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ABSTRACT 

Biofuel production technologies have recently received considerable attention as CO2 

emission of biofuels is lower compared to conventional fuels. Typical sources of biofuels are 

natural oils and fats (e.g., animal fats, plant and seed oils). They are complex mixtures of fatty 

acid esters. Removing oxygen from fatty acids (deoxygenation) leads to the formation of 

paraffinic hydrocarbons that can potentially serve as or be converted to direct replacements for 

traditional petroleum-derived liquid transportation fuels and paraffinic petrochemical feedstocks. 

Deoxygenation of unsaturated fatty acids can be accomplished via hydrogenation of double 

bonds and further removal of the carboxyl group by releasing carbon dioxide and producing a 

paraffinic hydrocarbon (decarboxylation) or by releasing carbon monoxide and producing an 

olefinic hydrocarbon (decarbonylation). Depending on the catalyst nature and reaction 

conditions, the hydrodeoxygenation of fatty acids can compete with decarboxylation and/or 

decarbonylation reaction pathway. The current catalysts for the production of diesel ranged 

hydrocarbons from triglycerides and fatty acids display limited selectivity towards main 

hydrocarbon products. In this work, we demonstrate the catalytic deoxygenation and further 

conversion of fatty acids to paraffins, branched and aromatic hydrocarbons over metal-organic 

frameworks (MOFs) membranes supported on porous beads. Three catalytic systems were used: 

Cu-, Al- and Ga-based MOF crystals, Pt/ZIF-67 membrane/zeolite 5A and Ni-MOF/zeolite 5A. 

The best catalytic performance was achieved by Pt/ZIF-67membrane/zeolite 5A bead catalysts 

and the selectivity to desired product was ~90%. The work aims at having fundamental 

understanding on the structure-catalytic relationship of supported MOF membranes catalyst for 

the deoxygenation of fatty acids into liquid fuels. This research may lead to the development of 

novel MOF membranes with tailored structural, compositional, and morphological properties to 
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be used as catalysts in a single step process for the conversion of lipid biomass to ‘drop-in’ 

hydrocarbon transport fuels, like motor and aviation gasoline. 
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CHAPTER 1 

INTRODUCTION, BACKGROUND AND MOTIVATION 

 

1.1 Introduction 

Till now, fossil fuels, such as oil, coal and nature gas, are the prime energy supplies in the 

world (approximately 80% of the total use) [1]. However, it is anticipated that these non-

renewable energy sources will be depleted within the next 40-50 years [2]. Meanwhile, the 

demand of energy will constantly increase due to rapid growth in human population. Moreover, 

the expected environmental damages, such as global warming, acid rain and very small particles 

due to the emissions of burnt fossil fuels have tempted the world to try to shift towards utilizing a 

variety of renewable and less environmentally harmful energy sources. 

 Figure 1.1 shows the results of a forecast of world energy consumption, conducted for 

the U. N. Intergovernmental Panel on Climate Change (IPCC). In this scenario of world energy 

development, it is assumed that the structure of primary energy sources will change radically: the 

share of oil and other fossil fuels will reduce and renewable energy will increase greatly 

expectedly. 

As shown in Figure 1.1, renewable energy sources will play an important role in the 

future. Renewable energy sources are those resources which can be used to produce energy 

repeatedly, such as solar energy, wind energy, biomass energy, geothermal energy, etc. 

Compared to other renewable energy resources such as wind and solar, biomass energy source is 

easily stored, unlimited supplied and at low cost. Therefore, biomass is treated as an important 

alternative energy supply. Biomass supplied about 75% of all renewable energy consumed in the 

world in 2010, and will supply 52% in 2040, as shown in Table 1.1. 
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Figure 1.1 Forecast of world energy consumption [3] 

 

Table 1.1 Global renewable energy scenario by 2040 [4]. 

 2001 2010 2020 2030 2040 

Total consumption (million tons oil equivalent) 10038 10549 11425 12352 13310 

Biomass 1080 1313 1791 2483 3271 

Large hydro 22.7 266 309 341 358 

Geothermal 43.2 86 186 333 493 

Small hydro 9.5 19 49 106 189 

Wind 4.7 44 266 542 688 

Solar thermal 4.1 15 66 244 480 

Photovolatic 0.1 2 24 221 784 

Solar thermal electricity 0.1 0.4 3 16 68 

Marine (tidal/wave/ocean) 0.05 0.1 0.4 3 20 

Total RES 1365.5 1745.5 2964.4 4289 6351 

Renewable energy sources contribution (%) 13.6 16.6 23.6 34.7  
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A simplistic scheme showing renewable fuels produced from biomass is provided in 

Figure 1.2 [5]. The biomass can be broken into three basic categories, carbohydrates, lignin and 

fat/oils. Compared to carbohydrates and lignin, vegetable oil-based feedstock has gained 

significant interest as sustainable resources because of its high energy density and structural 

similarity to petroleum-based fuels [6]. The vegetables oils can be obtained widely from non-

edible oil crops, such like algae and jatropha. Waste fats and oils can also be an alternative as an 

inexpensive non-edible feedstock [7]. In general, main compositions of the vegetable oil-based 

feedstock are triglyceride and free fatty acids.  

 

 

Figure 1.2 Processing of the basic building block of biomass to renewable hydrocarbon fuels [5] 
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Fatty acids are commonly found in nature as component of oils, such as those derived 

from plants (i.e., soybean oil, palm oil), algae, and animal sources (i.e., tallow, lard), shown in 

Table 1.2. Fatty acids are carboxylic acids with long aliphatic chains, which are either saturated 

or unsaturated. Saturated fatty acids are fatty acids that have no carbon-carbon double bon, such 

as palmitic acid, stearic acid and lauric acid. Unsaturated fatty acids are fatty acids with one or 

more carbon-carbon double bonds, oleic acid and linoleic acid are examples. Meanwhile, 

triglycerides are esters derived from glycerol and three fatty acids. Except the fatty acids from 

the virgin oils, waste oils can be feedstocks for production of diesel-like hydrocarbons [7]. 

 

Table 1.2 Fatty acids in nature [8] 

 Saturated Unsaturated 
Lauric Myristic Palmitic Stearic Oleic Linoleic Linolenic Other 

Animal fats 
Beef tallow - 6.3 27.4 14.1 49.6 2.5 - 0.1 
Butter 2.5 11.1 29.0 9.2 26.7 3.6 - 17.9 
Human - 2.7 24.0 8.4 46.9 10.2 - 7.8 
Lard - 1.3 28.3 11.9 47.5 6.0 - 5.0 
Vegetable oils 
Coconut 45.4 18.0 10.5 2.3 7.5 - - 16.3 
Corn - 1.4 10.2 3.0 49.6 34.3 - 1.5 
Cottonseed - 1.4 23.4 1.1 22.9 47.8 - 3.4 
Linseed - - 6.3 2.5 190 24.1 47.4 0.7 
Olive - - 6.9 2.3 84.4 4.6 - 1.8 
Peanut - - 8.3 3.1 56.0 26.0 - 6.6 
Safflower - - 6.8 - 18.6 70.1 3.4 1.1 
Soybean 0.2 0.1 9.8 2.4 28.9 52.3 3.6 2.7 
Sunflower - - 5.6 2.2 25.1 66.2 - - 

 

However, the direct use of vegetable oils (or fatty acids) as diesel is not desired because 

of engine compatibility problems [5]. Therefore, several alternative techniques are developed to 

produce diesel-like hydrocarbons using fatty acids. These processes can be divided into three 

categories: cracking [9, 10], transesterification [11, 12], and deoxygenation [13, 14]. Catalytic 
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cracking technology is used to break down large molecules with higher molecular mass into 

fragments of lower molecular mass [9, 10]. The advantages of catalytic cracking include that no 

H2 is required and atmospheric processing. Catalytic cracking is regarded as a cheaper route, but 

highly unselective hydrocarbons and oxygenates are formed by cracking. Therefore, cracking is 

not the suitable upgrading process of vegetable oils (or fatty acids) to produce diesel-like 

hydrocarbons. Transesterification is now widely applied to produce biodiesel from vegetable oils 

resulting in fatty acid esters [11, 12]. This biodiesel can’t totally be a substitute for the 

petroleum-based fuels because of high oxygen content. Catalytic deoxygenation [13, 14] is a 

process that involves removal of the carboxyl group in fatty acids as carbon dioxide and/or 

carbon monoxide using supported metal catalyst, producing alkane and alkene as diesel-like 

hydrocarbons. It does not necessarily need hydrogen and results in a high selectivity to 

hydrocarbons in diesel range. Therefore, in this work we focus on the production of diesel-like 

hydrocarbons by catalytic deoxygenation of fatty acids. 

1.2 Background 

In this section, the literature on catalytic deoxygenation of fatty acids and/or their 

derivatives are reviewed. 

1.2.1   Catalytic deoxygenation reaction network 

The catalytic deoxygenation process converts fatty acids or triglycerides into 

hydrocarbons at moderate temperatures and pressures over catalytic materials under hydrogen or 

without hydrogen atmosphere. Several types of reactions take place during this process based on 

the type of biomass processed, operating conditions and catalyst employed. The reactions that 

liquid biomass undergoes during the catalytic deoxygenation process include [14]: (1) saturation; 
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(2) oxygen removal; (3) cracking and (4) isomerization, which are described in more detail in the 

following paragraphs. 

1.2.1.1 Saturation 

Saturation reactions are strongly associated with catalytic hydrotreating as the 

introduction of excess hydrogen allows the breakage of double C-C bonds and their conversion 

to single bonds, as shown in Equation (1.1). In particular, the hydrogenation of unsaturated fatty 

acids into saturated ones depicted in Equation (1.1) is a key reaction occurring in lipid 

feedstocks.  RCH = CHCOOH + H → RCH CH COOH                                                                                        .  

Recent studies show that this saturation reaction can be accomplished without including 

extra hydrogen into the reaction system. Savage and co-workers found that in their hydrothermal 

decarboxylation of oleic acid over PtSnx/C catalyst study, hydrogen could arise from water, the 

oleic acid, or a combination of these two [15]. And the resultant C17 products were completely 

saturated. Besides the present solvent and organic reactant producing hydrogen, some 

researchers have adopted other methods. Strathmann and co-workers reported that they realized 

the complete HYD-DOX (hydrogenation and deoxygenation) of oleic acid by using glycerol to 

produce in situ hydrogen, producing heptadecane with high selectivity (>98%) [16]. Ideally, in 

situ H2 production from glycerol would alleviate the need for external H2 consumption, which is 

problematic for conventional lipid hydrotreating processes. 

1.2.1.2 Oxygen removal 

The proposed plausible reaction routes for removal oxygen atom from fatty acids to 

hydrocarbons are decarboxylation, decarbonylation and hydrodeoxygenation (HDO) [17]. Direct 

decarboxylation removes carboxyl group in the fatty acids to produce n-alkane by releasing 
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carbon dioxide molecule. Meanwhile, direct decarbonylation removes carboxyl groups by 

releasing carbon monoxide and water molecule to produce alkenes. For HDO path, with 

additional H2 fatty acids are converted into alkanes and water. Since the H2 consumption for the 

deoxygenation of fatty acids follows the order decarboxylation < decarbonylation < HDO (see 

Table 1.3), the decarboxylation and decarbonylation routes may be more economical than the 

HDO pathway [17]. In the vapor phase, methanation and water-gas shift may occur between CO, 

CO2, H2, and water. 

 

Table 1.3 Thermodynamic data of individual reaction in the deoxygenation of fatty acids [18] 

 

 

1.2.1.3 Cracking 

Since the molecules included in the various types of fatty acids or triglycerides can be 

relatively large and complicated, cracking reactions are desired to convert them into molecules of 

the size and boiling point in the range of conventional diesel. A characteristic reaction that 

occurs during catalytic processing of oils/fats is cracking of triglycerides into its consisting fatty 

acids (carboxylic acids) and propane as shown in Equation (1.2). This reaction is critical as it 
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converts the initial large triglycerides molecules of boiling point over 600 ºC into mid-distillate 

range molecules (naphtha, kerosene and diesel) [10]. Alternatively, Equation (1.3) may follow 

and lead to smaller chain paraffins.  CH COOR CH − O − CO − R + H → ∙ R − CH COOH + CH − CH − CH                   .   R − R′ + H → R − H + R′ − H                                                                                                           .  

Amorphous silica-alumina catalysts were one of the first cracking catalysts used in 

petrochemical industry [19]. Silica-aluminates with a low content of aluminum have generally 

small pore volume, high surface area and are less active than those with high aluminum content. 

In comparison with aluminum oxides, the silica-aluminates are strongly Brønsted acidic [20]. 

This Brønsted acidity was necessary for catalytic cracking reactions of long chain hydrocarbons 

accompanied by isomerization, polymerization and aromatization reactions [21]. 

However, a recent study showed that too strong acidic silica-alumina may not be 

appropriate for the treatment of highly paraffinic feed stocks [22]. These catalysts with too much 

cracking produced a high yield of low-value light gases with a consequent decrease of liquid 

phase yield and fuel throughput of the process [11]. 

1.2.1.4 Isomerization 

Through aforementioned reactions, the straight chain paraffinic molecules are obtained 

from fatty acids and/or their derivatives. Even though this resultant diesel-like hydrocarbon 

biofuel has increased cetane number and heating values, its cold flow properties are degraded. In 

order to improve the cold flow properties, isomerization reactions are required, which normally 

take place during a second step/reactor as they require a different catalyst [23]. 
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1.2.2 Reaction conditions influences 

It is well known that various reaction and catalyst parameters can affect the catalytic 

activity and selectivity of deoxygenation of fatty acids into liquid hydrocarbons. More 

specifically, the effect of catalyst and reaction operating conditions, including the feed type, 

reaction temperature, reaction pressure, reaction gas atmosphere and reaction time, will be 

further discussed in the following paragraphs. 

1.2.2.1 Catalyst 

Various metals (Pd, Ni, Ru, Pt, Ir, Os, Mo, Co, Cu, and Rh) supported on carbon and 

numerous metal oxides (CaO-MgO, MgO-Al2O3, ZrO2-CeO2, Al2O3, ZrO2, CeO2, SiO2, and 

zeolites) are employed as catalyst for deoxygenation of fatty acids and their esters [24-28]. 

The catalytic deoxygenation of stearic acid was carried out over a variety of catalysts 

under similar reaction conditions by Murzin and co-workers [24]. The metals studied were Ni, 

Mo, Pd, Pt, Ir, Ru, Rh, and Os supported on Al2O3, Cr2O3, MgO, and SiO2 as well as activated 

carbon. Apart from decarboxylation, decarbonylation, hydrogenation and several other reactions, 

such as isomerization, dehydrogenation, cracking, and cyclization, were observed during the 

catalyst-screening experiments. All the Pd and the Pt on carbon catalysts achieved > 90% 

selectivity toward deoxygenation products after 6 h. Additionally, Rh, Ru, and Os on carbon 

catalysts exhibited relatively high selectivity toward deoxygenation products. Besides, Ni/SiO2 

and Ni/Cr2O3 displayed high selectivity toward deoxygenation products. The 

hydrodeoxygenation product C18 hydrocarbons were only detected over Ni, Pt, and Pd catalysts. 

The selectivity to cracking for all screened catalysts was relatively low except nickel catalysts. 

The formation of heavier products, such as dimers, was profound over nickel catalysts. The 

catalyst stability test showed that Pd/C and Pt/C were better than Ru/C and Rh/C. Based on the 
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data obtained they concluded that the beneficial effect of a metal in the deoxygenation reaction 

was in the descending order Pd, Pt, Ni, Rh, Ir, Ru, and Os. 

V. Ya. Danyushevsky and co-workers studied the catalytic activity of metal catalysts 

composed of Pd, Pt, Rh, Ru, Ir, Os, Ni, Cu, and Mo which were deposited on various carriers for 

the deoxygenation of stearic acid (SA) [25]. It was found that when γ-alumina was used as 

support, SA was predominantly converted through decarbonylation in the atmosphere of 

hydrogen over Pd, Pt, Cu and Ni metal site. And the catalytic activity decreased in this order: Pd 

> Cu > Pt > Ni. They also found that when tungsten and zirconium mixed oxides was used as 

carrier, which was more acidic than γ-alumina, lower selectivity of C17 was obtained due to 

cracking. 

Suttichai Assabumrungrat and co-workers learned the deoxygenation of palm oil to green 

diesel performed in a trickle-bed reactor over four γ-Al2O3 supported monometallic catalysts 

(Co, Ni, Pd and Pt) [26]. Their results demonstrated that the catalytic activity was in this order: 

Co > Pd > Pt > Ni. The decarbonylation path was more dominant than the HDO when Ni, Pd, 

and Pt catalysts adopted. Meanwhile, the contribution of decarbonylation and/or decarboxylation 

was nearly comparable to that of HDO over Co catalyst. 

Igor. I. Slowing and co-workers designed a new efficient and sulfur-free catalyst for 

converting microalgal oil into green diesel: supported iron nanoparticles on mesoporous silica 

nanoparticles (Fe-MSN) [27]. They found that oleic acid was hydrogenated to stearic acid firstly, 

which was further reduced to aldehyde and alcohol intermediates. The equilibrium between 

aldehyde and alcohol intermediates led it to two main pathways: either by decarbonylation of the 

aldehyde or dehydration of the alcohol, which was controlled by the pressure of hydrogen. It was 
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also found that by tuning the degree of oxidation of Fe in the catalyst allowed controlling the 

ratio of HDO to decarbonylation reaction pathway.  

Jaehoon Kim and co-workers prepared carbon supported Mo2C nanoparticles and 

employed them as catalysts for the deoxygenation of oleic acid and soybean oil to produce 

diesel-range hydrocarbons [28]. They found that reduced graphene oxide (RGO) used as support 

can give better catalytic performance than glassy spherical carbon, activated carbon and 

mesoporous carbon. The Mo2C/RGO catalyst was highly selective toward C−O bond scission in 

the hydroxyl group, which produced water and hydrocarbons without truncating the carbon 

skeleton of the starting material. And this catalyst exhibited a prolonged catalytic lifetime for the 

deoxygenation of soybean oil than commercial CoMoS/Al2O3 catalyst. 

Shee and co-workers studied the effects of different supports including SiO2, γ-Al2O3 and 

HZSM-5, on hydrodeoxygenation of stearic acid [29]. The acidity test for pure supports and 

supported nickel catalysts showed that SiO2 and γ-Al2O3 were almost neutral and HZSM-5 was 

highly acidic in nature. With addition of nickel on γ-Al2O3 the catalysts displayed acidity, which 

may be due to the presence of strongly interrelated nickel oxide in the catalysts. Same trend was 

observed when loading nickel on HZSM-5. But still almost neutral catalysts were obtained when 

including nickel on SiO2, indicating weak interaction of nickel oxide with silica. This difference 

led to the difference of conversion of stearic acid. The stearic acid conversions decreased in the 

order of 10NiZSM > 10NiAl ~ 10NiSi. The possible reason for this behavior was associated with 

the poor dispersion of nickel on the latter two supports. Big differences in products selectivity 

were also observed. Highest selectivity to 1-octadecanol was observed with 10NiSi followed by 

10NiAl, but maximum selectivity to n-octadecane was observed for 10NiZSM. It may because 
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that 1-octadecanol transformed instantaneously to n-octadecane by dehydration followed by 

hydrogenation reaction in presence of highly acidic catalyst, 10NiZSM. 

Lamb and co-workers studied the influence of the support for stearic acid (SA) 

deoxygenation with palladium catalysts [30]. Three supports were used: activated carbon, SiO2 

and Al2O3. Although Pd/C and Pd/SiO2 had similar Pd dispersion, they exhibited very different 

catalytic properties. The Pd/C catalyst exhibited > 95% CO2 selectivity and low H2 consumption 

per mole of SA converted, consistent with decarboxylation: C H COOH →  C H + CO                                                                                                            .   
In contrast, the Pd/SiO2 catalysts exhibited much lower CO2 selectivity and greater H2 

consumption consistent with decarbonylation followed by hydrogenation: C H COOH →  C H + CO + H O                                                                                                .   C H + H  →  C H                                                                                                                         .   
The CO2 selectivity of the Pd/Al2O3 catalyst was intermediate between those of the Pd/C 

and Pd/ SiO2 catalysts.  

The calculated initial turnover frequencies (TOFs) for CO2 and CO formation showed an 

order of magnitude larger CO2 TOF for the Pd/C catalyst than those of the Pd/SiO2 and Pd/Al2O3 

catalysts was obtained. This may be explained by a greater tendency of SA to be adsorbed onto 

activated carbon compared to the other two supports. 

1.2.2.2 Feed types 

The decarboxylation of behenic acid (C21H43COOH), stearic acid (C17H35COOH), and 

ethyl stearate (C17H35COOC2H5) was studied in dodecane at 300 ºC under 17 bar of total 

pressure by using a H2/Ar (5 and 95 vol%) mixture over 5% Pd/C [31]. The authors found that 

the longer the carbon chain, the slower the reaction. The initial reaction rate for behenic acid was 
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only about 60% of the initial rate for stearic acid, while a slightly higher initial decarboxylation 

rate was obtained for ethyl stearate compared to stearic acid. This ratio of initial reaction rates 

was also valid for conversions of behenic and stearic acids after 6 h. However, the conversion of 

ethyl stearate was only 40% after 6 h. This result can be explained by the difference in the 

product distribution in higher amounts of unsaturated products, which finally caused more 

prominent catalyst deactivation.  

In addition to saturated feedstocks, also, decarboxylation of unsaturated fatty acids (oleic 

acid) had been investigated under an argon atmosphere [30]. It turned out that the primary 

products were isomers of oleic acid. Oleic acid reacted further to saturated stearic acid under an 

inert atmosphere, because there was adsorbed hydrogen present on the catalyst surface 

originating from the catalyst prereduction process. Furthermore, hydrogen was formed via the 

formation of dehydrogenation products (i.e., linoleic acid). It can be stated that the catalytic 

decarboxylation and the formation of hydrocarbons from unsaturated fatty acids proceeded via 

the formation of saturated fatty acids. 

1.2.2.3 Reaction temperature 

Temperature is an important factor influencing the overall reaction rate. Murzin and co-

workers investigated the catalytic deoxygenation of tall oil fatty acids (TOFAs) over 1 wt% Pd/C 

Sibunit, which was a synthetic mesoporous carbon, in a semi-batch reactor [32]. In their reaction 

temperature effect study, the reaction rate increased as expected with an increasing temperature 

in the range of 300-350 ºC. The total conversion of fatty acids increased as well with an 

increasing reaction temperature, and the catalyst was active at all temperatures, and the highest 

deoxygenation rate of TOFA was achieved at 350 ºC. Liquid product analysis showed lowest 

ratio between n-heptadecane and n-heptadecene at 350 ºC, indicating dehydrogenation occurred 
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to a larger extent at higher temperature. Furthermore, the formation of C18 isomers was also 

enhanced at the higher temperature. The study of selectivity to C17 hydrocarbons as a function 

of the total conversion of fatty acids showed the highest selectivity to desired products was 

achieved at 300 ºC, whereas at the two higher temperatures, 325 ºC and 350 ºC, respectively, the 

selectivity to linear C17 hydrocarbon was close to each other. The possible reason for the 

declining selectivity toward the formation of aliphatic C17 hydrocarbon was the more extensive 

catalyst deactivation at higher temperatures because of enhanced formation of aromatic C17 

compounds. 

Hu and co-workers also studied the temperature effect on hydroprocessing of waste 

cooking oil (WCO) over a dispersed nano catalyst [33]. In their study, gas chromatography and 

elemental analysis were used to determine the product distribution and oxygen conversion rate at 

all three reaction temperatures. At 300 ºC, 67.6% of glycerides were consumed to form fatty 

acids with 14% hydrocarbons generated, implying that the deoxygenation from fatty acids was 

the rate limiting step at this temperature. When the temperature was increased to 340 ºC, 

hydrodeoxygenation (HDO) and hydrodecarbonylation/decarboxylation (HDC) took place to a 

large extent, confirmed by the dramatic increase of oxygen conversion. At 375 ºC, the oxygen 

conversion was approaching 100%, which indicated the hydrocarbon was generated quickly 

compared to the lower temperatures. However, lower diesel yields were obtained at higher 

temperature. Through their kinetic modeling study, it was confirmed that at all the investigated 

temperatures, deoxygenation was the rate-limiting step. In addition, HDC was dominated 

deoxygenation route at lower temperature.  
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1.2.2.4 Reaction pressure 

Hydrogen plays an important role in determining the reaction pathway of catalytic 

deoxygenation of liquid biomass to hydrocarbons, and its consumption must be taken into 

account in terms of the economical evaluation of operating conditions, and type of catalysts 

employed in the catalytic deoxygenation process.  

Kim and co-workers have studied the effect of hydrogen pressure on production of 

renewable diesel by hydrotreatment of soybean oil [34]. When Ni catalyst was used, the 

conversions and diesel yields increased with increased initial hydrogen pressure. A reason they 

gave was that low initial pressure did not provide sufficient hydrogen to remove most of the 

oxygen in the triglycerides. They also studied the effect of hydrogen pressure on the liquid 

product distribution. Through the fact that negligible changes in the n-C17/(n-C17+n-C18) ratio 

were observed as hydrogen pressure changed, it was concluded that 

decarboxylation/decarbonylation was dominated over hydrodeoxygenation route when Ni 

catalyst was used. They also found higher initial hydrogen pressure facilitated the saturation of 

double bonds to form linear alkane chains by learning the changes in the oxygen and hydrogen 

contents in the liquid products [34]. 

Nuñez and co-workers carried hydroprocess of crude palm oil in pilot plant scale using 

conventional hydrotreating catalyst (NiMo/γAl2O3) [35]. The effect of varying hydrogen 

pressure on hydrogenation products was studied and it was found that the number of products 

increased dramatically as the pressure was reduced. However, some compounds were hard to 

identify by GC due to low peak purity. It was observed that when the pressure at lower than 25 

bar, the product was mostly cycloparaffins and aromatics. The authors found that at lower 
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hydrogen pressure decarboxylation and decarbonylation were favored and less hydrogen was 

consumed.  

1.2.2.5 Reaction atmosphere  

Influence of reaction gas atmosphere (hydrogen and argon) on catalytic deoxygenation of 

lauric acid and its derivatives over 5 wt% Pd/C was studied by Murzin and co-workers [36]. 

Under inert atmosphere hydrocarbons formation occurred via decarboxylation (Equation (1.7) 

and (1.8)). On the other hand, even under inert conditions minor generation of hydrogen can 

occur, which led to decarbonylation of fatty acids and thus generation of CO. R − COOH → R − H + CO                                                                                                                     .   R − COOH → R′ − H + CO + H                                                                                                        .  

Meanwhile, deoxygenation of fatty acids under hydrogen rich conditions had a more 

complex reaction pathway. Hydrogenation of carboxylic group occurred predominantly with 

high saturation of the palladium surface by H2, and an aldehyde as intermediate formed. Then 

decomposition of aldehydes over Pd surface to hydrocarbons took place, which also occurred 

over Group VIII metals, such as Rh or Pt. Some of the aldehydes could further be hydrogenated 

to alcohols, and the alcohols converted to undecane. Based on their NMR spectra, they found the 

deoxygenation of lauric acid via formic acid and subsequent decomposition to carbon monoxide 

and hydrogen (Equation (1.9)) could happen, however, this route with formic acid generation 

cannot be excluded as a probable pathway of fatty acid decarboxylation over Pd/C in the inert 

atmosphere. R − COOH → [H − COOH] + R′ − H → R′ − H + CO + H                                                          .  

The reaction atmosphere during catalytic deoxygenation of tall oil fatty acid over Pd/C 

was changed from 1 vol % hydrogen in argon or 100% hydrogen [31]. At moderate temperature 
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(300 ºC), the total conversion of fatty acid was about same, whereas, the overall conversion was 

nearly doubled in the case of 100% hydrocarbon compared to 1 vol % hydrogen in argon at high 

temperature, 350 ºC. The formation of the desired linear C17 hydrocarbons was more than 2-fold 

after 340 min of reaction time when using pure hydrogen compared to 1 vol % hydrogen in 

argon at both low and high temperature. For the formation of aromatics, it was enhanced 

extensively when using only 1 vol % hydrogen in argon as gas atmosphere compared to using 

pure hydrogen. Under hydrogen deficient condition, less hydrogenation and more fatty acid 

isomerization and dehydrogenation of unsaturated compounds occurred compared to the case of 

pure hydrogen, thus leading to the formation of aromatic compounds and, at the same time, 

lowering the selectivity toward linear C17 hydrocarbons. 

1.2.2.6 Reaction time 

Assabumrungrat and co-workers studied the reaction time effect on diesel-like 

hydrocarbon production from crude palm oil (CPO) over 5 wt% Pd/C catalyst [37]. The results 

showed that CPO conversion increased with increasing reaction time (from 0.25 to 5 h). The 

maximum diesel yield was observed when the reaction time was at 3 h. It was observed that the 

yield of lighter hydrocarbons increased with increasing residence time. Particularly, the major 

compositions in liquid product were n-pentadecane and n-heptadecane, which contain one carbon 

atom shorter than the corresponding fatty acid, palmitic acid and oleic acid, indicating that 

decarboxylation/decarbonylation was the main reaction pathway. 

1.3 Why supported metal-organic framework catalysts 

Metal-organic frameworks (MOFs) [38, 39] are an important class of novel inorganic-

organic crystalline materials. The most attractive features of MOFs are their uniform micropores, 

ultrahigh surface areas, and exceptional thermal and chemical stability, making them ideal 
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candidates for catalytic applications. MOFs consist of metal cations or metal-based clusters 

linked by organic molecules forming a crystalline network, which after removal of guest species 

may result in three dimensional structures with permanent porosity [38, 40, 41], as shown in 

Figure 1.3. MOF based catalysis depends on the active sites; both metal centers and organic 

linkers contribute to catalytic activities [42].  Especially, the organic bridging linkers may be 

used as scaffolds to distinct catalytic complexes and bio-molecules, and homogeneous catalysts 

can be immobilized or encapsulated. The synthetic flexibility of MOF enables considerable 

controlling over the size and environment of the pores, allowing selectivity to be tuned more 

effectively. 

Hybrid MOF supported on porous beads instead of powder MOF crystals were adopted 

as catalyst because bead catalysts are 100% recyclable and only a thin MOF layer is required as 

active part. They are also amenable for scale up and can work under continuous reaction 

conditions. 

 

Figure 1.3 Crystalline structure of a typical of MOF: ZIF-67 [43] 
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1.4 Motivation  

This work aims at developing novel catalytic systems composed of MOF membranes 

supported on porous beads that can effectively convert fatty acid molecules to liquid 

hydrocarbons. Three objectives that we plan to achieve are (1) to design supported MOF 

catalysts for production of diesel range hydrocarbons from fatty acids with good catalytic 

performance; (2) to understand effects of reaction parameters on supported MOF catalysts 

activity; (3) to establish the basic structure-catalytic relationships of these supported MOF 

catalysts. 

More specifically, three catalytic systems were developed: (1) Cu-, Al- and Ga-based 

MOF crystals catalyst; (2) Pt/ZIF-67 membrane/zeolite 5A bead catalyst and (3) Ni-MOF/zeolite 

5A bead catalyst. 

In the first catalyst system, three isostructural MOF crystals were used as catalysts and 

catalytic supports. It was found that the catalytic performance of these isostructural MOFs 

correlated with the degree of metal acidity. 

Figure 1.4 shows the cartoon image of the second catalytic system. As shown in this 

figure, zeolite 5A was chosen as acidic support. Zeolite 5A is commercially available with good 

thermal and chemical stability and can provide a large surface area. Our group found that 

microporous crystalline phases with pore sizes between ~0.35-0.38 nm can be beneficial for 

improving catalytic performance for the deoxygenation of oleic acid [44]. And on the fact that 

transition metals such as Co have demonstrated to be a cocatalyst (or promoter) for 

hydrodeoxygenation and decarboxylation reactions [45, 46], a cobalt-based metal-organic 

framework (known as ZIF-67) layer with small pore windows with diameters of 0.34 nm was 
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grown on the surface of the zeolite 5A beads. The doped small Pt particle provided the active site 

to convert the fatty acid into liquid hydrocarbons. 

 

Figure 1.4 Image of catalyst system: Pt/ZIF-67 MOF membrane/zeolite 5A 

 

Figure 1.5 shows the cartoon image of the third catalytic system. As shown in this figure, 

zeolite 5A was still chosen as catalyst support and provided a large surface area. The Ni-MOF 

membrane layers can provide the active site to convert the fatty acid into liquid hydrocarbons. 
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Figure 1.5 Image of catalyst system: Ni-MOF/zeolite 5A 
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CHAPTER 2 

DECARBOXYLATION OF OLEIC ACID OVER COPPER, ALUMINIUM AND GALLIUM 

BASED METAL-ORGANIC FRAMEWORK CATALYSTS 

 

In this chapter we describe the catalytic decarboxylation of oleic acid to hydrocarbons 

over bare and Pt doped Cu-, Al- and Ga-based metal-organic framework catalysts. To our best 

knowledge, this work represents the first or one of the first examples demonstrating the catalytic 

ability of a metal-organic framework both as catalyst and support for the decarboxylation of a 

model fatty acid molecule. The details including the preparation of three MOFs, the catalytic 

performance of bare MOFs and Pt doped MOFs catalysts, the reaction procedure and product 

analysis are described in the following paragraphs and have been published in Catalysis Science 

& Technology 2015, 5, 2777-2782. 

2.1 Catalysts for oleic acid decarboxylation 

The studies of the decarboxylation of the unsaturated oleic acid over different catalysts 

have been well documented [16, 20, 46-55]. Representative examples include Pt-Re/C [16], Pt/C 

[16, 47], Pd/C [48-50], Molybdenum nitrate, Tungsten nitride and Vanadium nitride supported 

on γ-Al2O3 [50], Pt/SiO2 [50], hydrotalcite [51], Ni/MgO-Al2O3 [52], Pt/CeO2 [54], 

H3PO4/Al2O3 [55] and natural aluminosilicate as well as nano size titanium and magnesium 

oxide [55].  In most of these reports, the support is catalytically inert material like carbon or 

relatively non-acidic component, like silica or non-acidic alumina. Recently, our group has 

reported the catalytic decarboxylation of oleic acid to branched and aromatic hydrocarbons in a 

single process step over acidic and basic supports including Pt/SAPO-11 and Pt/chloride Al2O3 

[56] and Pt/SAPO-34, Pt/DNL-6, Pt/RHO and Pt/hydrotalcite [44].  
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Metal-organic frameworks (MOFs) [38, 39] have emerged as an appealing type of 

crystalline microporous materials which combine highly desirable properties, such as uniform 

micropores, high surface areas, and exceptional thermal and chemical stability, making them 

ideal candidates for catalytic applications. Although the catalytic abilities of several MOF 

compositions have been demonstrated for diverse relevant chemical reactions [57, 58], to our 

best knowledge the catalytic performance of MOFs for the decarboxylation of fatty acid 

molecules has not been reported.  

2.2 Experimental 

2.2.1 Catalysts synthesis  

Cu-, Al- and Ga-based MOFs were prepared via solvothermal approach [59]. The 

employed inorganic sources were copper nitrate hemi-pentahydrate (Alfa Aesar, 98%), 

aluminum isopropoxide (Sigma-Aldrich, ≥99.99%) and gallium nitrate hydrate (Alfa Aesar, 

99.9%). The employed organic linker was 1, 3, 5-benzenetricarboxylic acid (Alfa Aesar, 98%). 

The molar ratio of inorganic source to linker was kept constant at 1.36:1. In a typical synthesis, 

0.6 g of the inorganic metal source was dissolved in 15 mL of deionized water, and 0.4 g of 

linker was dissolved in a mixture of 7.5 mL of deionized water and 7.5 mL of ethanol. The 

mixture was stirred thoroughly for 2 h. The resultant solution was transferred into a 45 mL 

Teflon-lined stainless steel autoclave and heated at different temperatures and times (depending 

on the inorganic source). For Cu-MOF, the solvothermal temperature was 120 ºC and the 

synthesis time was 18 h. For Al-MOF and Ga-MOF, the solvothermal temperature was 180 ºC 

and synthesis time was 24 h. After that the autoclave was cooled down to room temperature, and 

the resultant crystals at the bottom of the autoclave were washed with methanol for at least 3 

times. The crystals were dried overnight in the oven at 80 ºC. These three isostructural MOF 
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compositions were chosen based on the different degree of acidities of the metal species 

(Gallium is hard acid metal and the most acidic and Cu is a borderline acid metal and the less 

acidic). 

The three MOFs were impregnated with platinum at 5 wt%. In a typical impregnation 

step 0.21 g of tetraammineplatinum nitrate (Sigma-Aldrich, 99.995% trace metal basis) was 

dissolved in deionized water and then impregnated on 2 g of MOF crystals. The mixture was 

dried overnight at 100 °C. After that the mixture was calcined at 300 °C for 5 h to remove the 

ligands of the precursor. 

2.2.2 Catalysts characterization 

The catalysts were characterized by X-ray diffraction (XRD), field emission scanning 

electron microscopy (FESEM) and thermal gravimetric analysis (TGA). XRD patterns were 

collected on a Kristalloflex 800 by Siemens at 25 mA and 30 kV with Cu Kα radiation. FESEM 

images were taken on JEOL ISM-7000F using a field emission gun and an accelerating voltage 

of 5 kV. TGA profiles were obtained on TGA Q50 under the constant flow of nitrogen. 

2.2.3 Reaction procedure  

Oleic acid (Alfa Aesar, 99%) was employed here as the model unsaturated fatty acid 

molecule. Prior to the catalytic tests, all the catalysts were pre-activated in oven for 3 h at 150 ºC. 

The reactions were conducted in a 100 mL stainless steel, high pressure batch reactor (Parr 

model 4560). Oleic acid and the catalyst were loaded into the reactor in a mass ratio of 18:1. 

Before the reaction started, the air in the reactor was removed by flushing hydrogen. After that, 

the pressure was increased to the desired value (20 bar). Then the reactor was heated to the 

reaction temperature (320 ºC) under constant stirring. The temperature was kept constant at 320 

ºC during 2-hour reaction period. After reactions, the catalyst was separated by centrifugation 
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from the product and washed with hexane for 3 times, then with methanol for 3 times, and finally 

heated at 300°C for 12 hours for further use. These reaction conditions were chosen based on our 

group previous experience in the decarboxylation of fatty acids to optimize the yield of 

hydrocarbons [44, 56]. 

 

 

 

Figure 2.1 Image of 100 mL stainless steel, high pressure batch reactor (Parr model 4560) 

 

2.2.4 Product analysis 

The liquid product was collected after reaction and analyzed with a gas chromatograph 

(GC, 6980N) equipped with a HP-5 MS column (with dimensions of 30 m × 250 µm × 0.25 µm). 

Before GC analysis, samples were silylated with N, O-bis(trimethyl)-trifloroacetamide, BSTFA 
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(Sigma-Aldrich, ≥ 99.0%) and kept at 60 ºC for 1 h. After that, a sample of 0.2 µL was injected 

into the GC column (250 ºC, 10.52 psi) with a split ratio 100:1. The carrier gas was helium and 

the flow rate was 1.0 mL/min. The following GC temperature program was used for analysis: 

100 ºC for 5 min, 300 ºC (1 ºC/min for 2 min). The product identification was confirmed with a 

gas chromatograph-mass spectrometer (GC-MS). 

The decarboxylation conversion of oleic acid was estimated from the reduction in the 

number of oleic acid carboxylic acid groups during the reaction. The amount of carboxylic acid 

groups remaining in the products after the reaction was evaluated by quantifying the acid number 

(ASTMD974). Acid number is the mass of potassium hydroxide (KOH) in milligrams that is 

required to neutralize one gram of chemical substance.  

To quantify the acid number, a known amount of sample (0.1g) was dissolved in a 

solvent (mixture of ethanol and Petroleum ether), then titrated with the sodium hydroxide 

solution (0.1N) using phenolphthalein as the color indicator. 

The acid number was calculated from this equation: 

Acid number = . NVW                                                                                                                         .  

where N= 0.1 (N), V= volume of NaOH consumed (ml), W= mass of the sample (g) 

The decarboxylation % was calculated using the acid number of oleic acid and the 

product using the following relation:  

% Decarboxylation = Acid number of oleic acid − Acid number of productAcid number of oleic acid × %      .  

2.3 Results and Discussion 

The SEM images of Cu-, Al- and Ga-MOFs are shown in Figure 2.2. Figure 2.2 (a) 

shows a representative SEM of Cu-MOF displaying well faceted hexagonal morphology with 
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relatively narrow size distribution in the range of ~0.8-1 µm. Figure 2.2 (b) shows a 

representative SEM of Ga-MOF showing larger (~10 µm) dodecahedral crystalline morphology. 

Figure 2.2 (c) shows a representative Al-MOF with hexagonal morphology with a broad size 

distribution and average particle size in the 0.2~0.8 µm range. 

  

 

Figure 2.2 Representative SEM images of (a) Cu-MOF, (b) Ga-MOF, and (c) Al-MOF 

 

Figure 2.3 shows the XRD patterns of the Cu-, Al-, and Ga-MOFs. Figure 2.3 (c) shows 

the XRD pattern of Cu-MOF corresponding to the typical known structure of Cu3(BTC)2 [60, 

61]. The metal-organic framework, Cu3(BTC)2 (BTC = benzene-1, 3, 5-tricarboxylate) is an 

appealing material to employ as catalyst for the decarboxylation of fatty acid molecules due to 

the presence of Lewis acid coordination sites (Cu) in its framework. Cu3(BTC)2 is a porous 

metal-organic framework which forms a face-centered cubic crystalline structure which is 

composed of dimeric cupric tetracarboxylate units, which give an intersecting 3D-channel 

system with micropore diameter of 0.7-0.8 nm [60], as shown in Figure 2.4. Figures 2.3 (a) and 

(b) show the XRD patterns of Ga-MOF and Al-MOF, respectively. A shift to lower 2 theta 

angles in the XRD patterns for these two samples was evident compared to Cu-MOF. This shift 

suggested a higher degree of local structural disorder which was expected due to the 
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incorporation of larger atoms in the porous framework (Cu atomic radius = 0.127 nm; Ga atomic 

radius=0.136 nm; Al atomic radius = 0.143 nm) [63].  
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Figure 2.3 XRD patterns of (a) Ga-MOF, (b) Al-MOF, and (c) Cu-MOF 

 

 

Figure 2.4 Structure of Cu-BTC MOF. Cu, blue; O, red; C, green [62]. 
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Figure 2.5 shows the decarboxylation of oleic acid over Cu-MOF, Al-MOF and Ga-MOF 

crystals at 320 °C. The degree of decarboxylation increased in the following order: Ga-MOF > 

Al-MOF > Cu-MOF. More specifically, ~66%, ~45% and ~42% degree of decarboxylation % 

were observed for Ga-MOF, Al-MOF and Cu-MOF, respectively. Interestingly the catalytic 

performance of these isostructural MOFs correlated with the degree of metal acidity. Gallium as 

hard acid metal is the most acidic, and Cu as borderline acid metal is the less acidic. The 

observed catalytic activity of these particular MOF compositions (even in the absence of a noble 

metal) was not surprising since these MOFs had the particular property of exposing their open 

metal centers making them chemical reactive. In addition, it was recently demonstrated that 

acidic supports can help at promoting the decarboxylation of fatty acid molecules [44]. The 

presence of H2 promoted the hydrogenation of oleic acid to stearic acid which then underwent 

facile decarboxylation. 

 

 

Figure 2.5 Decarboxylation of oleic acid over Cu-MOF, Al-MOF, Ga-MOF crystals catalysts 
and blank run. Reaction conditions: 10 ml oleic acid, 0.5 g catalyst, 2 h, and 20 bar at 320 °C 

 

The activities of Pt doped MOF catalysts were studied and the results are shown in Figure 

2.6. As expected, the degree of decarboxylation considerably increased with the addition of 5 
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wt% of Pt. Similar to the catalytic activity trend observed for the bare MOFs, the following order 

was observed for the Pt impregnated MOF catalysts: Pt/Ga-MOF > Pt/Al-MOF > Pt/Cu-MOF. In 

particular, ~92%, ~90% and ~46% degree of decarboxylation % were observed for Pt/Ga-MOF, 

Pt/Al-MOF and Pt/Cu-MOF, respectively. 

 

 

Figure 2.6 Decarboxylation of oleic acid over fresh and recycled Pt/Cu-MOF, Pt/Al-MOF and 
Pt/Ga-MOF catalysts. Reaction conditions: 10 ml oleic acid, 0.5 g catalyst, 2 h, and 20 bar at 320 
°C 

 

The higher catalytic activity of Pt doped catalysts prepared from the Pt(NH3)4[(NO3)]2 

has been reported earlier [44, 56]. Cationic complexes (like Pt[(NH3)4]2+) likely led to better 

dispersion and anchoring on the MOF surface and, consequently, leading to improved catalytic 

activity.  

Recyclability is an important and essential feature of any catalyst to be considered for use 

in industrial applications. Therefore, we investigated the influence of recycling on the catalytic 

performance. As shown in Figure 2.6, slightly lower decarboxylation percentages were observed 

for all recycled catalysts. This relatively low loss in catalytic activity for the recycled catalysts 
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can be explained partly by the remarkable thermal stability of Cu-MOF, Al-MOF and Ga-MOF 

crystals. As shown in Figure 2.7, all samples were thermally stable at least up to ~330C. More 

specifically, Cu-MOF displayed ~10% weight loss at ~330 C; Al-MOF displayed ~15% weight 

loss at ~520 C and Ga-MOF displayed ~15% weight loss at ~500 C. 
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Figure 2.7 TGA profiles of (a) Cu-MOF, (b) Al-MOF, and (c) Ga-MOF   

 

The detailed product distribution for the most active catalysts (Ga-MOF with and without 

Pt) is given in Table 2.1. The components in the liquid product included long chain hydrocarbons 

(octadecane and heptadecane) and lower molecular weight hydrocarbons (mostly C7-C16 

paraffins) formed by cracking. No oleic acid was observed in the products under all reaction 

conditions, suggesting total conversion of oleic acid. Specifically, octadecane, heptadecane, 

dodecane, undecane, decane, nonane, octane and heptane were observed as the main side 

products.es of decarboxylation 
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Table 2.1 Liquid product distribution for the decarboxylation of oleic acid over Pt/Ga-MOF and Ga-MOF catalysts. Reaction  
conditions: 10 ml oleic acid, 0.5 g catalyst, 2 h, and 20 bar at 320 °C 
 

Catalyst Hydrocarbons distribution (%) 

Octadecane Heptadecane Dodecane Undecane Decane Nonane Octane Heptane Unknown 

Pt/Ga-MOF 55.13 21.52 - 0.92 1.46 1.71 1.81 1.53 15.92 

Ga-MOF - 5.70 6.72 9.19 9.32 12.76 15.84 12.82 27.65 
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2.4 Conclusions 

In summary, these results demonstrated the catalytic ability of metal-organic frameworks 

both as catalyst and support for the decarboxylation of a model fatty acid. Moderate degrees of 

decarboxylation (42%-66%) were observed for bare metal-organic framework crystal catalysts. 

The incorporation of Pt within the porous MOF resulted in high degrees of decarboxylation 

(above 90% for Al-MOF and Ga-MOF). All MOF crystals displayed high thermal stability, 

resulting in recyclable catalysts displaying low catalytic activity loss. In particular, Ga-MOF 

catalysts were the most effective catalysts, displaying moderate to high degrees of 

decarboxylation. The better catalytic performance of Ga-MOF may be related with its higher 

acidity.  
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CHAPTER 3 

DECARBOXYLATION OF OLEIC ACID TO HEPTADECANE OVER PLATINUM/ZIF-67 

MEMBRANE/ZEOLITE 5A BEAD CATALYSTS 

 

In this chapter, a novel catalyst consists of Pt supported on zeolite 5A beads covered with 

ZIF-67 MOF membranes is reported. The resultant catalytic system is evaluated for the 

decarboxylation of oleic acid to heptadecane. As compared to powders, beads are much easier to 

recycle, can be fully recovered, and are more amenable for potential scale-up. The resultant 

catalysts are promising for the catalytic conversion of fatty acid molecules into gasoline/diesel-

range hydrocarbons. To our best knowledge, the catalytic performance of this catalyst is superior 

to those of the state-of-the-art catalysts at mild reaction conditions. The details, such as the 

synthesis and characterization of catalysts, the catalytic performance of fresh and recycled 

catalysts, liquid product distribution and the effect of ZIF-67 membrane are described in the next 

paragraphs and have been published in ACS Catalysis 2015, 5, 6497-6502. 

3.1 Experimental 

3.1.1 Synthesis of catalysts 

ZIF-67 and ZIF-8 MOF were grown on zeolite 5A beads (Grace Company) 

hydrothermally. The synthesis of ZIF-67 followed our previous study [64]. Typically, 0.45 g 

cobalt nitrate hexahydrate (Sigma-Aldrich, ACS reagent ≥ 98%) was dissolved in 3 mL 

deionized water, and 5.5 g 2-methylimidazole (Sigma-Aldrich, 99%) was dissolved in 20 mL 

deionized water. These two solutions were mixed and stirred thoroughly for 6 h at room 

temperature. Then, the resultant solution was transferred into a 45 mL Teflon-lined stainless steel 

autoclave containing 5 g of pure zeolite 5A beads. The autoclave was then sealed and heated at 
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150 ºC for 6 h. The resultant layered zeolite 5A beads were heated at 100 ºC overnight. A second 

layer of ZIF-67 was applied by repeating the procedure described above. In a typical synthesis of 

ZIF-8 coated zeolite 5A beads, 2.1 g of 2-methylimidazole (Sigma-Aldrich, 99%) was dissolved 

in 20 mL deionized water, and 0.11 g of zinc nitrate hexahydrate (Sigma-Aldrich, ≥99.0%) was 

dissolved in 20 mL deionized water.  Then, these two solutions were mixed at room temperature 

for 10 minutes and then transferred to a 45 mL Teflon-lined stainless steel autoclave with 5 g 

zeolite 5A beads.  The autoclave was placed in the furnace for 7 h at 120 °C.  After two round 

hydrothermal treatments, ZIF-8/zeolite5A bead was obtained. 

1 wt% Pt loading catalyst was prepared by conventional wet impregnation method. 0.10 g 

of tetraammineplatinum nitrate (Sigma-Aldrich, 99.995% trace metal basis) was dissolved in 

deionized water and then impregnated on 5 g pure zeolite 5A, ZIF-67 membrane/zeolite 5A and 

ZIF-8 membrane/zeolite 5A. The mixture was further dried overnight at 100 ºC followed by 

calcination at 400 ºC for 5 h. 

3.1.2 Characterization of catalysts 

All catalysts were characterized by X-ray diffraction (XRD), nitrogen adsorption (BET), 

field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM) 

and Raman spectroscopy. XRD patterns were collected on a Kristalloflex 800 Siemens 

diffractometer at 25 mA and 30 kV with Cu Kα radiation. Before measurements, the samples 

were ground into very fine powder. N2 BET surface areas were collected on a ASAP 2020 at 77 

K using liquid nitrogen as coolant. Before measurements, the samples were degassed at 300 ºC 

for 6 h. SEM images were taken on JEOL ISM-7000F using a field emission gun and an 

accelerating voltage of 15 kV. FEI Tecnai F20 transmission electron microscope (TEM) operated 

at 200 KV was used to analyze size distribution of Pt nanoparticles. Catalysts samples were 
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dispersed on lacey carbon films supported on 300 mesh TEM copper grids and Z-contrast 

scanning TEM (STEM) images were collected at spatial resolution of ~ 0.2 nm using nanoprobe 

and Fischione Model 3000 High Angle Annular Dark Field (HAADF) detector. Image J, freely 

available software, was used to analyze STEM images and measure particle size distribution. 

The Raman spectra were obtained from a confocal Raman microscope (alpha300, WITec 

Instruments Corp.) with an illumination line of 532 nm. A Nikon 100x objective was used to 

collect Raman spectra. 

3.1.3 Reaction setup 

The reaction procedure was similar as before, which was described in section 2.2.3. One 

change here was the mass ratio of catalyst and oleic acid was 1:1 instead of 1:18.  

3.1.4 Product analysis 

The hydrocarbon distribution in liquid products and % decarboxylation were calculated 

similarly as those described in section 2.2.4. 

3.2 Results and Discussion 

Zeolite 5A beads employed were shown in Figure 3.1 (a). Zeolite 5A (with typical 

chemical composition of NaxCay[(AlO2)12(SiO2)12]•xH2O) beads were chosen because their high 

chemical and thermal stability. In addition, zeolite 5A contains acidic sites and is commercially 

available. This zeolite displays LTA topology and has uniform pores of ~0.5 nm. The measured 

N2 BET surface area was 549 m2/g (see Table 3.1). Figure 3.1 (b) shows 1 wt% Pt deposited on 

the zeolite 5A beads. By naked-eye, a reasonably well dispersion of Pt particles was observed 

when ZIF-67 layers were used (Figure 3.1 (c)). This catalyst was used directly for the 

decarboxylation of oleic acid to heptadecane. 
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Figure 3.1 Representative digital pictures of (a) pure zeolite 5A, (b) fresh 1 wt% Pt/zeolite 5A 
and (c) fresh 1 wt% Pt/ZIF-67 membrane/zeolite 5A 
 

Table 3.1 N2 BET surface area results for the catalysts 

Catalyst Surface area (m2/g) 

zeolite 5A 549.07 

fresh Pt/zeolite 5A 530.51 

second recycled Pt/zeolite 5A 230.21 

fresh Pt/ZIF-67 membrane/zeolite 5A 560.22 

second recycled Pt/ZIF-67 membrane/zeolite 5A 402.13 

 

The catalytic performance of 1 wt% Pt/zeolite 5A bead catalyst was evaluated for the 

decarboxylation of oleic acid at 320 °C and 20 bar. High degree of decarboxylation was 

observed. More specifically, decarboxylation % as high as ~98.7% was observed. The presence 

of H2 promoted the hydrogenation of unsaturated oleic acid to saturated stearic acid which then 

underwent facile decarboxylation. Catalyst recyclability experiments showed that 1 wt% 

Pt/zeolite 5A catalysts can be recycled and still maintained high decarboxylation catalytic 

effectiveness after at least two recycle rounds, shown in Table 3.2. 
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Table 3.2 Decarboxylation results for the catalysts in this study. Reaction conditions: P=20 bar, 
T=320 °C, t=2 h, mass ratio of catalyst to oleic acid=1:1 
 

Catalyst % DeCOx 

zeolite 5A 65.38 

fresh Pt/zeolite 5A 98.74 

first recycled Pt/zeolite 5A 98.62 

second recycled Pt/zeolite 5A 98.94 

fresh Pt/ZIF-67 membrane/zeolite 5A 98.70 

first recycled Pt/ZIF-67 membrane/zeolite 5A 98.56 

second recycled Pt/ZIF-67 membrane/zeolite 5A 98.76 

 

Heptadecane selectivity of ~75% was observed for the fresh 1 wt% Pt/zeolite 5A catalyst, 

corresponding to a heptadecane yield of ~74%. In principle, the fact that only 1 wt% Pt was 

required for observing such high heptadecane selectivity, suggested that Pt was well dispersed on 

the surface of the beads, resulting in a fast surface reaction, and therefore into high heptadecane 

yield.  Heptadecane selectivity decreased to 52% for the first recycled catalyst, and 46% for the 

second recycled catalyst. This decrease in heptadecane selectivity may be in part explained to the 

considerable decrease in surface area of the fresh catalyst to the second recycled catalyst (from 

530 m2/g to 230 m2/g, respectively). The lower surface area of the spent catalysts has been 

commonly observed in porous catalysts for this reaction, and can be attributed to the incomplete 

removal of surface carbonaceous species formed during the reaction. Pore volume decreased 

from fresh to recycled catalysts, shown in Table 3.3, suggesting that micropores were partially 

blocked. Raman spectroscopy indicated the presence of surface carbonaceous species in the 
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external surface for a second recycled 1 wt% Pt/zeolite 5A catalyst (Figure 3.2). The broad peak 

at frequency ~1500-1750 cm-1 in Figure 3.2 (b) is attributed to surface carbonaceous species. 

 

Table 3.3 Pore volume of Pt/zeolite 5A beads and Pt/ZIF-67 membrane/zeolite 5A beads 
catalysts 
 
Catalyst Pore volume (cm3/g) 

fresh Pt/zeolite 5A 0.24 

first recycled Pt/zeolite 5A 0.10 

second recycled Pt/zeolite 5A 0.06 

fresh Pt/ZIF-67 membrane/zeolite 5A 0.23 

first recycled Pt/ZIF-67 membrane/zeolite 5A 0.16 

second recycled Pt/ZIF-67 membrane/zeolite 5A 0.17 

 

Previously, our group found that microporous crystalline phases with pore sizes between 

~0.35-0.38 nm can be beneficial for improving heptadecane selectivity [44]. We postulated that 

potentially a “molecular sieving effect” was in part responsible for this enhanced catalytic 

behavior. Based on this premise, and on the fact that transition metals such as Co have 

demonstrated to be an alternative and viable replacement of Pt to improve catalyst stability [65], 

we incorporated a cobalt-based metal-organic framework (known as ZIF-67) membrane on the 

surface of zeolite 5A beads. ZIF-67 is a cobalt-based zeolitic imidazolate framework displaying 

SOD topology with large pores in diameter of 1.16 nm that are accessible through small pore 

windows in diameter of 0.34 nm, which has recently received considerable attention due to its 

desirable properties as catalyst, adsorbent, sensor and membrane [66]. The 3-D porous structure 
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of ZIF-67 is shown in Figure 1.3. Then, zeolite 5A beads covered with ZIF-67 membrane were 

impregnated with 1 wt% Pt and evaluated in the decarboxylation process of oleic acid. 
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Figure 3.2 Raman spectra for (a) fresh 1 wt% Pt/zeolite 5A catalyst and (b) second recycled 1 
wt% Pt/zeolite 5A catalyst 

 

Figure 3.3 shows a representative SEM image of 1 wt% Pt/ZIF-67 membrane/zeolite 5A 

bead catalyst. SEM shows a continuous ZIF-67 membrane of ~300 m thickness. 

Decarboxylation % as high as ~99% was observed for this catalyst (similar to the catalyst 

without ZIF-67 membrane) with heptadecane selectivity of 82% for the fresh catalyst (yield 

81%). The use of a microporous ZIF-67 crystalline layer improved the heptadecane selectivity, 
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but most importantly improved the stability of the resultant catalyst. The recycled 1 wt% Pt/ZIF-

67 membrane/zeolite 5A bead catalysts decreased its performance to 64% and 60% for the first 

recycled and second recycled catalysts, respectively. The surface area of the second recycled 

catalyst decreased only to 402 m2/g as compared to 560 m2/g of the fresh catalyst, indicating a 

much lower decrease in surface area as compared to the catalyst prepared in the absence of ZIF-

67 membrane. 

 

 

Figure 3.3 Representative SEM image of a 1 wt% Pt/ZIF-67 membrane/zeolite 5A bead catalyst 

 

Figure 3.4 shows the XRD patterns for all studied catalysts. All XRD patterns showed the 

typical known structure of zeolite 5A which crystallizes in the LTA topology [67]. Figure 3.4 

(b)-(g) confirmed that the crystalline structure of zeolite 5A was preserved after Pt deposition, 

after the incorporation of ZIF-67 membrane and after two rounds of recycle, suggesting high 
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structural stability for all catalysts. The N2 BET surface area of the fresh and recycled catalysts 

were shown in Table 3.1. 

 

10 20 30 40 50 60 70 80

(a)

(b)

(c)

(d)

(e)

 

(g)

(f)

In
te

n
s
it
y
 (

a
.u

)

2 Theta (degree)
 

Figure 3.4 XRD patterns of (a) zeolite 5A beads, (b) fresh Pt/zeolite 5A, (c) first recycled 
Pt/zeolite 5A, (d) second recycled Pt/zeolite 5A, (e) fresh Pt/ZIF-67 membrane/zeolite 5A, (f) 
first recycled Pt/ZIF-67 membrane/zeolite 5A, (g) second recycled Pt/ZIF-67 membrane/zeolite 
5A 

 

The observed heptadecane yields for all studied catalysts are summarized in Figure 3.5. 

Due to the relative high reaction temperature, some degree of reaction was observed in the 

absence of the catalyst (~14%). It is important to mention that pure zeolite 5A beads displayed 

yield to heptadecane of only ~38%. The detailed liquid product distribution of all studied 

catalysts (fresh and recycled) was given in Table 3.4. The components in the liquid product 

included long chain hydrocarbons (octadecane and heptadecane), and short chain hydrocarbons 

(mostly C7-C16 paraffins) formed by cracking. No detectable oleic acid was observed in the 
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products under the prevailing reaction conditions, suggesting total conversion of oleic acid (and 

supported by the observed high decarboxylation %). The observed products were: octadecane, 

heptadecane, dodecane, undecane, decane, nonane, octane and heptane. 

 

 

Figure 3.5 Heptadecane yields of the studied catalysts. Reaction conditions: P=20 bar, T=320 
ºC, t=2 h, mass ratio of catalyst to oleic acid=1:1. Error bars reflect the average of two 
independent catalytic tests 
 

In order to have a better understanding of the role of ZIF-67 on the surface of zeolite 5A 

beads, we performed TEM and EDX analysis. Figure 3.6 (a) and (b) show representative STEM 

images of fresh 1 wt% Pt catalysts without and with ZIF-67 membrane.  In both cases, high 

density of well-dispersed platinum nanoparticles was observed. However, for the sample without
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Table 3.4 Liquid product distribution for the studied catalysts. Reaction conditions: P=20 bar, t=2 h, T=320 ºC, mass ratio of catalyst 
to oleic acid=1:1 
 

Catalysts 
Hydrocarbons distribution (%) 

Octadecane Heptadecane Dodecane Undecane Decane 

zeolite 5A 11.36 59.32 3.37 5.65 5.65 

fresh Pt/zeolite 5A 22.12 74.99 0.39 0.46 0.51 

first recycled Pt/zeolite 5A 46.98 51.67 0.16 0.19 0.23 

second recycled Pt/zeolite 5A 52.05 46.00 0.30 0.34 0.34 

fresh Pt/ZIF-67 membrane/zeolite 5A 17.03 79.89 0.32 0.37 0.45 

first recycled Pt/ZIF-67 membrane/zeolite 5A 34.72 63.64 0.20 0.28 0.29 

second recycled Pt/ZIF-67 membrane/zeolite 5A 38.91 60.12 0.08 0.10 0.15 

Catalysts 
Hydrocarbons distribution (%) 

Nonane Octane Heptane Unknown  

zeolite 5A 5.17 6.72 - 2.77  

fresh Pt/zeolite 5A 0.52 0.40 0.27 0.33  

first recycled Pt/zeolite 5A 0.26 0.21 0.17 0.13  

second recycled Pt/zeolite 5A 0.28 0.18 0.05 0.46  

fresh Pt/ZIF-67 membrane/zeolite 5A 0.50 0.45 0.36 0.62  

first recycled Pt/ZIF-67 membrane/zeolite 5A 0.33 0.25 0.18 0.11  

second recycled Pt/ZIF-67 membrane/zeolite 5A 0.19 0.17 0.17 0.11  
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ZIF-67 membrane incorporated, some clustering of Pt was observed, indicating that Pt 

nanoparticles dispersed better when ZIF-67 layer was present. The Pt particle histograms shown 

in Figures 3.6 (c) and (d) confirmed that a relatively narrow particle size distribution centered at 

~1 nm was observed for the sample containing ZIF-67 layer (Figure 3.6 (d)). However, for the  

sample without ZIF-67 layer present (Figure 3.6 (c)), the size distribution was relatively broad, 

ranging from ~0.5 nm to ~2.5 nm. STEM shown in Figure 3.6 suggested a much better 

dispersion of Pt was obtained for the sample prepared in the presence of ZIF-67. The ordered 

porous structure of ZIF-67 served as a more uniform region in which Pt particles can be 

distributed. In addition, TEM histograms indicated that smaller particles with narrow size 

distribution prevailed for the catalyst having the ZIF-67 membrane. EDX analysis provided 

useful information on the degree of Pt leaching for the recycled catalysts. A lower Pt loss was 

observed when ZIF-67 was incorporated in the catalysts (~15% Pt loss when ZIF-67 was used vs 

~26% loss in the absence of ZIF-67 after second recycle). This behavior may be related to a 

better “grafting” of Pt particles within the ZIF-67 porous structure. Our results suggested that the 

addition of ZIF-67 layer, in general: (1) promoted Pt particle dispersion on the beads as 

confirmed by STEM, (2) reduced Pt leaching after reactions, resulting in improved catalytic 

performance as confirmed by EDX, and (3) the presence of Co as coordinating metal, resulted in 

a more active and stable catalysts (lower catalytic activity reduction after reactions). 

We observed that even in the absence of ZIF-67 membrane, the catalysts were still active. 

Therefore, the main role of cobalt was believed to act as cocatalyst or promoter. There are 

numerous examples in the literature in which Co has been used as cocatalyst (or promoter) for 

hydrodeoxygenation and decarboxylation reactions. Wang et al. reported a positive synergistic 

effect when Co was incorporated into Mo-based catalysts for an enhanced catalytic activity for 
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hydrodeoxygenation of bio-oils [68]. Furthermore, cobalt-based catalysts enhance the C(sp2)-O 

cleavage via direct deoxygenation pathway [69]. 

 

 

Figure 3.6 Representative STEMs of fresh (a) 1 wt% Pt/zeolite 5A, (b) 1 wt% Pt/ZIF-67 
membrane/zeolite 5A bead catalysts, and Pt particle size distribution of (c) 1 wt% Pt/zeolite 5A 
and (d) 1 wt% Pt/ZIF-67 membrane/zeolite 5A bead catalysts 

 

To prove the benefits of having Co in the porous structure, we prepared an isostructural 

layer of ZIF-8 (in which instead of using Co, Zn is employed as coordinating metal) [66]. When 

ZIF-8 layer was employed, the yield to hepatdecane for the fresh catalyst was only 57%, 
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suggesting that indeed Co helped to promote the formation of higher yield of heptadecane, as 

well as to improve catalyst stability. Besides, when ZIF-8 was employed, Pt leaching was ~24% 

for the second recycled catalyst compared to ~15% when ZIF-67 was employed. This 

observation together with the poor Pt dispersion (Pt particle size distribution was in the range of 

1-20 nm) on ZIF-8 coated zeolite 5A beads shown in Figure 3.7 may explain the lower 

heptadecane yield observed for 1 wt% Pt/ZIF-8 membrane/zeolite 5A catalyst. 

Table 3.5 compares the performance of state-of-the-art catalysts which have been 

employed specifically for the catalytic conversion of oleic acid to heptadecane. Among all these 

catalysts, 1 wt % Pt/ZIF-67 membrane/zeolite 5A catalyst and the recently reported activated 

carbon show the highest yields to heptadecane. This amorphous activated charcoal Darco with a 

detectable amount of SiO2 were purchased from Fischer Scientific USA. And their activity may 

depend on the surface area and the number of oxygenated functional groups on the surface [17]. 

To achieve this, the pressure at 240 bar and at least 370 ºC were required for activated carbon 

catalyst. It was fond that subcritical water was proven to be a favorable environment for 

hydrolysis of triglycerides without using alkali or acid catalysts [17]. Although both types of 

catalysts show very similar heptadecane yield (~80%), the Pt/ZIF-67 membrane/zeolite 5A 

catalyst in this study effectively catalyzes the decarboxylation reaction at mild pressure and 

temperature (20 bar, 320 C). 

 

 

 



48 

 

 

Figure 3.7 Representative STEM and Pt particle size distribution of fresh 1 wt% Pt/ZIF-8 
membrane/zeolite 5A bead catalyst 
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Table 3.5 Comparison of the catalytic conversion of oleic acid to heptadecane through different catalysts. Only the best catalytic 
performance of each reference is shown in the table 
 

Entry Catalyst Reaction conditions 

Mass ratio of 
metal to oleic 
acid 

Conversion 
(%) 

Heptadecane 
selectivity (%) Reference 

1 5 wt% Pd/C P=15 bar, T=300 °C, t=3 h 1:92 11 12 [48] 
2 5 wt% Pd/C P=27 bar, T=360 °C, t=6 h 1:115 99 26 [70] 
3 Activated carbon T=370 °C, t=3 h - 80±4 7±1 [71] 
4 SnAlMg-2 T=300 °C, t=6 h 1:75 71.1 3.7 [72] 
5 5 wt% Pt/C T=623 K, t=3 h 1:409 99 71 [47] 
6 Ce0.6Zr0.4O2 T=300 °C, t=6 h 1:40 94.6 11 [73] 
7 Fe-MSN P=30 bar, T=290 °C, t=6 h 1:4.7 100 12 [74] 
8 Pt-Re/C P=0.35 MPa, T=300 °C, t=9 h 1:769 92 40 [16] 
9 Pd/Si-C-4 P=1.5 MPa, T=300 °C, t=1 h 1:89 90 31 [75] 
10 Co0.5Mo0.5 T=300 °C, t=3 h 1:40 88.1 6.1 [76] 
11 Pt/SAPO-34 P=20 bar, T=325 °C, t=2 h 1:400 98 66.9 [44] 
12 MgO-Al2O3 T=673 K, t=3 h 1:42 98 6.93 [51] 
13 1 wt% Pd/C T=300 °C, t=5.5 h - 12 39 [77] 
14 5 wt% Pt/γ-Al2O3 P=20 bar, T=325 °C, t=5 h - 100 - [59] 
15 NiWC/Al-SBA-15 4 h in super-critical water 1:44 30.7 0.72 [78] 
16 Activated carbon P=24.1 MPa, T=370±2 °C - 99.4±0.5 80.6±4 [17] 
17 Pd/carbon bead P=20 atm, T=573 K, t=9 h 1:66 100 70.5 [79] 
18 Pt3Sn/C T=350 °C, t=2 h 1:113 100 60 [15] 
19 5 wt% Pd/γ-Al2O3 P=5 MPa, T=330°C, LHSV=2 h-1 - 94.6 72 [26] 
20 5 wt% Pt/Ga-MOF P=20 bar, T=320 °C, t=2 h 1:360 91 21.5 [80] 
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Table 3.5 Continued 
 

Entry Catalyst Reaction conditions 

Mass ratio of 
metal to oleic 
acid 

Conversion 
(%) 

Heptadecane 
selectivity (%) Reference 

21 5 % Pt/C T= 330 °C, t=2 h 1:199 - 18 [81] 
22 Pt/ZIF-67/zeolite 5A P=20 bar, T=320 °C, t=2 h 1:100 98.70 81.5±3 [this study] 

Note: in entry 2, 6, 7, 11, 13, 14, 17, 19, 20 and 22, hydrogen was used   
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3.3 Conclusions 

In conclusion, we demonstrated the synthesis of Pt supported on ZIF-67/zeolite 5A beads 

for the decarboxylation of oleic acid to heptadecane. The use of a microporous ZIF-67 crystalline 

layer improved the heptadecane selectivity, but most importantly improved the stability of the 

resultant catalyst. Heptadecane yields as high as ~81% were observed for the fresh catalysts. The 

catalysts displayed a low loss of catalytic activity after two rounds of recycle. To our best 

knowledge the catalytic performance of 1 wt % Pt/ZIF-67 membrane/zeolite 5A bead catalysts 

was superior to those of state-of-the-art catalysts at mild reaction conditions. 
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CHAPTER 4 

EFFECT OF REACTION PARAMETERS ON THE DECARBOXYLATION OF OLEIC ACID 

TO HEPTADECANE OVER PLATINUM/ZIF-67 MEMBRANE/ZEOLITE 5A BEAD 

CATALYSTS 

 

In this chapter, the effects of reaction parameters on the decarboxylation of oleic acid to 

hydrocarbons over Pt supported on zeolite 5A beads coated with ZIF-67 membrane (Pt/ZIF-67 

membrane/zeolite 5A) are investigated. Specifically, the effect of Pt loading, reaction 

temperature, reaction pressure, reaction gas atmosphere and reaction time on catalytic 

performance of both fresh and recycled catalysts are discussed in the next paragraphs. These 

results have been published on Journal of Chemical Technology and Biotechnology 2017, 92, 

52-58. 

4.1 Experimental 

4.1.1 Preparation of catalysts 

The Pt/ZIF-67 membrane/zeolite 5A bead catalysts were prepared following the method 

described in section 3.1.1. 

4.1.2 Characterization of catalysts 

Catalysts were characterized by X-ray diffraction (XRD), field emission scanning 

electron microscopy with elemental analysis (FESEM-EDX), acidic/basic sites density analysis 

(NH3-TPD and CO2-TPD) and elemental analysis (CHN). XRD patterns were collected on a 

PANalytical PW3040 X-ray diffractometer at 40 mA and 45 kV with Cu Kα radiation. Before 

measurements, the samples were ground into very fine powder. FESEM images were taken on 

JEOL ISM-7000F using a field emission gun and an accelerating voltage of 5 kV. The relative 
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strengths and densities of acidic and basic sites on the fresh catalysts were characterized by 

temperature-programmed desorption of ammonia (NH3-TPD) and carbon dioxide (CO2-TPD), 

respectively. Samples were pretreated, dosed, and analyzed in a Micromeritics Autochem II 2920 

chemisorption instrument under flowing conditions (50 mL/min, ambient pressure). The samples 

were purged with He for 1.5 h, then ramped to 400 °C at 30 °C/min and held for 1 h. Total C and 

N compositions in catalysts were collected on a LECO Tru-Spec CN analyzer (Leco Corp., St. 

Joseph, MI, USA). Before measurements, the samples were ground into very fine powder.  

4.1.3 Reaction procedures 

 Oleic acid (Alfa Aesar, 90%) was used as the model fatty acid molecule. Before reaction, 

the catalysts were pre-activated in oven for 3 h at 150 ºC. The reactions were conducted in a 100 

mL stainless steel, high pressure batch reactor (Parr model 4560). Oleic acid and the catalyst 

were loaded into the reactor in mass ratio of 1:1. Before reaction started, the air in the reactor 

was removed by flowing with desired gas (H2, CO2 or N2). After that, the pressure was increased 

to the desired value. Then the reactor was heated to the desired reaction temperature under 

constant stirring rate and the temperature was kept constant during different reaction periods. 

After reactions, the catalyst was separated from the product and were washed with hexane for 3 

times, then with methanol for 3 times, and finally heated at temperatures at 300 °C for 12 hours 

to remove the carbonaceous species formed during reactions. The recycled catalysts were used 

once more for decarboxylation of oleic acid. 

4.1.4 Product analysis 

The product was collected after reactions and analyzed followed the method descripted in 

section 2.2.4. 
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4.2 Results and Discussion 

The effects of Pt loading, reaction temperature, reaction pressure, gas atmosphere, and 

reaction time on the hydrocarbons distribution in the liquid product are summarized in Table 4.1. 

The main observed products were heptadecane and octadecane, with secondary products C7-C16 

hydrocarbons. Almost all of the reaction products were obtained in the liquid phase. The only 

reaction condition at which the product was in the solid/gel phase was at 290 °C (Table 4.1). The 

performance of recycled catalysts was also investigated under the same conditions as the fresh 

catalysts. The catalytic performance of the recycled catalysts decreased slightly as compared to 

the fresh catalysts.  

4.2.1 Characterization of catalysts 

The recyclability (stability) is an important property of catalyst. From our XRD study it 

was found the crystalline structure was preserved after Pt loading, the growth of ZIF-67 

membrane, and after decarboxylation reaction, as shown in Figure 4.1. This implied that the 

Pt/ZIF-67 membrane/zeolite 5A catalyst was structurally stable. However, from EDX analysis, it 

was found that ~15% Pt were lost for the recycled catalysts as compared to the fresh ones. This 

may partly explain the slight decrease in catalytic performance for recycled catalysts. The 

density of acidic and basic sites in our fresh catalysts measured by NH3-TPD and CO2-TPD are 

shown in Table 4.2. For these two catalysts with different Pt loading, it was found that there was 

no difference on acidic sites density between them. However, the density of basic sites was 

different and also the temperature of peak. This means the strength and amount of basic sites are 

different for the two catalysts. 
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Table 4.1 Effect of different reaction parameters on liquid product distribution over fresh Pt/ZIF-67 membrane/zeolite 5A bead 
catalysts 
 

Parameters 
Pt loading 
(wt%) 

T 
(ºC) 

P 
(bar) 

Gas 
atmosphere 

Time 
(h) 

Hydrocarbons distribution (%) 
TON 

Octadecane Heptadecane C7-C16 

Pt loading 0.25 320 20 H2 2 22.5±0.1 72.8±0.7 3.7±0.8 210 
 0.5 320 20 H2 2 17.6±4.4 80.0±4.3 1.4±0.1 116 

 1 320 20 H2 2 14.7±2.5 80.1±3.4 3.2±0.9 57 

 1.5 320 20 H2 2 16.0±0.1 80.2±0.2 2.9±0.3 39 

Temperature 0.5 290 20 H2 2 23.1±1.1 71.1±1.2 0.8±0.08 99 

 0.5 310 20 H2 2 22.1±0.7 73.2±2.0 3.7±1.3 106 

 0.5 320 20 H2 2 17.6±4.4 80.0±4.3 1.4±0.1 116 

 0.5 335 20 H2 2 19.4±0.5 68.5±2.2 11.1±2.7 99 

Pressure 0.5 320 10 H2 2 12.8±0.8 80.0±0.9 5.7±0.02 115 

 0.5 320 20 H2 2 17.6±4.4 80.0±4.3 1.4±0.1 116 

 0.5 320 30 H2 2 17.0±3.1 69.8±3.4 12.2±3.9 101 

Gas atmosphere 0.5 320 20 N2 2 0.82±0.3 75.3±1.0 22.85±1.3 109 

 0.5 320 20 H2 2 17.6±4.4 80.0±4.3 1.4±0.1 116 

 0.5 320 20 CO2 2 0.26±0.002 90.5±1.3 8.3±1.3 131 

Time 0.5 320 20 H2 0.5 18.5±0.5 76.8±0.8 3.7±0.3 111 

 0.5 320 20 H2 1 17.1±0.5 78.1±0.5 3.8±0.04 113 

 0.5 320 20 H2 2 17.6±4.4 80.0±4.3 1.4±0.1 116 

 0.5 320 20 H2 4 16.1±0.3 78.0±0.6 4.8±0.3 113 

 0.5 320 20 H2 8 19.9±0.9 65.4±1.7 13.7±2.6 95 
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Figure 4.1 Representative XRD patterns for (a) fresh 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A 
and (b) recycled 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A 
 

Table 4.2 Density of acidic and basic sites in the fresh catalysts measured by NH3-TPD and 
CO2-TPD 
 

Sample 

Acidic sites Basic sites 

Tpeak Apeak Tpeak Apeak 
(°C) (µmol/g) (°C) (µmol/g) 

0.25 wt% Pt/ZIF-67 membrane/zeolite 5A 205 1412 185 409 

1.5 wt% Pt/ZIF-67 membrane/zeolite 5A 205 1415 212 292 

 

4.2.2 Effect of Pt loading 

For any supported metal catalyst, the amount of metal can affect the performance of 

catalyst significantly. By changing the amount of Pt loaded on the catalyst, the number of the 

active metal sites changes, and therefore the reaction rate and selectivity to desired product are 

affected. We studied four different Pt loadings (0.25, 0.5, 1.0 and 1.5 wt%). All the catalysts 

displayed almost complete conversion of oleic acid (decarboxylation % was ~99%). The yields 
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to heptadecane over fresh catalysts with different Pt loading are shown in Figure 4.2 (a). As 

expected, the catalyst with the lowest Pt loading (0.25 wt%) displayed the lowest heptadecane 

yield (~72%). The yield to heptadecane increased and remained relatively constant (~80%) at Pt 

loading of 0.5, 1, and 1.5 wt%. One possible explanation for this phenomena was with lower 

amount of Pt loading the catalyst deactivated strongly while the catalyst with higher amount of 

Pt loading was more stable during the reaction [24]. Since the performances were similar for 

catalysts with Pt loading of 0.5, 1, and 1.5 wt% and the higher Pt amount did not result in a 

further improvement of the selectivity, we employed 0.5 wt % Pt loading for our followed 

studies to investigate the effect of different reaction parameters for decarboxylation of oleic acid 

to heptadecane. The catalytic performance of the recycled catalysts decreased slightly as 

compared to the fresh catalysts, as shown in Figure 4.2 (b). 

4.2.3 Effect of reaction temperature 

It is well known that reaction temperature is a critical parameter on the catalytic activity of any 

catalyst [59, 70, 82, 83]. Previous studies have shown that a typical reaction range for the 

decarboxylation of oleic acid to liquid hydrocarbons is ~290-380 °C [17, 33, 84]. Previously, we 

demonstrated that temperatures ~320 °C gave high heptadecane selectivity [85]. Based on this 

fact, and previous temperature literature, we studied the effect of reaction temperatures in the 

range of 290-335 ºC. The yields to heptadecane at different reaction temperature are shown in 

Figure 4.3. In our reaction system it was observed that when the temperature was 290 °C, the 

product was in solid/gel state. In this case some esters generated, such as stearic acid ester. These 

esters have a high boiling point and resulted in a solid state product. Since the observed peaks 

from GC-MS were not significant, the amount of esters was not quantified. Only liquid products 

were obtained at temperatures higher than 290 °C. The yield of heptadecane increased with 
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increasing temperature, and had a maximum at 320 ºC. At higher temperature (335 ºC), cracking 

of hydrocarbon products was evident as shorter chain hydrocarbons (C7-C16) formed. As a 

result, the yield of heptadecane decreased. 

 

 

 

Figure 4.2 (a) Yields to heptadecane over fresh Pt/ZIF-67 membrane/zeolite 5A bead catalysts at 
different Pt loading and (b) yields to hydrocarbons over recycled Pt/ZIF-67 membrane/zeolite 5A 
bead catalysts at different Pt loading. Reaction conditions: P=20 bar, T=320 ºC, t=2 h, hydrogen 
atmosphere, mass ratio of catalyst to oleic acid=1:1. Error bars reflect the average of two 
independent catalytic tests 
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Figure 4.3 (a) Yields to heptadecane over fresh 0.5 wt% Pt/ZIF-67membrane/zeolite 5A bead 
catalysts as a function of temperature and (b) yields to hydrocarbons over recycled 0.5 wt% 
Pt/ZIF-67 membrane/zeolite 5A bead catalysts as a function of temperature. Reaction conditions: 
P=20 bar, t=2 h, hydrogen atmosphere, mass ratio of catalyst to oleic acid=1:1. Error bars reflect 
the average of two independent catalytic tests 
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4.2.4 Effect of hydrogen pressure 

Hydrogen pressure can affect deoxygenation, isomerization and cracking reactions 

strongly. Moreover, the consumption of hydrogen must be taken into consideration of the 

economical evolution of operating conditions. The effect of pressure in the range of 10-30 bar 

was studied at reaction temperature of 320 ºC, while the other parameters were kept constant. 

The hydrogen pressure did not affect the conversion of oleic acid (~99% decarboxylation % was 

obtained at 10-30 bar). Figure 4.4 shows the yield to heptadecane as a function of hydrogen 

pressure. At 10 and 20 bar the yield to heptadecane was similar (~80%). At 30 bar, the yield to 

heptadecane decreased to ~69%. This behavior was unexpected and one possible reason is the 

higher H2 pressure pushed the water-gas shift equilibrium towards increasing CO formation. CO 

is more preferentially adsorb on catalyst surfaces and may compete with oleic acid molecule 

[59]. And a higher yield of short chain hydrocarbons (C7-C16) was found under higher H2 

pressure, suggesting that with higher hydrogen concentration at the surface of the catalysts 

heptadecane and octadecane may break into shorter chain hydrocarbons via cracking. 

4.2.5 Effect of gas atmosphere 

The effect of reaction gas atmosphere (Figure 4.5) on the conversion of oleic acid and 

selectivity to heptadecane were investigated by changing the reaction gas atmosphere from 

hydrogen (reducing) to nitrogen (inert) and CO2 (oxidant). The highest yield of heptadecane 

(~90%) was obtained under CO2 atmosphere. Interestingly, the yield of octadecane under CO2 

atmosphere was much lower than that under hydrogen atmosphere, 0.26% vs 18.4%, 

respectively. This may suggest that under hydrogen atmosphere oleic acid converted to 

octadecane via hydrodeoxygenation, while decarboxylation of oleic acid to heptadecane was the  
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Figure 4.4 (a) Yields to heptadecane over fresh 0.5 wt% Pt/ZIF-67membrane/zeolite 5A bead 
catalysts as a function of hydrogen pressure and (b) yields to hydrocarbons over recycled 0.5 
wt% Pt/ZIF-67 membrane/zeolite 5A bead catalysts as a function of hydrogen pressure. Reaction 
conditions: T=320 ºC, t=2 h, hydrogen atmosphere, mass ratio of catalyst to oleic acid=1:1. Error 
bars reflect the average of two independent catalytic tests 
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Figure 4.5 (a) Yields to heptadecane over fresh 0.5 wt% Pt/ZIF-67membrane/zeolite 5A bead 
catalysts in the presence of N2, H2 and CO2 and (b) yields to hydrocarbons over recycled 0.5 
wt% Pt/ZIF-67 membrane/zeolite 5A bead catalysts in the presence of N2, H2 and CO2. Reaction 
conditions: P=20 bar, T=320 ºC, t=2 h, mass ratio of catalyst to oleic acid=1:1. Error bars reflect 
the average of two independent catalytic tests 
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that under inert (N2) atmosphere, more carbon deposited on the surface of Pt/ZIF-67 

membrane/zeolite 5A catalyst. More specifically, 7.1% carbon was found for recycled catalyst as 

compared to 0.54% carbon for the fresh catalyst. In the case of the reaction carried out under 

CO2, only 3.8% carbon was found for recycled catalyst.  

Figure 4.6 shows representative SEM images of fresh and recycled (under CO2 

atmosphere) 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A bead catalyst. For the fresh catalyst 

(Figure 4.6 (a)) a continuous of ~367 μm thickness ZIF-67 layer was observed. For the recycled 

catalyst (Figure 4.6 (b)) the thickness of this layer increased to ~458 μm. This increase in layer 

thickness was attributed to the formation of surface carbon during the decarboxylation reaction. 

This was also confirmed by CHN analysis which confirms an increase of carbon content from 

0.54 % to 3.8 % for the fresh and recycled catalyst, respectively. 

 

 

Figure 4.6 Representative FESEM images of (a) fresh 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A 
and (b) recycled 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A (under CO2 atmosphere) 
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Figure 4.7 (a) Yields to heptadecane over fresh 0.5 wt% Pt/ZIF-67membrane/zeolite 5A bead 
catalysts as a function of time and (b) yields to other hydrocarbons over recycled 0.5 wt% 
Pt/ZIF-67 membrane/zeolite 5A bead catalysts as a function of time. Reaction conditions: P=20  
bar, T=320 ºC, hydrogen atmosphere, mass ratio of catalyst to oleic acid=1:1. Error bars reflect 
the average of two independent catalytic tests 
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4.2.6 Effect of reaction time   

The effect of reaction time was studied, and the yields to heptadecane as a function of 

reaction time are shown in Figure 4.7. The complete conversion of oleic acid was achieved under 

all the reaction time period, from 0.5 h to 8 h, which was indicated by decarboxylation percent 

results (~99%). Within reaction times ranging between 0.5 and 4 h, the yield of heptadecane 

remained almost constant (~78-80%). However, when the reaction time reached 8 h, the yield of 

heptadecane decreased considerably to ~65%. Longer reaction time promoted cracking of 

heptadecane into C7-C16 hydrocarbons (seen in Table 4.1). 

4.3 Conclusions  

In summary, the effects of reaction parameters on decarboxylation of oleic acid to 

hydrocarbons in diesel range over Pt supported on zeolite 5A beads coated with ZIF-67 

membrane (Pt/ZIF-67 membrane/zeolite 5A) were studied. Almost complete conversion of oleic 

acid was observed for all reaction conditions studied here. The catalysts displayed high 

selectivity to heptadecane even with low (0.5 wt%) Pt loading. Moderate reaction temperature 

and pressure (320 °C and 20 bar) were favorable to obtain high yield to heptadecane. Shorter 

chain hydrocarbons (C7-C16) generated by cracking of long chain hydrocarbons and/or oleic 

acid were observed as secondary products. Longer reaction time, higher pressure, and higher 

temperature promoted cracking of heptadecane into C7-C16 hydrocarbons. Interestingly, of all 

studied conditions, the catalysts displayed highest heptadecane yield (~91%) under CO2 reaction 

atmosphere. We partly attributed this improved catalytic behavior to the oxidative ability of 

carbon dioxide to remove carbonaceous species formed on the surface of the catalyst during the 

reaction, keeping catalyst surface cleaner. The recycled catalysts displayed only a slight 

decreased in catalytic performance. 
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CHAPTER 5 

DEOXYGENATION OF PALMITC AND LAURIC ACID OVER PLATINUM/ZIF-67 

MEMBRANE/ZEOLITE 5A BEAD CATALYSTS 

 

In this chapter, the deoxygenation of palmitic and lauric acids over 0.5 wt% Pt/ZIF-67 

membrane/zeolite 5A bead catalysts are demonstrated. Depending on the reaction gas 

atmosphere, two distinctive reaction pathways were observed: decarboxylation and 

hydrodeoxygenation. Specifically, it was found that decarboxylation reaction pathway was more 

favorable in the presence of helium and CO2, while hydrodeoxygenation pathway strongly 

competed against decarboxylation pathway when hydrogen was employed during the 

deoxygenation reactions. Esters were identified as the key reaction intermediates leading to 

decarboxylation and hydrodeoxygenation pathway. The details of this study are described in the 

following paragraphs. The results of this chapter are currently under revision in ACS Applied 

Materials & Interfaces. 

5.1 Experimental 

5.1.1 Preparation of catalysts 

The preparation of catalysts is described in section 3.1.1. 

5.1.2 Characterization of catalysts 

The resultant catalysts were characterized by X-ray diffraction (XRD), field emission 

scanning electron microscopy (FESEM) and nitrogen adsorption (N2 BET). XRD patterns were 

collected on Kristalloflex800 from Siemens at 25 mA and 30 kV with Cu Kα radiation. Before 

measurements, the samples were ground into very fine powder. FESEM images were taken on 

JEOL ISM-7000F using a field emission gun and an accelerating voltage of 5 kV. N2 BET 
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surface areas were collected on ASAP 2020 at 77 K using liquid nitrogen as coolant. Before 

measurements, the samples were degassed at 180 ºC for 6 h.  

5.1.3 Reaction procedure  

Besides oleic acid, other fatty acids, such as palmitic acid and lauric acid, are present in 

vegetable oils with considerable amounts. For example, palmitic acid composition in several 

vegetable oils can be as high as 20% [86]. Lauric acid comprises ~50% of the fatty acid content 

in coconut milk, coconut oil, laurel oil and palm kernel oil [87]. 

Palmitic acid (98%, Kic Chemicals, Inc.) and lauric acid (99%, Kic Chemicals, Inc.) were 

used as the model saturated fatty acid molecules. Before reaction, the catalysts were pre-

activated in oven for 3 h at 150 ºC. The reactions were conducted in a 100 mL stainless steel, 

high pressure batch reactor (Parr model 4560). The fatty acid and the catalyst were loaded into 

the reactor at mass ratio of 1:1. Prior to reaction, the air in the reactor was removed by flowing 

with the desired gas (H2, CO2 or He). After that, the pressure was increased to the desired value 

of 20 bar. Then the reactor was heated to the desired reaction temperature under constant stirring 

rate and then the temperature was kept constant during the reaction time. When the reaction was 

completed, the reactor was quenched down to room temperature immediately using an ice bath. 

Finally, the catalyst was separated from the product and was washed with hexane for 3 times, 

then with methanol for 3 times, and finally heated at 300 °C for 12 hours to remove the 

carbonaceous species formed during reaction. The recycled catalysts were also characterized by 

the same techniques as those used for fresh catalysts. 
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5.1.4 Product analysis 

The product sample was collected after reaction and analyzed following the method 

described in section 2.2.4. Selected product samples were analyzed by FTIR spectroscopy. FTIR 

spectra were obtained with Thermo Electron Nicolet 4700 instrument. 

5.2 Results and Discussion 

The catalytic results of deoxygenation of palmitic acid and lauric acid at different 

temperatures and gas atmospheres over 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A bead catalysts 

were summarized in Table 5.1 and Table 5.2, respectively. For both Tables, numbers in 

parenthesis referred to the catalytic performance of recycled catalysts. 

Almost complete conversion (% deoxygenation was ≥ 95%) of the two fatty acids was 

observed over both fresh and recycled catalyst after 2 h reaction time. The recycled catalysts 

displayed very similar catalytic performance as compared to the fresh catalysts, indicating 

chemical stability of the catalysts. XRD characterization of the catalysts (seen in Figure 5.1) 

confirmed that the crystalline structure of zeolite 5A was preserved after Pt deposition, after the 

incorporation of ZIF-67 membrane and after one recycling, suggesting high structural stability of 

all catalysts. As shown in Tables 5.1 and 5.2 for both saturated fatty acids, when He and CO2 

were supplied during reaction, decarboxylation was the main reaction pathway resulting in high 

selectivity to pentadecane and undecane. On the other hand, when H2 was supplied during 

reaction, major decarboxylation product (pentadecane and undecane) and minor 

hydrodeoxygenation product (hexadecane and dodecane) were observed.   
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Table 5.1 Hydrocarbon product distribution for the deoxygenation of palmitic acid over 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A 
bead catalysts 
 

Temperature Gas atmosphere 

Hydrocarbon distribution (%) 

Hexadecane Pentadecane Tetradecane Tridecane Dodecane 

280 H2 34.89 (40.51) 62.64 (55.86) 0.16 (0.18) 0.15 (0.14) 0.61 (1.06) 

320 H2 23.55 (31.70) 62.84 (58.53) 0.73 (0.38) 0.74 (0.35) 1.28 (0.84) 

320 He 1.13 (1.67) 89.51 (83.93) 1.50 (2.36) 1.46 (1.71) 1.38 (1.67) 

320 CO2 0.69 (1.33) 91.67 (88.02) 1.18 (1.78) 1.27 (1.44) 0.69 (0.88) 

Temperature Gas atmosphere 
Hydrocarbon distribution (%) 

Undecane Decane Nonane Octane Heptane Unknown 

280 H2 0.97 (1.51) 0.12 (0.10) 0.12 (0.09) 0.11 (0.08) 0.07 (0.06) 0.16 (0.41) 

320 H2 1.78 (1.19) 1.13 (0.50) 1.14 (0.49) 1.02 (0.46) 0.74 (0.32) 5.05 (5.24) 

320 He 1.61 (3.91) 0.93 (0.75) 0.75 (0.64) 0.63 (0.49) 0.29 (0.35) 0.81 (2.52) 

320 CO2 2.25 (3.35) 0.78 (0.79) 0.51 (0.44) 0.52 (0.40) 0.20 (0.10) 0.24 (1.47) 
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Table 5.2 Hydrocarbon product distribution for the deoxygenation of lauric acid over 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A bead 
catalysts 
 

Temperature Gas atmosphere 
Hydrocarbon distribution (%) 

Dodecane Undecane Decane Nonane Octane Heptane Unknown 

280 H2 40.60 (43.83) 58.18 (54.90) 0.38 (0.38) 0.19 (0.21) 0.12 (0.13) 0.08 (0.10) 0.45 (0.45) 

320 H2 34.74 (36.88) 59.79 (56.62) 0.67 (0.46) 0.49 (0.30) 0.40 (0.21) 0.33 (0.13) 3.58 (5.4) 

320 He 3.83 (3.92) 88.69 (84.39) 0.89 (1.96) 0.82 (1.64) 0.42 (1.10) 0.27 (1.19) 5.08 (5.8) 

320 CO2 1.76 (2.17) 93.52 (90.06) 0.84 (0.88) 0.78 (0.85) 0.62 (0.69) 0.66 (0.50) 1.82 (4.85) 
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Figure 5.1 XRD patterns of (a) zeolite 5A; (b) fresh catalyst; (c) recycled catalyst-H2; (d) 
recycled catalyst-He and (e) recycled catalyst-CO2 

 

Figure 5.2 shows representative SEM images of fresh and recycled (H2, He and CO2 

atmospheres) 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A bead catalyst. These images showed 

continuous ZIF-67 membranes of ~230-270 m thickness. The regular and consistent ZIF-67 

thickness observed for the fresh and recycled catalysts indicated good mechanical stability. In 

our previous report we demonstrated that the use of microporous ZIF-67 crystalline layers helped 

to improve the stability of resultant catalysts [85, 88]. The BET surface areas of the recycled 

catalysts slightly decreased (450-464 m2/g) as compared to the fresh catalysts (470 m2/g), 

suggesting that the catalysts can be regenerated completely after reactions (Table 5.3). 
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Figure 5.2 Representative SEM images of (a) fresh catalyst; (b) recycled catalyst-H2; (c) 
recycled catalyst-He and (d) recycled catalyst-CO2 
 

Table 5.3 Surface area and pore volume for all studied catalysts 

Catalyst Surface area (m2/g) Pore volume (cm3/g) 

fresh catalyst 469.8 0.20 

recycled catalyst-H2 464.4 0.18 

recycled catalyst-He 448.6 0.22 

recycled catalyst-CO2 463.1 0.19 
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Figure 5.3 shows the product distribution for the deoxygenation of palmitic acid in the 

presence of H2 at two reaction temperatures. Clear liquid products were obtained at reaction 

temperatures both 320 and 280 C. The resultant products were long chain hydrocarbons: 

hexadecane and pentadecane, and short chain hydrocarbons: C7-C14, denoted as “others”. The 

selectivity to long chain hydrocarbons slightly increased with decreasing temperature. 

Furthermore, the catalytic data shown in Figure 5.3 indicated that the selectivity to short chain 

hydrocarbons increased at higher reaction temperature, suggesting cracking of hydrocarbon 

products. 

 

Figure 5.3 Effect of temperature on hydrocarbon selectivity for deoxygenation reaction of 
palmitic acid. Reaction conditions: mass ratio of catalyst and fatty acid=1:1, H2 atmosphere, 
P=20 bar, t=2 h. Error bars reflect the average of two independent catalytic tests 
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As shown in Figure 5.4 when lauric acid was used as reactant in the presence of H2, the 

observed products were long chain hydrocarbons: dodecane and undecane, and short chain 

hydrocarbons C7-C10 denoted as “others”. Similar as the case when palmitic acid was used as 

reactant, the selectivity to long chain hydrocarbons was slightly higher when the reaction 

temperature was 280 °C, while the selectivity to short chain hydrocarbons was higher at 320 °C. 

 

Figure 5.4 Effect of temperature on hydrocarbon selectivity for deoxygenation reaction of lauric 
acid. Reaction conditions: mass ratio of catalyst and fatty acid=1:1, H2 atmosphere, P=20 bar, 
t=2 h. Error bars reflect the average of two independent catalytic tests 

 

We studied the effect of three distinctive reaction gas atmospheres: hydrogen (reducing) 

helium (inert) and CO2 (oxidant) for deoxygenation of palmitic and lauric acid. The main 

observed products for the deoxygenation of palmitic and lauric acids over Pt/ZIF-67 

membrane/zeolite 5A catalysts were pentadecane and undecane, respectively. Figure 5.5 
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pentadecane selectivity of ~88% and 92% were observed, respectively, indicating that 

decarboxylation was the dominant reaction pathway. On the other hand, when H2 was used as 

reaction gas, pentadecane selectivity decreased to ~62%. Interestingly, hexadecane selectivity 

under this condition was much higher (~24%). These results indicated a competition between 

decarboxylation (pentadecane preferred) vs hydrodeoxygenation (hexadecane preferred) 

pathway. 

 

 

Figure 5.5 Effect of gas atmosphere on the selectivity to pentadecane. Reaction conditions: mass 
ratio of catalyst and palmitic acid=1:1, T=320 °C, P=20 bar, t=2 h. Error bars reflect the average 
of two independent catalytic tests 
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reaction pathway. When H2 was used as reaction gas, the undecane selectivity decreased to 

~60%, and dodecane selectivity was ~36%. These results indicated again a strong competition 

between decarboxylation product (undecane) vs hydrodeoxygenation product (dodecane). 

 

 

Figure 5.6 Effect of gas atmosphere on the selectivity to undecane. Reaction conditions: mass 
ratio of catalyst and lauric acid=1:1, T=320 °C, P=20 bar, t=2 h. Error bars reflect the average of 
two independent catalytic tests 
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transformed into their corresponding aldehydes (R-CHO) at the initial stage of the reaction, then 

followed by either decarbonylation to produce hydrocarbons with one carbon number less and 

CO, or further hydrogenation to alcohol [79]. The further hydrogenation of alcohol can produce 

hydrocarbon with the same carbon number as the starting fatty acid [79]. Therefore, the ratio of 

CnH2n+2/Cn-1H2n products is an indication of the hydrogenation ability of the catalyst [34]. In our 

case, the hydrogenation of palmitic acid to hexadecane and lauric acid to dodecane increased 

greatly when hydrogen was supplied during reaction, suggesting that hydrodeoxygenation of 

these fatty acids took place. 

To learn more about the deoxygenation process of the studied fatty acids over 0.5 wt% 

Pt/ZIF-67 membrane/ zeolite 5A bead catalyst, we collected FTIR spectra of some reaction 

products obtained from deoxygenation of lauric acid (under both H2 and CO2 atmosphere) as a 

function of temperature (seen in Figure 5.7). In the presence of hydrogen (Figure 5.7 (a)) a clear 

FTIR peak ~1750 cm-1 was present at temperatures between 150 and 280 C. This peak can be 

assigned to the stretching bonds in esters group [90]. At 300 C this peak disappears, suggesting 

that the esters formed as intermediates at low reaction temperatures. When the temperature 

increased, the esters converted to the observed hydrocarbons. Interestingly, under CO2 

atmosphere the peak associated to the esters did not disappear totally even at 320 °C. This 

observation suggests that the presence (or absence) of the ester intermediates may influence the 

final reaction pathway (decarboxylation vs hydrodeoxygenation). 
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Figure 5.7 FTIR profiles for product samples obtained from deoxygenation of lauric acid at 
different reaction temperature under (a) H2 atmosphere and (b) CO2 atmosphere. Reaction 
conditions: mass ratio of catalyst and lauric acid=1:1, P=20 bar, t=0 h 
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Figure 5.8 shows the suggested reaction pathway for the deoxygenation of palmitic and 

lauric acid over 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A catalysts. In the presence of He and 

CO2, the fatty acids converted to relative stable ester intermediates (seen in Figure 5.7). As the 

reaction proceeded, these esters transformed directly via decarboxylation into hydrocarbons with 

one carbon number less. On the other hand, in the presence of H2, intermediate esters were also 

observed. However, these esters disappeared (seen in Figure 5.7(a)) in the 280-300 C 

temperature range. We hypothesize that these esters rapidly transformed into alcohols. It is well 

known that esters can be readily transformed into alcohols in the presence of reducing 

(hydrogen) agents [91]. Subsequently, the alcohol was hydrogenated resulting in a hydrocarbon 

with same carbon number (hydrodeoxygenation pathway). 

 

 

 

 

   

 

Figure 5.8 Suggested reaction pathway for the deoxygenation of fatty acids over 0.5 wt% 
Pt/ZIF-67 membrane/zeolite 5A bead catalysts under different reaction gas atmospheres 

 

Table 5.4 compares the catalytic performance of state-of-the-art catalysts that have been 

employed specifically for deoxygenation of palmitic acid and lauric acid to pentadecane and 

undecane, respectively. The best catalytic performance for conversion of palmitic acid to 

pentadecane corresponds to Pt supported on carbon and Pd supported on ZrO2 catalyst (Entry 1 

and 3). These catalysts displayed pentadecane selectivity as high as 98-100%. However, high 
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noble metal loading (as high as 5 wt%) was employed for both catalysts. Furthermore, long 

reaction time (6 h) was required for Pt supported on carbon catalyst, and hydrogen was employed 

for Pd supported on ZrO2 catalyst to achieve such catalytic performance. Although, we observed 

slightly lower pentadecane selectivity (~92%, entry 12), our catalyst required very low noble 

metal loading (0.5 wt%). In addition, the best catalytic performance of our catalyst was observed 

when CO2, a cheap renewable feedstock, was supplied during reaction. The best catalytic 

performance for conversion of lauric acid to undecane corresponds to Pd supported on SiO2 

catalyst (Entry 15). This catalyst displayed selectivity to undecane as high as ~96%. However, 5 

wt% of Pd loading and the presence of hydrogen were required to achieve such catalytic 

performance.  On the other hand, our best catalyst (entry 18) displayed selectivity to undecane of 

~94%. Our catalyst required very low noble metal loading (0.5 wt%), and exhibited superior 

catalytic performance in the presence of CO2. 
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Table 5.4 Comparison of the catalytic conversion of palmitic acid and lauric acid through different catalystsa 

Entry Catalyst Reaction conditions 

Mass ratio 
of metal to 
palmitic 
acid 

Conversion 
(%) 

Pentadecane 
selectivity 
(%) 

Reference 

1 5 wt% Pt/C T=290 °C, t=6 h 1:200 100 100 [92] 

2 Activated carbon T=370 °C, t=3 h - 33±13 58±4 [71] 

3 5 wt% Pd/ZrO2 T=260 °C, P=12 bar, t=2 h 1:40 98 98 [18] 

4 10% Ni/10% NbO2/SiO2 T=220 °C, P=25 bar, t=24 h 1:10 100 13.9 [93] 

5 Ni1.0P/AC T=350 °C, t=2.5 h - 99.4 74.9 [94] 

6 Ni(OAc)2 T=350 °C, t=4.5 h - 53.1 35.4 [95] 

7 20 wt% Mo/HZ-C T=260 °C, P=40 bar, t=4 h 1:25 100 35.1 [96] 

8 4 wt% Ni/HZ-3 T=220 °C, P=40 bar 1:125 100 44.0 [97] 

9 NiMCF(9.2T-3D) T=300 °C, t=6 h - 86.4 31.8 [98] 

10 5 wt% Pd/CNTs T=260 °C, P=40 bar, t=4 h 1:40 93.3 85.4 [99] 

11 10 wt% Ni/ZrO2 T=290 °C, P=55.2 bar, t=6 h 1:10 97.2 35.6 [100] 

12 0.5 wt%Pt/ZIF-67/5A T=320 °C, P=20 bar, t=2 h 1:200 95 91.7 this study 

Entry Catalyst Reaction conditions 

Mass ratio 
of metal to 
lauric acid 

Conversion 
(%) 

Pentadecane 
selectivity 
(%) 

Reference 

13 5 wt% Pd/C T=300 °C, P=13 bar - 80 98 [101] 

14 Ni(OAc)2 T=350 °C, t=4.5 h - 15.3 24.2 [95] 

15 5 wt% Pd/SiO2 T=300 °C, P=15 bar, t=4 h 1:67 100 96 [30] 
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Table 5.4 Continued 

Entry Catalyst Reaction conditions 

Mass ratio 
of metal to 
lauric acid 

Conversion 
(%) 

Pentadecane 
selectivity 
(%) 

Reference 

16 15 wt% Ni2P/SiO2 T=300 °C, P=20 bar, WHSV=6 h-1 - 98.8 87.9 [102] 

17 5 wt% Pd/C T=300 °C, P=20 bar, t=5 h 1:200 65 86.2 [36] 

18 0.5 wt%Pt/ZIF-67/5A T=320 °C, P=20 bar, t=2 h 1:200 95 93.5 this study 
 

aOnly the best catalytic performance of each reference was shown in Table 5.4. Note: in entries 3, 4, 5, 7, 8, 10, 11, 15, 16 and 17 

hydrogen is used. 
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5.3 Conclusions 

We studied the deoxygenation reaction of two saturated fatty acids: palmitic acid and 

lauric acid over 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A bead catalysts under different reaction 

gas atmospheres. Almost complete conversion (% deoxygenation was ≥ 95%) of fatty acids was 

observed over both fresh and recycled catalyst after 2 h reaction time. The catalyst displayed 

high selectivity to pentadecane for palmitic acid, and high selectivity to undecane for lauric acid. 

Lower reaction temperature was favorable to obtain high selectivity to long chain hydrocarbons. 

Shorter chain hydrocarbons generated by cracking of long chain hydrocarbons and/or fatty acid 

were observed as secondary products. The recycled catalysts displayed similar catalytic 

performance as fresh catalysts. Depending on the reaction gas atmosphere, two distinctive 

reaction pathways were observed: decarboxylation and hydrodeoxygenation. Specifically, it was 

found that decarboxylation reaction pathway was more favorable in the presence of helium and 

CO2, while hydrodeoxygenation pathway strongly competed against decarboxylation pathway 

when hydrogen was employed during the deoxygenation reactions. Ester groups were identified 

as the key reaction intermediates leading to decarboxylation and hydrodeoxygenation pathway. 
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CHAPTER 6 

NOBLE METAL-FREE CATALYTIC DECARBOXYLATION OF OLEIC ACID TO 

HEPTADECANE ON NICKEL-BASED METAL-ORGANIC FRAMEWORKS (MOFS) 

 

In this chapter, we report the synthesis of nickel based metal-organic frameworks (Ni-

MOFs) supported on zeolite 5A bead catalyst and their improved catalytic performance for the 

decarboxylation reaction of fatty acids. The synthesized materials include previously non-

synthesized MOFs employing novel carboxylic acid linkers. The details of the synthesis and 

characterization of these Ni-MOFs and Ni-MOF/zeolite 5A bead catalysts and their catalytic 

results for decarboxylation of oleic acid into heptadecane are described in the following 

paragraphs and these results have been published on Catalysis Science & Technology 2017, DOI: 

10.1039/C7CY00564D. 

6.1 Ni-MOF/zeolite 5A bead catalysts for decarboxylation of oleic acid 

Most of the catalysts employed for decarboxylation of carboxylic acids employ noble 

metals (Pd, Pt, Rh, Ru, Ir, Os) as the active species to attain good catalytic performance. 

However, their industrial application is currently far from feasible due to limitations in cost and 

scale-up [21, 22, 24]. Few reports exist on non-noble metal catalysts such as nickel bimetallic 

sulfide catalysts and other metal oxides [51, 73, 103]. Non-noble metal catalysts are in 

significantly lower cost, but have so far displayed limited catalytic performance in comparison to 

supported noble metal catalysts. Another drawback of non-noble bimetallic sulfide catalysts is 

the sulfide contamination of resultant products. Therefore, it is important to design effective non-

noble metal catalysts that display enhanced catalytic conversion of lipid-based biomass into 

clean alternative hydrocarbon fuel feedstock. This could be potentially achieved using metal-
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organic frameworks (MOFs), which have emerged as a promising type of highly-tunable 

(chemically and topologically) crystalline microporous material [104]. MOFs combine desirable 

properties that make them ideal candidates for catalytic applications [105], such as uniform 

micropore, high surface area [106], and high thermal and chemical stability [107, 108]. In 

principle, the metal cations or metal-based clusters can act as the catalytic active species, and the 

ordered microporous structure can provide the pathway for guest and product molecules to 

diffuse with enhanced mass transfer [38, 40, 41]. 

Nickel is one of the most widely used elements in metal based catalysts. It is the fourth 

most abundant transitional metal on earth after Fe, Ti and Zr. It currently costs 4.1 USD per lb, 

which is only 1/2500 of the price of platinum. Nickel was found to be active in a number of 

processes, such as oxidation [109], cross-coupling [110], methanation [111], in particular in 

hydrogenation and reforming reactions [112]. In particular, it has been found that supported 

nickel catalysts can afford reasonable yield of hydrocarbons in the catalytic deoxygenation of 

fatty acids even in the absence of hydrogen [22, 23]. Therefore, nickel is chosen as the inorganic 

metal cation to coordinate with our conjugated carboxylic acid linkers resulting in new MOF 

structures to be prepared and tested for catalytic activity. Then these Ni-based MOFs were grown 

on the surface of zeolite 5A beads to form Ni-MOF membrane/zeolite5A bead phases, which 

were then used as catalysts to convert oleic acid to liquid hydrocarbons. 

6.2 Experimental 

6.2.1 Carboxylic linkers synthesis and characterization 

Novel carboxylic linkers were prepared for the synthesis of Ni-MOFs. The synthesis of 

these linkers is described in the next paragraphs. 
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A Schlenk flask under argon and equipped with a magnetic stir bar was charged with 

aromatic halide, methyl acrylate, N, N-dicyclohexylmethylamine, Pd[P(t-Bu)3]2 (catalyst used at 

1 mol% level), and THF. The mixture was heated to 70 °C for 24 h and periodically tested via 

TLC for reaction completion. The crude product mixture was extracted three times with DCM 

and acidic water (5% HCl). The organic layer was dried with MgSO4, filtered, and the solvent 

was removed using a rotary evaporator. The resultant crude product was then further purified by 

flash chromatography and excess solvent was removed using a rotary evaporator. The ester 

precursor was then converted to the corresponding acid by refluxing for 4 h in NaOH (x10 mol 

equivalents) and methanol solution followed by cooling, acidification to >2 pH with HCl, then 

the pure acid product was collected by vacuum filtration. 

 

 

Figure 6.1 Heck coupling and subsequent ester hydrolysis leading to the diacid BM 65 
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By utilizing methyl 4-bromobenzoate (Matrix Scientific, <95%) as the aromatic halide, 

the procedure followed the general synthesis described above, but using instead 1.1 equivalents 

of methyl acrylate, we could obtain BM 65 precursor, a white powder with 92% yield. Then 

followed the general hydrolysis procedure described above, BM 65 was obtained in a white 

powder with 96% yield (seen in Figure 6.1). By utilizing methyl 3-bromobenzoate (Sigma-

Aldrich, 98%) instead, a white solid named BM 73 precursor was generated. Then followed the 

general hydrolysis procedure described above, BM 73 was obtained in a white powder with 95% 

yield (seen in Figure 6.2). 

 

 

Figure 6.2 Heck coupling and subsequent ester hydrolysis leading to the diacid BM 73 
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tricarboxylic acid. The molar ratio of nickel source to organic linker was kept constant at 4.08:1. 

In a typical synthesis, 2.0 g of nickel nitrate hexahydrate was dissolved in 15 mL of deionized 

water. In another beaker, 0.3 g of linker was dissolved in a solution mixture of 7.5 mL deionized 

water and 7.5 mL ethanol. The two solutions were combined and the resultant mixture was 

stirred thoroughly for 2 h. The mixture was transferred into a 45 mL Teflon-lined stainless steel 

autoclave and heated at 180 °C for 24 h. Then, the autoclave was cooled down to room 

temperature, and the resultant crystals at the bottom of the autoclave were washed with methanol 

for three times. The crystals were dried overnight in the oven at 80 °C and used for subsequent 

characterization. 

6.2.3 Ni-MOF/5A bead catalyst synthesis and characterization 

Ni-MOF/zeolite 5A bead catalysts were prepared by solvothermally growing Ni-MOF on 

zeolite 5A beads (Grace Company) as described in our recent studies [85, 88]. This zeolite 

displays LTA topology and has uniform micropores of ~0.5 nm. A similar Ni/organic linker 

mixture as described in section 6.2.2 was used and transferred into a 45 mL Teflon-lined 

stainless steel autoclave containing 5 g of pure zeolite 5A. The autoclave was then heated at 180 

°C for 24 h. The resultant layered zeolite 5A beads were dried overnight at 80 °C. A second layer 

of Ni-MOF was applied by repeating the procedure described above. 

All samples were characterized by X-ray diffraction (XRD), field emission scanning 

electron microscopy with energy dispersive X-ray spectroscopy (FESEM-EDX), nitrogen 

adsorption (N2 BET), temperature programmed desorption (TPD), and thermal gravimetric 

analysis (TGA). XRD patterns were collected on Kristalloflex 800 by Siemens at 25 mA and 30 

kV with Cu Kα radiation. Before measurements, the Ni-MOF/zeolite 5A bead catalysts were 

ground by mortar and pestle into very fine powders. FESEM images were taken on JEOL ISM-
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7000F using a field emission gun and an accelerating voltage of 5 kV. N2 isotherms were 

collected on ASAP 2020 at 77 K using liquid nitrogen as coolant. Before measurements, the 

samples were degassed at 180 °C for 6 h under vacuum. TPD plots were acquired on a 

Micrometrics Autochem 2920 instrument. Samples were pretreated under helium at 120 °C for 1 

h and then up to 300 °C for 1 h. The samples were then exposed to 10% NH3 gas in He, followed 

by a temperature ramp to 100 °C to remove any physisorbed species. The samples were then 

ramped at 30 °C min-1 from 120 to 300 °C to obtain the TPD curves. Data was normalized to 

sample mass, and integrated using Micrometrics software suite to obtain the quantity of NH3 

adsorbed, which was equated to acid site density using a 1:1 stoichiometry. TGA profiles were 

obtained on TGA Q50 under a constant flow of carbon dioxide, which is the gas atmosphere 

employed during the decarboxylation reactions. 

6.2.4 Reaction procedure and product analysis 

The reaction procedure and product analysis were followed the method described in 

sections 2.2.3 and 2.2.4. 

6.3 Results and Discussion 

Figure 6.3 shows representative SEM images of all synthesized Ni-MOF crystals. 

Ni-BM 65 and Ni-BM 73 crystals (Figure 6.3(b) and (c)) showed porous sphere-like 

structures with “raspberry” morphology, whereas Ni-BTC crystals (Figure 6.3(a)) showed 

irregular plate-like morphology with average widths of ~10 μm and lengths of varying 

size over 100 μm. The average size of Ni-BM 65 crystals (Figure 6.3(b)) was 9.0 μm. 

Two different particle sizes for Ni-BM 73 crystals (Figure 6.3(c)) were observed: 3.1 μm 

and 8.3 μm. To confirm the crystalline character of the synthesized materials, XRD 

patterns of all prepared Ni-MOFs were collected and shown in Figure 6.4. The materials  
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Figure 6.3 SEM images for Ni-MOF crystals (a) Ni-BTC MOF; (b) Ni-BM 65 MOF and (c) Ni-
BM 73 MOF 
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do present crystallinity, although with varied “sharpness” in the XRD patterns for the 

three materials, suggesting varied degree of crystallinity. In particular, the relative 

sharpness of the patterns suggested that the larger molecule structure of the BM 65 and 

BM 73 linkers (as compared to BTC) led to overall lower crystallinity. XRD patterns of 

MOFs based on these two linkers presented distinctive peaks at 2θ around 33 and 36 

degree. Although, it was not possible to experimentally solve the structure of the MOFs 

synthesized here, inspection of simulated XRD patterns in over 200 Ni-MOFs obtained 

from the computation-ready, experimental (CoRE) MOF database [113], clearly 

suggested that these peaks were indicative of short range features, such as Ni-Ni 

distances. By inspecting the linkers and crystallographic structures of the over 200 Ni-

based CoRE MOFs, it was clear that Ni-BM 65 and Ni-BM 73 had not been previously 

synthesized [114]. The closest match with Ni-BTC MOF synthesized was obtained by 

Prior and Rosseinsky [115], as shown in Figure 6.5. 

To confirm the porosity of the synthesized materials, the surface areas of all 

studied Ni-MOFs were collected and shown in Table 6.1. The BET areas ranged from 12 

to 314 m2/g, with Ni-BTC MOF presenting the lowest BET area. Given the presumed 

small pore size of the three synthesized MOFs, the BET area correlates well with pore 

volume as expected [117]. The thermal stability of the synthesized MOFs was determined 

via TGA. As shown in Figure 6.6, it was confirmed that the Ni-MOF crystals were 

thermally stable up to (at least) 360 °C. 
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Figure 6.4 XRD patterns for Ni-MOF crystals (a) Ni-BTC MOF; (b) Ni-BM 65 MOF and (c) 
Ni-BM 73 MOF 
 

 

Figure 6.5 Comparison between “as-is” experimental pattern for Ni-BTC (blue) and simulated 
pattern for HUYJUG (orange) [116] 
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Table 6.1 BET surface of studied Ni-MOFs 
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Figure 6.6 TGA profiles for the studied Ni-MOF crystals 

 

The resultant Ni-MOFs grown on the surface of zeolite 5A beads were evaluated 

for their catalytic ability to convert oleic acid into liquid hydrocarbons. Figure 6.7 shows 

representative SEM images of the Ni-MOF/zeolite 5A bead catalysts. These images show 

continuous layers of 375, 538 and 415 μm thickness of Ni-BTC MOF, Ni-BM 65 MOF 

and Ni-BM 73 MOF, respectively. XRD characterization for all catalysts showed the 

MOF Sample BET area (m2/g) Pore volume (cm3/g) 

Ni-BTC 12 0.02 

Ni-BM 65  180 0.45 

Ni-BM 73  314 0.89 
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typical structure of zeolite 5A, which crystallizes in the LTA topology. Figures 6.8 (c)-(h) 

specifically confirmed that the crystalline structure of zeolite 5A was preserved after Ni-

MOF deposition and recycling, indicating structural stability of the Ni-MOF/zeolite 5A 

bead catalyst. 

 

 

Figure 6.7 SEM images of Ni-MOF/zeolite 5A bead catalysts (a) Ni-BTC MOF/zeolite 5A; (b) 
Ni-BM 65 MOF/zeolite 5A and (c) Ni-BM 73 MOF/zeolite 5A 



95 

 

5 10 15 20 25 30 35 40

 

In
te

n
s

it
y

 (
a

.u
)

2 Theta (degree)

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

 

Figure 6.8 XRD patterns for catalysts (a) fresh zeolite 5A; (b) spent zeolite 5A; (c) fresh Ni-
BTC MOF/zeolite 5A; (d) spent Ni-BTC MOF/zeolite 5A; (e) fresh Ni-BM 65 MOF/zeolite 5A; 
(f) spent Ni-BM 65 MOF/zeolite 5A; (g) fresh Ni-BM 73 MOF/zeolite 5A and (h) spent Ni-BM 
73 MOF/zeolite 5A 

 

High conversion was observed (as high as 90% for decarboxylation % obtained) 

for all catalysts employed (fresh and spent) under the reaction conditions. The observed 

liquid product distribution for all the studied catalysts are summarized in Table 6.2. To 

clearly appreciate the role of the Ni-MOF layers, it was important to note that pure zeolite 

5A beads provided heptadecane selectivity of only ~14%. Indeed, mainly short chain 

hydrocarbons (C7-C12) were observed in the presence of pure zeolite 5A beads, which 

were generated through cracking of oleic acid and/or long chain hydrocarbons [118, 119]. 

Furthermore, the selectivity to heptadecane increased when zeolite 5A beads were coated 

with the Ni-MOFs, and the highest selectivity to heptadecane was obtained with Ni-BM 

65/zeolite 5A bead catalyst. The observed products were: octadecane, heptadecane,  
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Table 6.2 Liquid product distribution for all studied catalysts 

Catalysts 
Hydrocarbon distribution (%) 

Octadecane Heptadecane Hexadecane Pentadecane Tetradecane Tridecane 

zeolite 5A 8.18 13.91 2.12 3.56 2.75 3.84 

fresh Ni-BTC MOF/zeolite 5A 1.64 70.11 2.21 3.17 0.95 1.39 

spent Ni-BTC MOF/zeolite 5A 3.18 49.37 2.16 3.68 2.06 3.05 

fresh Ni-BM 65 MOF/zeolite 5A 2.57 76.74 1.48 2.80 0.89 1.21 

spent Ni-BM 65 MOF/zeolite 5A 1.79 56.19 1.43 3.03 1.20 1.50 

fresh Ni-BM 73 MOF/zeolite 5A 2.22 71.97 1.58 2.65 1.06 1.58 

spent Ni-BM 73 MOF/zeolite 5A 2.64 52.92 1.53 3.16 1.44 2.09 

Catalysts 
Hydrocarbon distribution (%) 

Dodecane Undecane Decane Nonane Octane Heptane Unknown 

zeolite 5A 7.43 9.16 9.90 11.36 12.91 11.79 3.06 

fresh Ni-BTC MOF/zeolite 5A 2.25 2.81 2.30 4.24 4.67 3.04 1.22 

spent Ni-BTC MOF/zeolite 5A 4.19 5.27 5.65 7.03 7.84 5.31 1.21 

fresh Ni-BM 65 MOF/zeolite 5A 1.67 2.30 2.06 2.48 2.85 1.92 1.03 

spent Ni-BM 65 MOF/zeolite 5A 2.50 3.54 4.06 7.51 9.20 6.83 1.21 

fresh Ni-BM 73 MOF/zeolite 5A 2.28 3.03 2.40 3.39 4.07 2.65 1.12 

spent Ni-BM 73 MOF/zeolite 5A 3.45 4.42 4.99 7.08 8.13 6.41 1.74 
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dodecane, undecane, decane, nonane, octane, and heptane. A decrease of selectivity to 

heptadecane was observed for the spent catalysts (seen in Table 6.2). It was likely that the 

surface carbon generated during the reaction depositing on the catalysts thus lowered the 

catalytic activity. This observation was consistent with decreases in surface area and pore 

volume for all studied spent catalysts (seen in Table 6.3) which may prevent access of 

oleic acid into the active sites. The Ni content of fresh and spent Ni-MOF/zeolite 5A bead 

catalysts were estimated by EDX. Importantly, the EDX results confirmed that there was 

negligible Ni leaching for all recycled catalysts after decarboxylation reactions (seen in 

Table 6.4). 

The acid sites on the as-prepared and spent Ni-MOF/zeolite 5A catalysts are summarized 

in Table 6.5. Fresh catalyst exhibited significantly higher acidity than the corresponding spent 

catalyst. The recycled catalysts showed approximately 50% decrease in acid site content, except 

for Ni-BM 73 MOF/zeolite 5A bead catalyst, which showed negligible change. Ni-BM 73 

MOF/zeolite 5A bead catalyst also showed an increase in the temperature of the peak desorption. 

The higher temperature desorption peak observed for Ni-BM 73 MOF/zeolite 5A catalyst was 

likely associated to free carboxylic linker that have not crystalized into the MOF framework due 

to the asymmetry of the linker [120]. 

However, the high aptitude towards selectively decarboxylation of oleic acid to 

heptadecane of these structurally disordered MOFs did not correlate with the density of acid 

sites. The zeolite 5A support showed comparable acidity with Ni-BTC MOF/zeolite 5A and Ni-

BM 65/zeolite 5A catalyst, but with minimal heptadecane selectivity. Therefore, Ni must play a 

key role in the catalytic decarboxylation of oleic acid. We ran a reaction with a homogeneous  
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Table 6.3 BET areas and pore volumes for fresh and spent Ni-MOF/zeolite 5A bead catalysts 

Catalysts BET area (m2/g) Pore volume (cm3/g) 

zeolite 5A 549 0.28 

fresh Ni-BTC MOF/zeolite 5A 188 0.20 

spent Ni-BTC MOF/zeolite 5A 139 0.19 

fresh Ni-BM 65 MOF/zeolite 5A 264 0.24 

spent Ni-BM 65 MOF/zeolite 5A 170 0.18 

fresh Ni-BM 73 MOF/zeolite 5A 164 0.15 

spent Ni-BM 73 MOF/zeolite 5A 129 0.14 

 

Table 6.4 The Ni content for all studied Ni-MOF/zeolite 5A bead catalysts 

Catalysts Averaged Ni content (wt%) 

fresh Ni-BTC MOF/zeolite 5A 27.49±1.46 

spent Ni-BTC MOF/zeolite 5A 27.07±2.73 

fresh Ni-BM 65 MOF/zeolite 5A 27.67±2.79 

spent Ni-BM 65 MOF/zeolite 5A 27.23±1.55 

fresh Ni-BM 73 MOF/zeolite 5A 28.21±2.94 

spent Ni-BM 73 MOF/zeolite 5A 27.20±2.06 

 

Table 6.5 Summary of acid site density data from TPD of NH3 post catalysis 

Catalysts Tmax (°C) Acid site density (μmol/g) 

zeolite 5A 255 1451 

fresh Ni-BTC MOF/zeolite 5A 213 952 

spent Ni-BTC MOF/zeolite 5A 206 494 

fresh Ni-BM 65 MOF/zeolite 5A 205 1382 

spent Ni-BM 65 MOF/zeolite 5A 196 423 

fresh Ni-BM 73 MOF/zeolite 5A 300 456 

spent Ni-BM 73 MOF/zeolite 5A 196 441 
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catalyst consisting of nickel nitrate hexahydrate and BM-65 MOF linker (reaction conditions: 

T=340 °C, P=20 bar, CO2 atmosphere, t=2 h and mass ratio of catalyst to oleic acid of 1:1). The 

conversion was ~94%, but with much lower selectivity to heptadecane (47.7%). These results 

suggested that indeed the presence of a MOF structure (and porosity) was needed to observe 

higher heptadecane selectivity. In addition, we evaluated the catalytic activity of Ni-BM 65 MOF 

powders. The Ni-MOF powders displayed good catalytic ability (~90% conversion and ~73% 

heptadecane selectivity). This performance was slightly lower than Ni-BM 65 MOF/zeolite 5A 

bead catalyst. Therefore, both Ni-BM 65 MOF and zeolite 5A played an important role as active 

sites for the decarboxylation of oleic acid to heptadecane. Further studies were needed to 

elucidate the specific role of each of them for this particular reaction. It is important to mention 

that only ~50% of the Ni-BM 65 powders were recovered after reaction, while 100% of the Ni-

BM 65 MOF/zeolite 5A was recovered after reaction. 

Table 6.6 compares the performances of state-of-the-art non-noble metal catalysts that 

have been employed for the catalytic conversion of oleic acid to heptadecane. Sulfide MoP 

supported on Al2O3 had similar catalytic performance as our Ni-BM 65 MOF/zeolite 5A bead 

catalyst [103]. However, the use of sulfide catalysts may result in sulfide contamination leading 

to serious environmental issues. Activated carbon showed high selectivity to heptadecane. 

However, to achieve this the pressure as high as 241 bar and temperature of 370 °C were needed 

[17]. Ni supported on ZnO and Al2O3 has displayed heptadecane selectivity higher than 95%, but 

higher pressure and longer reaction time (30 bar and 6 hours) were required [100]. Importantly, 

in our study we employed CO2, a lower cost renewable feedstock, that has higher potential as a 

viable commercial process. The benefit of using CO2 gas atmosphere was reported in our 

previous research [88]. 
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Table 6.6 Comparison of the catalytic conversion of oleic acid to heptadecane through different catalystsa 

Entry Catalyst Reaction conditions 

Mass 
ratio of 
metal to 
oleic acid 

Conversion 
(%) 

Heptadecane 
selectivity 
(%) 

Ref 

1 Activated carbon T=370 °C, t=3 h - 80±4 7±1 [71] 
2 Co0.5Mo0.5 T=300 °C, t=3 h 1:40 88.1 6.1 [76] 
3 5CoAl T=330 °C, P=50 bar, LHSV=2 h-1 - 100.0 47.0 [24] 
4 Sulfide Mo/P/Al2O3 T=320 °C - 81.9 76.0 [103] 
5 MgO-Al2O3 T=400 °C 1:42 98 6.93 [51] 
6 Ce0.6Zr0.4O2 T=300 °C, t=6 h 1:40 94.6 11 [73] 
7 Mo/Zeol T=360 °C, P=20 bar, t=1 h - - 19 [121] 
8 SnAlMg-2 T=300 °C, t=6 h 1:75 71.1 3.7 [72] 
9 Ni/Al2O3 T=360 °C, P=20 bar, t=0.75 h 1:21505 - 10 [122] 
10 Fe-MSN T=290 °C, P=30 bar, t=6 h 1:4.7 100 12 [23] 
11 NiWC/Al-SBA-15 4 h in super-critical water 1:44 97.3 5.2 [78] 
12 Activated carbon T=370±2 °C, P=241 bar - 99.4±0.5 80.6±4 [17] 

13 Mo2N/γ-Al2O3 
T=380 °C, P=71.5 bar, 
LHSV=0.45 h-1 - 99.9 12 [50] 

14 Ni/ZnO-Al2O3 T=280 °C, P=30 bar, t=6 h 1:100 100 95.1 [90] 

15 Ni-BM 65 MOF/zeolite 
5A T=340 °C, P=20 bar, t=2 h 1:33 91.1 76.7 this study 

aOnly the best catalytic performance of each reference is shown in Table 6.6. Note: in entries 6, 7, 9, 10, 13 and 14, 

hydrogen is used. 
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6.4 Conclusions 

We had demonstrated the successful synthesis of nickel based metal-organic frameworks 

(Ni-MOFs) employing novel carboxylic acid linkers. Furthermore, the deposition of these MOFs 

on zeolite 5A beads was illustrated and the resulted Ni-MOF/zeolite 5A bead catalysts were 

tested for catalytic activity of conversion of oleic acid into liquid hydrocarbons. The resultant Ni-

MOF/zeolite 5A bead catalysts displayed heptadecane selectivity as high as ~77%. All of the 

studied catalysts displayed a loss in catalytic activity after recycling. This was likely due to 

surface carbon that deposited during the reaction, resulting in the loss of surface area and pore 

volume. To the best of our knowledge the catalytic performance of Ni-BM 65 MOF/zeolite 5A 

bead catalyst is superior to all non-noble metal state-of-the-art catalysts at mild reaction 

conditions. We also demonstrated that the use of CO2 during reaction may lead to a more viable 

and cost effective route to catalytically convert fatty acids into liquid fuels. We envision the 

presented work will encourage synthesis and study of MOFs based on earth-abundant metals for 

diverse catalytic applications. 
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CHAPTER 7 

SUMMARY AND FUTURE WORK 

 

7.1 Summary 

In this project, we demonstrated the catalytic deoxygenation and further conversions of 

fatty acids to paraffinic, branched and aromatic hydrocarbons over metal-organic frameworks 

(MOFs) crystals and MOFs membrane supported on porous bead catalysts. In some of our 

catalyst systems Pt was employed as the active catalytic species. In our studies, we successfully 

synthesized MOF catalysts to convert model fatty acid molecule to produce liquid hydrocarbons 

under mild reaction temperature and pressure. This study demonstrated the feasibility of using 

MOF crystals as catalyst in the deoxygenation process to transfer model fatty acid molecule into 

liquid hydrocarbons.  

The main conclusions from this work are: 

(1) Cu-, Al- and Ga-based metal-organic frameworks (MOFs) can be employed as 

catalyst or support for decarboxylation of oleic acid to liquid hydrocarbons. 

(2) We developed a novel catalyst system composed of Pt supported on zeolite 5A beads 

covered with ZIF-67 membrane: Pt/ZIF-67 membrane/zeolite 5A. 

(3) The presence of ZIF-67 membrane helped to have a better dispersion of Pt particles 

and enhanced the catalyst stability. 

(4) As compared to state-of-the-art catalysts, the catalytic performance of 1 wt % Pt/ZIF-

67 membrane/zeolite 5A bead catalyst for decarboxylation of oleic acid was superior at mild 

reaction conditions. 
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(5) Pt/ZIF-67 membrane/zeolite 5A bead catalyst were 100% recyclable, easier to scale 

up and can be applied under continuous operation. 

(6) The effects of reaction parameters on decarboxylation of oleic acid to hydrocarbons in 

diesel range over supported Pt on zeolite 5A beads coated with ZIF-67 membrane (Pt/ZIF-67 

membrane/zeolite 5A) were also studied. It was found that moderate reaction temperature and 

pressure (320 °C and 20 bar) were favorable to obtain high yield to heptadecane. Longer reaction 

time, higher pressure, and higher temperature promoted cracking of heptadecane into C7-C16 

hydrocarbons. Interestingly, of all studied conditions, the catalysts displayed highest heptadecane 

yield of ~91% under CO2 reaction atmosphere. 

(7) Depending on the reaction gas atmosphere, two distinctive reaction pathways for 

deoxygenation of saturated fatty acid over 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A bead catalyst 

were observed: decarboxylation and hydrodeoxygenation. Specifically, it was found that 

decarboxylation reaction pathway was more favorable in the presence of helium and CO2, while 

hydrodeoxygenation pathway strongly competed against decarboxylation pathway when 

hydrogen was employed during the deoxygenation reactions. Ester groups were identified as the 

key reaction intermediates. 

(8) Non-noble metal catalyst: supported nickel-based metal-organic frameworks (Ni-

MOFs) catalysts were successfully prepared. The resultant Ni-MOF/zeolite 5A bead catalysts 

displayed heptadecane selectivity as high as ~77%. 

(9) Potentially, these three catalyst systems can be used for the effective conversion of 

lipid biomass into liquid hydrocarbons. 
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7.2 Future work 

7.2.1 Effect of support on deoxygenation of fatty acids 

Besides zeolite 5A bead, there are many other porous materials that can be used as 

catalytic support. Supports with different acidity and even neutral will let us to evaluate the role 

of the support in the catalytic performance of deoxygenation of fatty acids. 

Potential porous supports to study is zeolite 13X. The typical composition of zeolite 13X 

is 1 Na2O: 1 Al2O3: 2.8±0.2 SiO2: xH2O, which is a bit different from zeolite 5A. Zeolite 13X, or 

faujasite of FAU structure, has very similar primary building blocks to zeolite 5A, shown in 

Figure 7.1. Zeolites 5A with LTA structure consist of regularly spaced spherical cages of 1.14 

nm in diameter. These cages are linked to each other by six circular windows of ~0.42 nm in 

diameter. For 13X however, the spherical cages of 1.4 nm in diameter, which are linked to each 

other by four circular windows of ~0.74 nm in diameter. This small difference may have effects 

on the diffusion of reactant and product molecules during the reactions. Zeolite 13X has different 

amount of acidic sites as compared to zeolite 5A, and therefore it will modify the catalytic 

performance for deoxygenation of fatty acids when used as support. 

Carbon has been widely used as catalytic support because of its large specific surface 

area, high porosity, and relative chemical inertness. 

7.2.2 The catalytic performance study of well-known Ni-MOF supported catalyst 

In Chapter 6 we described the synthesis of novel Ni-MOFs and studied the catalytic 

activity of Ni-MOF/zeolite 5A bead catalyst, the performance was good. However, we could not 

clearly identify the crystalline structure of Ni-MOFs and the real active sites of Ni-MOF/zeolite 

5A bead catalysts. Therefore, synthesizing Ni-MOFs with known crystalline structure used as 

catalysts will allow one to have a better understanding on structure-catalytic relationship for the 
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deoxygenation reaction. Examples of these Ni-MOFs are DUT-9, NiSIFSIX and Ni-MOF 74 

[124-126], as shown in Figure 7.2. 

 

 

Figure 7.1 FAU structure [123] 

 

 

 

 

        

 

 

 

 

 

 

Figure 7.2 Supported Ni-MOF catalyst 

porous support 
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DTU-9 (DTU=Dresden University of Technology) is formed by btb linker (btb=benzene-

1, 3, 5-tribenzoate) and nickel nitrate hydrothermally. This structure has a high concentration of 

open metal sites per cluster and a very high porosity. Two different types of pores are present in 

this structure: a smaller pore approximately 13 Å and a larger pore with a diameter of ~25 Å.  

NiSIFSIX can be prepared by using a solvent-free route [125].  This facile methodology is based 

firstly on mechanically mixing both the organic and inorganic solid precursors (pyrazine and 

NiSiF6) with a molar ratio of 4:1, followed by a wetting procedure with few drops of water and 

then a careful heating procedure. This structure has a relatively sharp pore size distribution 

centered at 3.8 Å. Ni-MOF 74 has been synthesized using nickel nitrate as metal centers 

coordinated with 2, 5-dihydroxyterephthalic acid hydrothermally. Its average pore diameter is 

around 10 Å.  

The challenge here would be how to form MOFs of these compositions in membrane 

form. Microwave treatment is a useful approach to synthesize porous crystals with smaller and 

narrow size distribution as compared to conventional solvothermal approach. Microwave 

treatment has the following advantages compared to conventional heating [127]: (1) the 

microwave heating has much higher heating rates than that of conventional heating; (2) the 

microwave treats chemical reactors remotely without direct contact between energy source and 

the reacting chemicals; (3) there is no wall or heating diffusion effect; (4) it can selectively heat 

because the chemicals and the contaminants do not interact equally with microwaves; (5) there 

are no “hot spots”. Therefore, microwave heating leads typically to more uniform crystals with 

narrow size distribution, which can potentially form thinner coatings on porous beads impacting 

the catalytic performance of the resultant hybrid catalysts. Microwave heating has been 

successfully employed to synthesize diverse porous crystals, including oxides [128], zeolites 
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[129, 130], and MOFs [131, 132]. Future work should focus on employing microwave approach 

to form thinner MOF layers leading to a positive impact on the catalytic performance of the 

proposed catalysts in the decarboxylation of fatty acid molecules and/or biomass to liquid fuels. 

Also modelling may be useful to have a better understanding at a fundamental level on how the 

deoxygenation reactions occur when employing these catalysts. 

7.2.3 Deoxygenation process of real biomass   

Our previous work described on chapters 2-6 focused on studying the deoxygenation of 

“model fatty acid molecules”. The question here would be whether our catalysts still keep the 

same effectiveness when used in deoxygenation process of real lipid biomass. Future work 

should focus on using the real lipid biomass instead of the model biomass molecules as the 

reactant and studying its deoxygenation process under same or similar reaction conditions. We 

anticipate that our best catalysts employed for model fatty acid molecules will effectively 

catalyze the real lipid biomass.   

Lipids are a group of naturally occurring molecules that include fats, waxes, sterols, fat-

soluble vitamins, monoglycerides, diglycerides, triglycerides, phospholipids, and others. 

Although the term lipid is sometimes used as a synonym for fats, fats are only a subgroup of 

lipids called triglycerides. Taking fat as an example of lipid, we can see that the composition of 

lipid is far complicate than only one molecule model reactant. It is shown that in the normal 

animal fats, such as beef tallow and butter, they have saturated and unsaturated fatty acids, and 

the fatty acids have the carbon chains from 18 carbons to 12 carbons. This will lead to different 

and more complicate reaction results compared when using one molecule model reactant. For 

example, there will be more hydrocarbons produced in the liquid production, making it harder to 

analyze. The more unsaturated reactant may require more hydrogen to transfer the carbon double 
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bonds into saturated ones. Besides, the more unsaturated reactant may cause serious coke 

phenomena, leading to the activity loss of the catalysts. 

Besides the neat (unprocessed) lipid biomass, huge quantities of waste cooking oil and 

animal fats are available throughout the word and could be treated as an alternate feedstock for 

biofuel production. This will solve not only the big problem of management of such oils and 

facts, but most importantly it will decrease the price of biodiesel dramatically. Table 7.1 gives 

the physical and chemical properties of oil feedstocks [7]. 

 

Table 7.1 Physical and chemical properties of oil feedstocks 

Properties Waste cooking oil Neat canola oil 

Acid value (mg KOH/g) 2.1 < 0.5 

Kinematic viscosity at 40 °C  (cSt) 35.3 30.2 

Fatty acid composition (wt%) 

Myristic (C 14:0) 0.9 0.1 

Palmitic (C 16:0) 20.4 5.5 

Palmitoleic (C 16:1) 4.6 1.1 

Stearic (C 18:0) 4.8 2.2 

Oleic (C 18:1) 52.9 55 

Linoleic (C 18:2) 13.5 24 

Linolenic (C 18:3) 0.8 8.8 

Arachidic (C 20:0) 0.12 0.7 

Eicosenic (C 20:1) 0.84 1.4 

Behenic (C 22:0) 0.03 0.5 

Erucic (C 22:1) 0.07 0.4 

Tetracosanic (C 24:0) 0.04 0.3 

Mean molecular wt (g/mol) 856 882 
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APPENDIX A 

CARBON MASS BALANCE CALCULATION OF DEOXYGENATION PROCESS OF 

OLEIC ACID 

 

The gas phase product was analyzed for selected reactions. We thank Dr. Timothy J. 

Strathmann and Yalin Li in the department of Civil & Environmental Engineering at Mines for 

helping with this analysis. Specifically, the carbon mass balance of deoxygenation of oleic acid 

with 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A bead catalyst was calculated and detailed in the 

next paragraphs. 

A1. Reaction procedure 

Oleic acid (Alfa Aesar, 90%) was employed as the model fatty acid molecule. Prior to the 

catalytic tests, all the catalysts were pre-activated in oven for 3 h at 150 ºC. The reactions were 

conducted in a 100 mL stainless steel, high pressure batch reactor (Parr model 4560). 5.994 g of 

oleic acid and 6.547 g of 0.5 wt% Pt/ZIF-67membrane/zeolite 5A bead catalyst were loaded into 

the reactor. Before the reaction started, the air in the reactor was removed by flushing hydrogen. 

After that, the pressure was increased to the desired value (20 bar). Then the reactor was heated 

to the reaction temperature (320 ºC) under constant stirring rate and the temperature was kept 

constant during the 2-hour reaction period. The pressure increased during heating process and 

stayed at ~34 bar at 320 ºC. After reaction, the liquid product was collected and the total mass 

was weighted. Besides, the gas product was also collected with gas sampling bag and waited for 

component analysis by GC. The total volume of gas product was calculated by water 

displacement method. By measuring the volume of the water pushing out from the Erlenmeyer 

flask, we can know the total volume of the gas product. The reaction was repeated twice. 
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A2. Product analysis 

The liquid product was analyzed with a gas chromatograph (Agilent, 6980N) equipped 

with a HP-5 MS column (with dimensions of 30 m × 250 µm × 0.25 µm). Before the GC 

analysis, samples were silylated with N, O-bis(trimethyl)-trifloroacetamide, BSTFA (Sigma-

Aldrich, ≥ 99.0%) and kept at 60 ºC for 1 h. After that, a sample of 0.2 µL was injected into the 

GC column (250 ºC, 10.52 psi) with a split ratio 100:1. The carrier gas was helium and the flow 

rate was 1.0 mL/min. This following GC temperature program was used for analysis: 100 ºC for 

5 min, and 300 ºC (1 ºC/min) for 2 min. The product identification was confirmed with gas 

chromatograph-mass spectrometer (GC-MS). For quantitative analysis, eicosane was used as an 

internal standard. 

Permanent gas compounds (CO and CO2) were identified by a gas chromatograph 

(Thermo Scientific Trace 1310) equipped with a thermal conductivity detector and a capillary 

column (Supelco Carboxen 1010, 30m * 0.53mm * 20µm); and volatile hydrocarbons (C1-C6) 

were identified by a gas chromatograph (Thermo Scientific Trace 1310) equipped with a flame 

ionization detector and a capillary column (Restek Alumina BOND/MAPD 50 m * 0.53 mm * 10 

µm). The gas compounds have been identified and quantified by using the following calibration 

gases: pure CO2, pure N2, 5.017 mol% methane, 4.002 mol% Ethane, 6.000 mol% Propane, 

5.012 mol% Isobutane, 4.007 mol% n-Butane, 1.001 mol% Isopentane, 1.001 mol% n-Pentane 

and 0.100 mol% Hexane and other C6s, supplied by Restek (Refinery Gas Standard #2). 
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A3. Carbon mass balance calculation 

The total mass of liquid product = 2.490 g 

The total volume of gas product = 1400 mL, so the total moles of gas product = 

(1000000*0.0014) / (295.5*8.314) = 0.570 mol 

The carbon mass balance = (1.75+3.43) / (6.547*0.9*12.01*18/282.5) *100% = 115% 

 

Table A.1 Hydrocarbon compositions in liquid product 

Hydrocarbon 
Weigh percent in 
test 1 (%) 

Weigh percent 
in test 2 (%) 

Averaged weight 
percent (%) 

Mass of 
carbon (g) 

Octadecane 23.12 23.67 23.39 0.49 

Heptadecane 54.13 52.19 53.16 1.12 

Hexadecane 0.58 0.64 0.61 0.01 

Pentadecane 0.79 0.81 0.80 0.02 

Tetradecane 0.52 0.52 0.52 0.01 

Tridecane 0.59 0.58 0.59 0.01 

Dodecane 0.70 0.69 0.69 0.01 

Undecane 0.82 0.84 0.83 0.02 

Decane 0.64 0.65 0.65 0.01 

Nonane 0.60 0.61 0.61 0.01 

Octane 0.55 0.54 0.54 0.01 

Heptane 0.41 0.42 0.42 0.009 

 

Therefore, the total mass of carbon element in liquid product = 

(0.49+1.12+0.01+0.02+0.01+0.01+0.01+0.02+0.01+0.01+0.01+0.009) =1.75 g 
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Table A.2 Hydrocarbon compositions in gas product 

Hydrocarbon 
Molar percent in 
test 1 (mol%) 

Molar percent in 
test 2 (mol%) 

Averaged molar 
(mol) 

Mass of 
carbon (g) 

CO 11.66 12.31 0.07 0.80 

CO2 22.97 24.42 0.14 1.62 

Methane 6.460 6.471 0.04 0.44 

Ethane 0.626 0.637 0.007 0.09 

Propane 0.779 0.770 0.013 0.16 

Isobutane 0.036 0.039 0.0009 0.01 

n-Butane 0.373 0.372 0.008 0.10 

Isopentane 0.011 0.013 0.0003 0.004 

n-Pentane 0.182 0.183 0.005 0.06 

Hexanes+EX6 0.288 0.298 0.01 0.12 

 

Therefore, the total mass of carbon element in gas product = 

(0.80+1.62+0.44+0.09+0.16+0.01+0.10+0.004+0.06+0.12) =3.43 g 
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