 2.3 4.6 5.9 

C16 45.3 46.6 58.3 87.7 56.9 71.9 

C16+ 0.7 1.6 1.3 2.0 1.8 3.2 

Methyl palmitate 22.3 1.9 23.5 0 23.7 7.0 

Palmitic acid 8.2 0.1 10.3 0.7 8.6 3.7 

Other parameters. 
C16/ 
Total hydrocarbons 

0.65 0.48 0.88 0.88 0.84 0.81 

Yield of isomers (%) 14.7 25.0 28.3 53.0 8.6 32.3 

MoBI/Total isomers 0.90 0.85 0.90 0.83 0.73 0.68 

Reaction conditions: WHSV = 5 h-1, PH2 = 3 MPa, H2/MP = 800 (ml/ml).  
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4.3.4 Structure-Performance Relationship 

Generally, metal species in a catalyst are considered to be the hydrogenation active 

site in a hydrodeoxygenation reaction. We also used Z-60@20Si, which has the most 

highest acidity in the synthesized samples, for hydrodeoxygenation of MP, but only 3% 

conversion was obtained (T = 360 oC, WHSV = 10 h-1). This result suggested that the 

support was almost not active without cooperation from metal species. From 

experimental results, however, it is obvious that catalysts with different acidity showed 

distinct performance. Kinetic analysis was conducted to understand the catalytic 

behavior of the deoxygenation reaction. A pseudo-first-order model for MP 

deoxygenation was represented by Equation (3). Arrhenius plots for deoxygenation rate 

constants obtained from different reaction temperatures are shown in Figure 4.10, and 

the apparent activation energies (Ea) and pre-exponential factors (A) calculated from 

linear fitting of the Arrhenius plots are listed in Table 4.6. The Ea increased gradually 

with increasing amount of shell silica. Pt/Z-120@0Si (71 kJ/mol), Pt/Z-120@10Si (72 

kJ/mol) and Pt/Z-120@20Si (75 kJ/mol) had similar Ea to each other, whereas 

Pt/Z@50Si (71 kJ/mol) and Pt/Z@100Si (94 kJ/mol) had much higher Ea. Especially 

the catalyst with the highest amount of shell silica, a 24 kJ mol-1 difference from the 

uncoated catalyst was observed. On the other hand, lower Ea
 were obtained from 

catalysts with lower SiO2/Al2O3 ratios, i.e., Pt/Z-90@20Si (69 kJ/mol) and Pt/Z-

60@20Si (65 kJ/mol), respectively. It could be assumed that the support would have a 

impact on the structure of supported metal particles and thus influence the catalytic 

activity. The catalysts were characterized by CO-FTIR and TEM to get further 

information. 
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Figure 4.10 Arrhenius plot of deoxygenation rate constants (kHDO) for (a) Pt/Z-
120@100Si, (b) Pt/Z-120@50Si, (c) Pt/Z-120@20Si, (d) Pt/Z-120@10Si, (e) Pt/Z-
120@0Si, (f) Pt/Z-90@20Si and (g) Pt/Z-60@20Si. 

 

 

Table 4.6 Fitting parameters in the Arrhenius plot of the deoxygenation reaction of 
methyl palmitate over various Pt catalysts. 

Catalyst Ea
a (kJ·mol-1) lnAb (mol·h-1·g-1) R2 c 

Pt/Z-60@20Si 65 12.1 0.99 
Pt/Z-90@20Si 69 12.7 0.99 
Pt/Z-120@0Si 71 13.0 0.99 
Pt/Z-120@10Si 72 13.1 0.99 
Pt/Z-120@20Si 75 13.4 0.99 
Pt/Z-120@50Si 80 13.7 0.99 
Pt/Z-120@100Si 94 16.1 0.99 

a Activation energy. b Pre-exponential factor. c Relative error. 
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Carbon monoxide is a particularly useful probe molecule for determining the nature 

of active sites because the C-O stretching frequency is quite sensitive to the electronic 

properties of the bonding site.43 FT-IR spectroscopy after CO adsorption was performed 

for Pt catalysts (Figure 4.11). FT-IR study for Pt catalysts after CO adsorption was 

performed (Fig. 7). IR spectra for the coated and uncoated catalysts displayed distinct 

features on the C-O stretching mode. For Pt/Z-120@0Si, there are two vibration bands 

observed in the studied wavenumber range; a stronger band located at around 2087 cm-

1 and a weaker band located at around 1858 cm-1. Pt/Z-120@10Si displayed a similar IR 

spectrum with Pt/Z-120@0Si, yet the vibration band at the lower wavenumber site in 

Pt/Z-120@10Si shifted to 1886 cm-1. In contrast, three vibration bands, i.e., 2087, 2015 

and 1886 cm-1, were observed in the IR spectra of catalysts coated more silica. On the 

other hand, Pt/Z-90@20Si and Pt/Z-60@20Si showed similar spectra with Pt/Z-

120@0Si, in which the band at 2082 cm-1 was dominant. Compared with Pt/Z-120@0Si, 

however, this band shifted slightly to a lower wavenumber. This might be due to the 

strong interaction between the Pt particle and the support.  
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Figure 4.11 FT-IR spectra of CO adsorbed on (a) Pt/Z-60@20Si, (b) Pt/Z-90@20Si, (c) 
Pt/Z-120@0Si, (d) Pt/Z-120@10Si, (e) Pt/Z-120@20Si, (f) Pt/Z-120@50Si and (g) 
Pt/Z-120@100Si at 25 oC. 
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Vibration bonds at 2087, 1886 and 1858 cm-1 can be associated with CO adsorption 

on Pt. Indeed, the band at ~2087 cm-1 is well known to correspond to the linear 

adsorption form, in which the carbon monoxide is bonded on atop sites of low Miller 

index terraces, most likely on Pt(111) planes.44, 45 The intensity of this band decreased 

with increasing amount of coated silica, and the band completely disappeared in Pt/Z-

120@100Si. Bands at 1886 and 1858 cm-1 are assigned to the CO adsorption on bridges 

or other high-coordination sites.46 Different to Pt/Z-120@0Si and Pt/Z-120@10Si, the 

main features of Pt/Z-120@20Si, Pt/Z-120@50Si and Pt/Z-120@100Si were identified 

as the bridge CO adsorption band at 1886 cm-1. 

A broader and weaker vibration band at around 2015 cm-1 can be assigned to the 

bridge adsorption form. This bond is likely to be due to CO adsorbed on interfacial Pt-

SiO2 sites, i.e., on both a Pt atom and an adjacent Si atom. Although silica is successfully 

coated on the external surface of ZSM-22 zeolite, it is speculated that the coated silica 

is difficult to be uniformly laying on the surface. Thus, it seems plausible that the 

existence of Pt surface sites at the interface between the support and the Pt particles 

(close contact between silica and platinum as shown in Scheme 4.3) are accessible to 

CO. A similar particle-support interface effect on the CO adsorption can be seen in other 

literatures.47 

 

 

 

 

 

Scheme 4.3 Proposed platinum-silica interface. 
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Based on these results, it can be suggested that the silica coating influenced not 

only the amount but also the nature of the Pt active sites. In general, the CO adsorbed 

on the Pt catalyst displays a strong vibration band in the range of 2000−2100 cm-1, yet 

seldom show a weak vibration band in the range of 1800-2000 cm-1 because the bridge 

mode adsorption on the Pt atom was too weak that the adsorbed CO can be easily 

desorbed by the evacuation. In this study, the significant change in the adsorption form 

is likely to be due to the different crystal structures of the Pt particle. On the other hand, 

Pt/Z-90@20Si and Pt/Z-60@20Si showed similar spectra with Pt/Z-120@0Si, in which 

the band at 2082 cm-1 was dominant. Compared with Pt/Z-120@0Si, however, this band 

shifted slightly to a lower wavenumber. This might be due to the strong interaction 

between the Pt particle and the support. 

 

 

Figure 4.12 HRTEM images, FFT patterns and particle size distributions of the (A) 
Pt/Z-120@0Si, (B) Pt/Z-120@100Si and (C) Pt/Z-60@20Si catalysts. 

 

Typical HRTEM images, fast Fourier transform (FFT) patterns and particle size 

distributions are displayed in Figure 4.12. Pt/Z-120@0Si, Pt/Z-120@100Si and Pt/Z-

60@20Si were chosen as representations. The average particle sizes of these three 

catalysts decrease in the sequence Pt/Z-60@20Si < Pt/Z-120@0Si < Pt/Z-120@100Si. 

Moreover, there was no obvious distinction in the average particle size between Pt/Z-

120@0Si (c.a. 3.3 nm) and Pt/Z-120@100Si (c.a. 3.8 nm); in contrast, the average 
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particle size of Pt/Z-120@0Si (c.a. 3.3 nm) and Pt/Z-60@20Si (c.a. 2.4 nm) are quite 

different. Although HRTEM observation was not conducted for other catalysts, it could 

be reasonably inferred that the trend of the average particle sites would monotonic 

increase with increasing amount of coated silica, but decrease with decreasing 

SiO2/Al2O3 ratio.  

More information about the structure of Pt particles on different catalysts, 

correlated with the effect of the electronic state characterized by CO-FTIR, can be 

obtained from the FFT pattern. FFT patterns obtained from lattice fringes of particles 

reveal different spots at 2.26 Å for Pt/Z-120@0Si and at 1.96 Å for another two catalysts. 

According to other literatures, the value 2.26 Å corresponds to the Pt(111) 

crystallographic plane, while the value 1.96 Å is attributed to the Pt(100) 

crystallographic plane.15 This result implies that the acidity of the support would 

influence not only the dispersion but also the crystal orientation of Pt particles. In Pt/Z-

120@0Si and those catalysts with smaller amount of shell silica, i.e., Pt/Z-120@10Si, 

Pt/Z-90@20Si and Pt/Z-60@20Si, the most exposed Pt crystal facet might be Pt(111). 

In contrast, catalysts with larger amount of shell silica, i.e., Pt/Z-120@50Si and Pt/Z-

120@100Si, and with lower acidity, i.e., Pt/Z-120@20Si, predominantly exhibited 

crystal facet exposure to Pt(100). TEM observation suggested that the modification of 

the support would mainly influence the crystal structure of the Pt catalyst, whereas 

changing the SiO2/Al2O3 ratio would predominately improve the Pt dispersion. 

Generally, a change in activation energy is due to the formation of new bonds 

between the substrate and the catalyst. Characterization results suggested that the Pt 

particles which predominantly exposed Pt(111) facet favor of exhibiting CO vibration 

bands at 2015 cm-1, while the Pt particles which exposed Pt(100) facet prefer to 

displaying bands at 1886 cm-1. In addition, the number of Pt(111) particles decreased 

with increasing amount of shell silica, while the number of Pt(100) particles increased. 

Combining with the result of activity test, it could be concluded that the Pt(111) facet is 

more active in the deoxygenation of MP. Consequently, the variation in the activation 

energy among catalysts with the same SiO2/Al2O3 ratio but different amounts of coated 

silica are linked to different crystal structures of the Pt particles.  
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On the other hand, comparing the activation energy of catalysts with different 

SiO2/Al2O3 ratios but the same amount of coated silica, it is obvious that the activation 

energy also decreased with increasing acidity of supports by lowering the SiO2/Al2O3 

ratio. From previous literatures, the deoxygenation of esters or fatty acids is not a 

structure sensitive reaction, suggesting that the dispersion of the Pt particles can barely 

change the activation energy. Therefore, –OH groups on the support are likely to be a 

catalytically active site or adsorption sites in deoxygenation reaction. A relationship 

between catalytic activity and acidity of the catalyst was reported.48 The catalytic 

activity of Ni/HZSM-5 or Ni/Hbeta with different SiO2/Al2O3 ratios was investigated in 

deoxygenation of stearic acid, and the acid function of zeolite was likely to catalyze the 

dehydration of alcohol intermediates, thereby accelerating the deoxygenation reaction 

rate. In this study, the abundance of –OH groups on Pt/Z-60@20Si is the most likely 

factor to lower the activation energy. 
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4.4 Conclusions 

ZSM-22@SiO2 with a core-shell structure was designed to passivate the external 

acid site and enhance the shape-selectivity of the zeolite. A series of samples with 

different amounts of shell silica were synthesized. There was no considerable change in 

the pore structure and crystallinity of ZSM-22 after silica coating. The (100) plane of 

TON structure grew slightly, indicating of the coating on the surface of the zeolite. The 

number of total and external acid sites decreased with increasing amount of shell silica. 

In the case of Z-120@100Si, the external acid site was completely covered. 

The synthesized samples were used as the support to prepare Pt bifunctional 

catalysts. In hydrodeoxygenation of methyl palmitate, silica coating led to an enhanced 

formation of MoBI. As the amount of shell silica increased from 0 to 20%, the MoBI 

percentage in total isomers increased from 71% to 95% at 300 oC. However, further 

increase in the amount of shell silica could not change the MoBI percentage. 

Deoxygenation and isomerization activity decreased after silica coating. 

Characterization results implied that the exposed facet of Pt particles switched from 

(111) to (100), which was the most likely reason for the decrease in deoxygenation 

activity. Isomerization activity was also reduced due to the decrease in the acidity of 

support, on which the acid site was covered by silica. In consideration of the balance 

between MoBI percentage and catalytic activity, 20% shell amount could be the best 

choice in this study. Catalytic activity of the Pt/ZSM-22@SiO2 catalyst could be 

improved by two methods; one is lowering the SiO2/Al2O3 ratio of core ZSM-22 to 

increase its acidity, and the other is using PtSn as the active phase to raise the 

isomerization rate. A novel catalyst, PtSn/Z-60@20Si, exhibited high efficiency in 

tandem deoxygenation-isomerization of methyl palmitate, which gave an iso-C15,16 yield 

of 53% and MoBI percentage of 83% (T = 350 oC and WHSV = 5 h-1). This study offered 

a promising prospect for producing “ready-to-use” transportation fuels with a lower 

melting point and a higher cetane number. 
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Chapter 5 

General Conclusions 
 

In this study, metal-acid bifunctional catalysts were designed for simultaneous 

deoxygenation-isomerization of fatty acid esters to produce high quality hydrocarbon 

fuels with good cold flow and combustion properties. Hydrodeoxygenation rate, 

isomerization selectivity and the formation of mono-branched alkanes in the 

simultaneous reaction were improved. In addition, three new catalysis functions were 

elucidated from experimental results: 1) A synergistic effect involving a hydrogenation 

metal (Ni or Pt) as the hydrogen dissociated site and partially reduced metal oxides 

(MoOx and SnOx) as the adsorption site for oxygen-containing intermediates was 

proposed. This synergistic effect contributes to the adsorption and activation of the C=O 

bond in a fatty acid ester, and therefore suppresses the undesired decarbonylation 

reaction and promotes the hydrodeoxygenation rate; 2) the presence of Mo5+ species or 

Pt-Sn alloys enhanced the isomerization activity of catalyst. The ‒OH group in Mo5+ 

species exhibits Brønsted acidity and promotes the skeleton isomerization step in 

isomerization reaction. Pt-Sn alloys shows higher dehydrogenation activity than Pt and 

promotes the dehydrogenation step in isomerization reaction; 3) a core@shell structural 

ZSM-22@SiO2 zeolite with enhanced shape-selectivity was synthesized. The silica shell 

can cover external acid sites and prevent the further isomerization of a mono-branched 

isomer into a multi-branched isomer. Details are descripted as follows. 

In Chapter two, one-step hydroconversion of Jatropha oil into green hydrocarbon 

fuels was achieved by using a reduced NiMo catalyst. The reduced NiMo catalyst 

showed high deoxygenation activity in hydrotreating of Jatropha oil at a relatively high 

temperature (375 oC). Compared to a commercial catalyst – NiMo/Al2O3, those catalysts 

with an acid function, i.e., NiMo/SiO2-Al2O3, NiMo/SAPO-11 and NiMo/Al-SBA-15, 

were highly active in isomerization due to the Brønsted acidity of their supports. 

NiMo/SAPO-11 showed the highest isomerization activity and relatively lower cracking 

activity in hydrotreating of Jatropha oil. Therefore, SAPO-11 was considered as a 

suitable acid support for the simultaneous deoxygenation-isomerization reaction. 
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Subsequently, the effect of the reduction temperature on the structure and performance 

of NiMo/SAPO-11 was investigated. The percentage of different valent molybdenum 

species was strongly dependent on the reduction temperature. As the reduction 

temperature increased, the percentage of Mo5+ species decreased, while that of Mo4+ 

species increased. Based on the activity test of hydrogenation methyl laurate, it could be 

concluded that Mo5+ species are the active site of isomerization, whereas Mo4+ species 

act as the adsorption site and combine with nearby nickel particles to provide a 

synergistic effect for enhancing the hydrodeoxygenation rate.  

In Chapter three, bifunctional PtSn/SAPO-11 catalyst was designed to enhance the 

activity of monometallic Pt catalyst. The tin addition substantially changed the 

performance of the catalyst. The PtSn catalyst favored hydrogenation of carbonyl group 

and was more efficient to produce isomerized alkanes. After tin addition, the number of 

Lewis acid sites increased, which could be originated from partial reduced SnO2-x 

species. These Lewis acid sites can change the adsorption mode and improve the 

hydrodeoxygenation rate. As the tin addition increased, excessive surface coverage 

would block the activation of hydrogen on platinum particles, resulting in a decrease in 

the hydrodeoxygenation activity. Pt-Sn alloys are present in the PtSn1, PtSn1.5 and 

PtSn2 catalysts, while only some Sn surface-enriched PtSn particles and SnO2 were 

observed in the PtSn2.5 and PtSn3 catalysts. The higher isomerization activity of PtSn1, 

PtSn1.5 and PtSn2 is attributed to an increased formation of unsaturated hydrocarbons 

by Pt-Sn alloys. It could be concluded that it is important to control the surface 

concentration of the second metal to obtain highly balanced functions. 

In Chapter four, ZSM-22@SiO2 zeolite with a core-shell structure was synthesized 

by a crystal overgrowth method to passivate acid sites on the external surface and 

enhance the shape-selectivity of the zeolite. ZSM-22@SiO2 supports with different 

amounts of shell silica and SiO2/Al2O3 ratios were used to prepared platinum catalysts. 

In hydrotreating of methyl palmitate, the amount of silica coating has a large influence 

on the catalytic performance. Deoxygenation and isomerization activities decreased 

with increasing amount of coated silica. Characterization results imply that the structure 

of platinum particles was changed, and the exposed facet varied from (111) to (100), 
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which most likely cause the decrease in deoxygenation activity. For isomerization, the 

decrease in the acidity of the support can be considered as the most important factor. On 

the other hand, the percentage of MoBI significantly increased with increasing amount 

of the coated silica to 20% (ratio of the amount of the coated silica to the total silica in 

the support); however, excessive silica coating could not further improve the formation 

of MoBI. A “pore mouth and key lock” model for alkane isomerization is used to 

interpret the isomerization behavior. Normal alkanes diffuse into the pore channel and 

isomerized to MoBI on acid sites near the pore mouth via the “pore mouth” model 

(major adsorption type); a less amount of MuBI can be formed by penetrating the two 

ends of a normal alkane into different pore mouths, which could not be suppressed by 

the silica coating approach. The activity and selectivity can be improved by using a 

support with higher acidity by lowering the SiO2/Al2O3 ratio or by using the designed 

bimetallic PtSn as the metal function. 

In summary, the designed bifunctional catalysts, i.e., NiMo/SAPO-11 and 

PtSn/SAPO-11, exhibited high activity in hydrotreating of fatty acid esters to produce 

hydrocarbon fuels that possess high cold flow properties. ZSM-22@SiO2 was designed 

as a novel zeolite for the substitution of SAPO-11 to achieve higher shape-selectivity 

and enhance the formation of mono-branched iso-alkanes, which have higher cetane 

numbers and greater combustion properties. By combining PtSn and ZSM-22@SiO2 as 

metal and acid functions, respectively, a highly active bifunctional catalyst was 

developed for hydrotreating of triglyceride-related compounds. These findings should 

not only break a new path to produce high quality green transportation fuels, but also 

enhance our understanding of the structure-performance relationship in catalysis, which 

give us ideas to design catalysts for new processes.  
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